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Abstract

The ras genes are the most commonly mutated oncogenes in human cancers, with mutations
occurring in approximately 20% of human tumours. However, more than 30 years of attempts
to target Ras proteins therapeutically have yielded no effective therapies in the clinic, leading
the proteins to be widely deemed ‘undruggable’. In recent years, there has been substantial
evidence implicating the Ral GTPases, RalA and RalB, which are activated downstream of Ras,
as critical drivers of cell growth and metastasis in numerous Ras-driven cancers. Therefore,
targeting this pathway may provide an effective method for inhibition of oncogenic Ras
signalling. Prior work identified stapled peptides based on the Ral effector, RLIP76, that can
bind to the Ral GTPases and disrupt downstream signalling. To improve the affinity of these
peptide sequences, an affinity maturation was performed on the Ral-binding domain of
RLIP76 from which potential sequence changes were identified. The work described in this
thesis aimed to identify sequences from this selection with improved affinity for Ral proteins
to guide the design of second-generation stapled peptides targeting the Ral GTPases. In vitro
validation of the selection sequences enabled the identification of several sequence
substitutions that together improved binding to Ral proteins by more than 20-fold. The effects
of individual residue substitutions on the affinity for Ral proteins were determined using
biophysical assays and two 1.5 A co-crystal structures of the tightest-binding mutants in
complex with RalB revealed the key interactions formed. The sequences were successfully
translated into stapled peptides based on RLIP76, resulting in peptides with improved affinity
compared to the wild-type parent sequence. The peptides have been shown to be selective
for the active form of Ral, with undetectable binding to a panel of related small GTPases in in
vitro assays. The binding site of the lead peptide on RalB has been determined by NMR and
was found to overlap with multiple Ral-effector interactions. The peptides were able compete
with multiple Ral-effector interactions in vitro and in cellular lysates. This work demonstrates
how manipulation of a native binding partner can assist in the rational design of stapled

peptide inhibitors targeting a protein-protein interaction.
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1 Introduction

1.1 Ras superfamily of small GTPases

The Ras superfamily of small GTPases are master regulators of a vast range of cellular
processes. There are more than 150 small GTPases in the human superfamily, which is divided
into Ras, Rho, Rab, Ran and Arf families based on sequence homology and physiological
function. While these proteins contain a very similar core structure, they perform dramatically
different functions in the cell. The Ras (Rat sarcoma) family regulates cell proliferation and
survival, Rho (Ras homologous) family members are regulators of actin cytoskeletal
rearrangement and cell motility, Rab (Ras-like in brain) proteins regulate membrane
trafficking, Ran (Ras-like nuclear) is involved with nucleocytoplasmic transport and Arf (ADP

ribosylation factor) proteins regulate vesicle trafficking (1).

1.2 Common features of small GTPases

All small GTPases share a conserved G domain of approximately 20 kDa, containing several ‘G
box’ sequences that allow these proteins to bind the guanine nucleotides, guanosine
diphosphate (GDP) and guanosine triphosphate (GTP), with high affinity. Nucleotide binding
also involves coordination of a magnesium cation (Mg?*). The GTPases exist in two
conformationally distinct states; they are inactive when bound to GDP and active in the GTP-
bound state where they are competent to bind downstream effectors. They are therefore
able to act as molecular switches, with their activation status being controlled by regulatory

proteins.

1.2.1 Regulation of small GTPases

Small GTPases can hydrolyse GTP to GDP rendering them inactive but intrinsic rates of
hydrolysis are very slow, as is the exchange of GDP for GTP for their activation. Their signalling
is therefore modulated by regulatory proteins known as Guanine nucleotide Exchange Factors

(GEFs) and GTPase Activating Proteins (GAPs), with each GTPase family having a distinct set



of regulators associated with them (for reviews see (2, 3)). GEFs turn on signalling by assisting
in the exchange of GDP for GTP; binding of a GEF results in a conformational change that
reduces the affinity of the GTPase for the bound nucleotide. As intracellular GTP is far more
abundant than GDP (approximately 20-fold higher) this leads to the replacement of the bound
nucleotide with GTP, delivering the proteins to their active conformation. The GTPase cycle is

summarised in Figure 1.1.
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Figure 1.1. The GTPase cycle. GTPases are inactive when bound to GDP. Ras, Rho and Rab proteins have
associated guanine nucleotide dissociation inhibitors (GDIs) and GDI-like partners that can extract them from
the membrane in the inactive form, sequestering them in the cytosol. Binding of a GEF catalyses exchange of
GDP for GTP by promoting the loss of GDP followed by GTP binding, which occurs as a result of far higher
intracellular concentrations of GTP. In the GTP-bound form the small GTPases are activated and are competent
in effector binding. They are deactivated by binding to GAPs, which stimulate hydrolysis of GTP to GDP. The vast
majority of small GTPases are lipid modified and are membrane bound. Figure created with BioRender.com.

Signalling is switched off by GAPs, which aid hydrolysis of GTP to GDP. This occurs through

stabilization of a conserved glutamine (residue 61 in Ras) in an orientation where it can



position a water molecule to attack the terminal phosphate bond in GTP. Additionally, GAPs
contain an arginine finger that extends into the phosphate binding site and stabilizes the

transition state during hydrolysis.

In addition to GEFs and GAPs, the Ras, Rho and Rab proteins are negatively regulated by
Guanine nucleotide Dissociation Inhibitors (GDIs) and GDI-like proteins, which maintain the
inactive form of the proteins. They do this by two mechanisms: they bind the lipid group of
GDP-bound small GTPases to prevent membrane localization, hence sequestering them in the
cytosol, and also prevent exchange for GTP by binding at the switch regions to stabilize the

GDP-bound form.

1.2.2 The G domain

The G domain is a compact domain of around 20 kDa that is conserved across all GTP-binding
proteins including the Ras superfamily of small GTPases and heterotrimeric G proteins
(reviewedin (4, 5)). The archetypal domain is comprised of a hydrophobic core of six B-strands
surrounded by five a-helices that are connected by a series of loops. Five of these loops
comprise key motifs for GTP-binding proteins; these regions are termed G1-G5 and are highly
conserved across the Ras superfamily, although the G5 motif is less well conserved among
other GTP-binding proteins. Figure 1.2 depicts the location and sequences of these key GTP-

binding motifs.
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Figure 1.2. The G domain. A. The crystal structure of H-Ras in complex with GMPPCP, a very slowly hydrolysing
analogue of GTP (PDB ID: 121P). G1 is coloured red, G2/switch | (Swl) yellow, G3 blue, switch Il (Swll) green, G4
orange and G5 purple. The magnesium cation is shown as a yellow sphere. B. The sequence of H-Ras, with the
G1-5 regions and switch Il coloured as in A. The conserved motifs for each sequence are written underneath in
the corresponding colour. O represents a hydrophobic amino acid.

G1, also known as the P loop (for phosphate-binding), contains the sequence GxxxxGK(S/T)
and is found at residues 10-17 in Ras proteins. Several backbone amides in G1 contact the
phosphate groups of GTP, as does the side-chain amine of Lys16 which forms hydrogen bonds
with the - and y-phosphates. G2 contains a single threonine residue that is conserved among
GTP-binding proteins; this critical residue (Thr35 in Ras) co-ordinates the magnesium cation
through its side chain and forms a hydrogen bond with the y-phosphate of GTP via its

backbone amide. G3 (Ras residues 53-62) contains a DxxG motif. Within this motif, the

4



aspartate residue co-ordinates the magnesium cation while the glycine backbone amide
interacts with the y-phosphate of GTP. The G3 region also contains a highly conserved
glutamine at position 61 (Ras numbering), which can co-ordinate a water molecule in a
position poised to attack the terminal phosphate bond for GTP hydrolysis. The G4 motif
(residues 112-119) is the main determinant of guanine nucleotide base specificity and
contains the conserved sequence (N/T)KxD. The aspartate side chain forms hydrogen bonds
with the guanine ring, while the asparagine and lysine residues stabilize the G1 loop. Finally,
G5 (Ras residues 141-148) is comprised of the motif OOE(A/C/S/T)SA(K/L), where O
represents hydrophobic amino acids. Several residues in this region stabilize the
conformation of the G4 region, while the alanine (Ras residue 146) forms a hydrogen bond

with the guanine base. The interactions made by small GTPases with GTP are summarised in

Figure 1.3.
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Figure 1.3. Interactions made with GTP by the G domain. The interactions made by Ras with GTP are shown.
These interactions are conserved across all small GTPases, though residue numbering differs. Residues are
coloured as in Figure 1.2. Figure adapted from Bourne et al. (5).

1.2.3 The GTPase switch

The first crystal structures of a small GTPase in the active and inactive conformations were
published for H-Ras in 1990 (6). Comparison of these structures revealed the major
conformational differences that give rise to their different activities. The main changes
occurred in residues 30-38 and 59-67, comprising flexible regions that were termed switch |

and switch Il, respectively. These regions are highlighted in Figure 1.4. It is now known that



the vast majority of effector and regulatory proteins bind to one or both of these regions in
order to sense the nucleotide status of the GTPase. Despite an apparent lack of sequence
similarity across families, switch | and switch Il sequences are highly conserved within small

GTPase subfamilies.

Figure 1.4. Comparison of the active and inactive forms of H-Ras. Conformations of active, GMPPCP-bound (A,
PDB ID: 121P) and inactive, GDP-bound (B, PDB ID: 1AA9) H-Ras (blue; switch |, orange; switch Il, green). The
magnesium ion is represented as a sphere, and the nucleotide is shown as sticks.

Within the switch regions, residues Thr35 and Gly60 (Ras numbering) are universally
conserved among the superfamily and are critical to the conformational changes observed,;
these residues contact the y-phosphate of GTP in a ‘loaded spring’ mechanism that is released
upon hydrolysis of the nucleotide (Figure 1.4). The GTP-bound state is therefore more
structured, while the GDP form is considered the ‘relaxed’ state. This is supported by the
observation that structures of the GTP-bound proteins are highly similar, while the GDP-
bound structures show a greater degree of flexibility and variation between different GTPases

(reviewed in (7)).

1.2.4 Membrane-targeting post-translational modifications

The majority of Ras and Rho family proteins terminate in a C-terminal CAAX box (C = cysteine,

A = any aliphatic amino acid, X = any amino acid), which is modified at the cysteine residue by
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an isoprenyl group. This modification is catalysed by farnesyltransferase (FTase) or
geranylgeranyltransferase (GGTase), which add a farnesyl or geranylgeranyl isoprenoid

group, respectively. The specific modification is determined by the sequence of the CAAX box.

Most Rab proteins are prenylated by GGTase Il, and these proteins terminate with CC, CXC,
CCX, CCXX or CCXXX sequences. Arf family proteins are not prenylated and instead are
modified by myristoylation at an N-terminal glycine residue. The various modifications
described serve to target the small GTPases to specific cellular membranes. These lipid
anchors are often supported by a second membrane-targeting signal, for example polybasic
regions made up of several lysine and arginine residues are observed for many Ras proteins,
as are palmitoylation sites close to the C-terminus. Localization at cell membranes is essential
for the biological activity of these small GTPases. Ran is not lipid-modified and is the only

superfamily member that does not require membrane association for downstream signalling.

1.3 Differences in the structures of small GTPases

In addition to their relatively rigid G domain, many small GTPases contain flexible N- and C-
terminal extensions. These are excluded from many published structures due to degradation
of the flexible regions during purification and because they cannot be resolved by X-ray
crystallography. These regions are often the sites for post-translational modifications
including palmitoylation, prenylation and phosphorylation, and play a critical role in the
regulation and localization of small GTPases. The structures of the small GTPases differ in
these regions and some families also show differences in the G domain. The major

characteristic differences are highlighted in Figure 1.5.
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Figure 1.5. Differences in the structures of Ras superfamily members. Representative crystal structures from
each family are shown; H-Ras-GDP (PDB ID: 1AA9), RhoA-GDP (1FTN), Rab9-GDP (1WMS), Arf1-GDP (1HVR) and
Ran-GDP (3GJ0). Helices are coloured dark blue, B-strands light blue and loops grey. Structural differences
compared to the core G domain structure of Ras proteins are highlighted in orange.

Arf proteins contain an N-terminal helical extension that is myristoylated at the N-terminus.
This myristoyl modification is required for membrane binding and subsequent activation by
GEFs (8). In GDP-bound structures the helix is held against the G domain in an auto-inhibited
state (9), while in the GTP-bound state the helix is released from the G domain and can insert
into the plasma membrane (10). Ran contains a helical C-terminal extension that is bound to
the G domain in the GDP-bound state but is released upon GTP binding where it can interact
with several binding partners (11, 12). The Rho family are distinctive as they contain a helical
insertion of approximately 13 residues in the G domain (4). Rab proteins closely resemble the

Ras proteins with no obvious extensions or insertions.

1.4 Effector proteins

Upon GEF-mediated exchange of GDP for GTP, small GTPases undergo structural

rearrangements, primarily in the switch regions. These conformational changes result in the



formation of a binding surface with high affinity for their effector proteins. The presence of
the interaction surface is transient, and signalling is switched off again by hydrolysis of GTP to
GDP, assisted by GAPs. Each GTPase generally binds multiple effector proteins, resulting in a
huge array of signalling pathways that are regulated by the small GTPases. There are currently
more than 60 GTPase-effector complexes whose structures have been solved, revealing a
variety of binding modes that are utilised by the effectors (reviewed in (13)). These
interactions can be broadly classified by their structural elements as follows; those that bind
via a B-sheet and form an extension to the 3-sheet of the GTPase, interactions made via a pair
of helices, effectors that bind through a pleckstrin homology (PH) domain and an ‘other’
group that do not fit into the aforementioned classifications (13). Examples of GTPase-

effector binding modes are shown in Figure 1.6.

PH domain

Figure 1.6. GTPase-effector interactions. Examples of the main structural classifications of Ras superfamily
effector proteins are shown: interactions made via an intermolecular B-sheet (H-Ras/Raf, PDB ID: 4GON),
effectors that interact via a pleckstrin homology (PH) domain (Rac1/PLCB2, 2FJU) and interactions made via a
helical pair (Rab6/R6IP, 3CWZ). The small GTPase is shown in blue, with switch | coloured yellow and switch Il
coloured green, and the effectors are coloured in grey.



1.5 Ras proteins

The three ras genes encode four Ras proteins; N-Ras, H-Ras, and two splice variants of K-Ras,
K-Ras4A and K-Ras4B. The first ras genes to be discovered, viral H-Ras and K-Ras, were
identified in 1980s as the products of retroviral oncogenes that had been transduced from
the host genome by Harvey and Kirsten rat sarcoma viruses (14, 15). Shortly after, DNA
mapping and sequencing technologies allowed the identification of oncogenic ras genes in

human tumours (16).

The Ras proteins are highly conserved throughout the G domain but exhibit significant
variation in the C-terminal hypervariable region (HVR). This region contains the sites for post-
translational modifications that are required for membrane localization. The Ras proteins
terminate in a CAAX box, where C = cysteine, A = an aliphatic amino acid and X = Ser or Met;
the cysteine residue is the target for prenylation by farnesyltransferase (FTase). In addition to
farnesylation, a second membrane signal is required for stable membrane association (17,
18). For K-Ras4A, N-Ras and H-Ras, this second signal comes in the form of additional cysteine
residues that are palmitoylated, while K-Ras4B contains a polybasic region of six lysine
residues that interact with negative phosphate head groups in the phospholipid bilayer. The
differences in the C-terminal sequences and post-translational modifications of the Ras

proteins are shown in Figure 1.7.

1 30 38 59 67 165 185
HVR
Swi Swill

K-Ras4A YRLKKISKEEKTPGCVKIKKCIIM
K-Ras4B HKE-KMSKDGKKKKKKSKTKCVIM
H-Ras HKLRKLNPPDESGPGCMSCKCVLS

N-Ras YRMKKLNSSDDGTQGCMGLPCVVM
166 188/9

Figure 1.7. Variation at the C-termini of Ras proteins. All Ras proteins terminate in a CAAX box in which the
cysteine residue (green) is modified by FTase. For stable membrane association, a second signal is required: in
K-Ras4A, H-Ras and N-Ras, additional cysteine residues are modified by palmitoylation (orange), while K-Ras4B
contains a polybasic region comprised of six lysine residues (blue) to aid membrane association. Swl, switch [;
Swill, switch Il; HVR, hypervariable region.
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Following farnesylation, several additional processing steps are required for membrane-
targeting of Ras proteins. The three C-terminal residues are cleaved by Ras-converting
endopeptidase | (RCEl), leaving the farnesylated cysteine at the C-terminus (19). This residue
is then methylated by isoprenylcysteine carboxylmethyltransferase (ICMT) (20, 21). All of
these modifications are required for stable membrane association and activity of Ras

proteins. The process is summarised in Figure 1.8.

\ N \
A N \
\ N \

: FTase ~ RCE1 ICMT
,‘CAAX—> s CAAX ——> c—> ,$C-0Me

Figure 1.8. Post-translational processing of Ras proteins. Ras proteins terminate in a CAAX box (C = Cys, A =
aliphatic amino acid, X = Ser or Met). The cysteine residue of the CAAX box is prenylated by farnesyltransferase
(FTase), catalysing the addition of a 15-carbon lipid moiety. The three C-terminal residues are then cleaved by
Ras-converting endopeptidase | (RCEI) and a methyl group is appended to the C-terminus by isoprenylcysteine
carboxylmethyltransferase (ICMT).

1.5.1 Ras activation

The Ras proteins are activated in response to growth factor stimulation (22). Binding of
growth factors to their receptors stimulates rapid dimerization and autophosphorylation at
intracellular tyrosine residues (23, 24). The Grb2 adaptor protein binds specific
phosphorylated tyrosines on the receptor via its SH2 domain. Grb2 mediates recruitment of
the RasGEF, son of sevenless 1 (SOS1), to the plasma membrane where it can activate
membrane-bound Ras by mediating exchange of GDP for GTP (25). The process of SOS1-
mediated activation is shown in Figure 1.9. While SOS1-mediated exchange is the most-
studied form of Ras activation, several other RasGEFs exist and are activated in very different

ways (22).

11



Growth
factors

Receptor
tyrosine kinase

Figure 1.9. Activation of Ras by SOS1. Growth factor binding to the target receptor tyrosine kinase (RTK) results
in dimerization and autophosphorylation of the receptors. Grb2 binds specific phosphorylated tyrosines on the
receptor via its SH2 domain and recruits SOS1 to the plasma membrane. SOS1 is then in proximity to membrane-
bound Ras and can catalyse the exchange of GDP for GTP on Ras, allowing it to adopt its active state. Figure
created with BioRender.com.

1.5.2 Effector pathways

Following activation by SOS1, the Ras proteins bind and activate several downstream effector
proteins. Through these many signalling pathways, the Ras proteins regulate cellular
proliferation, survival and numerous other processes. The major effector pathways controlled

by Ras proteins are summarised in Figure 1.10.
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Figure 1.10. Major Ras effector pathways. Upon activation by SOS1, Ras proteins can interact with multiple
downstream effectors, including PI3K, RalGDS and Raf. Activation of PI3K results in the conversion of PIP;, to PIPs,
in turn activating Akt to phosphorylate a range of targets controlling cell growth and proliferation. Binding to
RalGDS catalyses the exchange of GDP for GTP on the Ral proteins. Signalling through Ral effectors controls cell
survival, exo- and endocytosis. Ras association with Raf activates the MAPK (mitogen-activated protein kinase)
signalling pathway, resulting in the phosphorylation by ERK of transcription factors that control cell cycle
progression. Figure created with BioRender.com.

The first Ras effector to be characterised was the Raf serine/threonine kinase (26, 27). Upon
Ras activation, the Raf proteins undergo dimerization, leading to their activation. This begins
a mitogen-activated protein kinase (MAPK) signalling cascade in which Raf phosphorylates
and activates MEK (mitogen-activated protein kinase kinase), which in turn phosphorylates
ERK (mitogen-activated protein kinase). Activated ERK can phosphorylate several targets in
the cytoplasm and the nucleus, including transcription factors that control cell cycle

progression.

The PI3K pathway is also activated downstream of Ras (28). Upon activation, PI3K converts
phosphatidylinositol (4,5)-bisphosphate (PIP,) to phosphatidylinositol (3,4,5)-trisphosphate
(PIP3). PIP3 then binds and leads to the activation of Akt, resulting in the phosphorylation of a

range of targets affecting cell survival and proliferation.
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Active Ras proteins also bind RalGDS, a GEF for the Ral small GTPases: RalA and RalB. Upon
activation, the Ral proteins engage a panel of effector proteins involved in cell proliferation,
survival and the regulation of endo- and exocytosis (29). The RalGEF-Ral pathway will be
discussed in detail in section 1.7. In addition to the three main effector pathways, many other
effectors for Ras proteins have been identified including Tiam1, PLCg, Af6, Norel and Rinl

(26).

1.5.3 Role of Ras proteins in cancer

The ras genes are well-known as the most commonly mutated oncogenes in human cancer,
occurring in approximately 20% of human cancers and with higher incidences in pancreatic
(88%), lung (33%) and colorectal cancers (55%) (30). K-Ras is the most frequently mutated ras
gene, accounting for 75% of all Ras-mutant cancers, followed by N-Ras (17%) and H-Ras (7%).
The vast majority of Ras mutations occur at positions 12, 13 and 61, although the frequency
of mutations at each position varies greatly between the isoforms (30). The positions of these
mutations on the structure of Ras are shown in Figure 1.11. Mutations to these residues result
in constitutive activation of the Ras protein due to impaired intrinsic and GAP-mediated
hydrolysis (16, 31). This deregulated signalling through downstream effector pathways leads

to uncontrolled cell growth and proliferation, resulting in the formation of tumours.
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Figure 1.11. Commonly occurring Ras mutations. The positions of the most commonly occurring Ras mutations,
at positions 12, 13 and 61 are highlighted in red on the structure of H-Ras bound to GMPPCP (PDB ID: 121P).
Mutations at these positions impair intrinsic and GAP-stimulated GTP hydrolysis.

1.6 Attempts to target Ras therapeutically

Despite their pivotal role in cancers being known for nearly four decades, there are currently
no approved therapeutics that target Ras proteins directly. While intense efforts have been
made in this area, several features of Ras proteins make them challenging to target through
traditional methods of drug discovery, leading them to be long considered ‘undruggable’.
However, in recent years, several innovative approaches to target Ras proteins have been

developed and will be explored in the following sections.

In contrast to the success that has been attained with ATP-competitive inhibitors for kinases,
the picomolar affinity exhibited by small GTPases for their nucleotides (32), along with high
intracellular GTP concentrations of ~1 mM, makes the nucleotide binding site of these
proteins an intractable target for competitive inhibitors. Disruption of GTPase interactions
with their regulators or effector proteins has also proven challenging as these conventional
protein-protein interactions (PPls) are mediated by relatively large, smooth surfaces that lack
distinct binding pockets for small molecules. Attempts to inhibit post-translational processing

have also failed due to the emergence of compensatory mechanisms (33).
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1.6.1 Disruption of membrane localization

Inhibition of membrane association to disrupt Ras signalling was one of the earliest avenues
to be explored. Farnesyltransferase inhibitors (FTIs) were developed to block prenylation of
the Ras C-terminus and hence the membrane association that is required for transformation
(34). Unfortunately, FTIs failed in clinical trials and it was later discovered that K-Ras and N-
Ras, the isoforms most commonly mutated in human cancers, can undergo alternative
prenylation by GGTase | in the presence of FTIs (33). Dual inhibition of both enzymes is not
expected to be feasible due to their large number of targets, which is likely to lead to toxic
side effects. Unlike the other Ras isoforms, H-Ras cannot undergo alternative prenylation by
GGTase | and could therefore be targeted by competitive FTIs (33). The use of FTIs to target

certain H-Ras mutant cancers is currently being investigated in the clinic (35, 36).

Novotny et al. have recently reported an alternative method to mislocalize Ras proteins; they
developed neo-substrates of FTase which modify K-Ras but do not allow for subsequent
membrane attachment (37). Their neo-substrates could be covalently added to K-Ras by
FTase at the cysteine residue of the CAAX box in place of the typical farnesyl modification.
This modification prevented further processing and membrane attachment, resulting in
cytoplasmic localization of K-Ras. This approach circumvents issues previously seen with FTls
as this modified K-Ras cannot be alternatively prenylated by GGTase |, offering a promising

new avenue to target Ras signalling. The mechanism of action is summarised in Figure 1.12.
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Figure 1.12. Neo-substrates for FTase developed by Novotny et al. FTase catalyses the addition of farnesyl
pyrophosphate (PP) to a cysteine residue in the CAAX box of K-Ras. This is followed by further processing,
resulting in membrane attachment of K-Ras via the lipid anchor. The neo-substrates developed by Novotny et
al. resemble farnesyl PP but contain an electrophile (E) that reacts with the cysteine residue in the presence of
FTase. This modification prevents any further modification of K-Ras and therefore prevents subsequent
membrane attachment.

1.6.2 Peptide inhibitors of Ras

Peptides offer an enticing opportunity for the inhibition of PPls as they offer excellent
selectivity and target binding affinity even at relatively smooth protein surfaces, due to the
large area that they occupy. In this way they retain many of the advantages of larger biologics,
while their smaller molecular weight enables the possibility of cell entry. Initially peptides
were limited to extracellular targets, however developments in the use of cell-penetrating
peptides and research into intrinsic properties that invoke cell uptake have opened up the

peptide druggable space to encompass intracellular proteins including Ras.

1.6.2.1 Inhibitors of the Ras-SOS1 interaction

Peptides have been used to target the interaction of Ras proteins with the RasGEF, SOS1,
hence blocking Ras activation. Patgiri et al. noted that within the helical hairpin region of
SOS1, the majority of contacts with K-Ras are made by one helix, aH (Figure 1.13A) (38).
Computational models combined with mutagenesis data revealed that residues 929-944 were

the most critical for binding. They designed a peptide based on this sequence and utilised a
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hydrogen bond surrogate (HBS) approach in which the hydrogen bond between the backbone
carbonyl of the N-terminal residue and the amine of the N + 4" residue is replaced with a
covalent bond to stabilize a helical conformation of the peptide (39). The resulting peptide,
HBS3 (Figure 1.13B), had an affinity of 28 uM for nucleotide-free Ras and was able to inhibit
SOS1-mediated exchange of GDP for GTP in vitro.

SOS1 929-944 FFGIYLTNILKTEEGN

1
SAH-SOS1p  RRFFGIXLTNXLKTEEGN

—1
HBS3 ZFEGIYRLELLKAEEAN

Figure 1.13. Helical peptides targeting the Ras-SOS1 interaction. A. Crystal structure of nucleotide free H-Ras
(blue; switch I, yellow; switch II, green) in complex with SOS1 (grey, PDB ID: 1INVW). Residues 929-944 of SOS1
are coloured in orange. B. Peptides generated based on SOS1. X, (S)-pentenylalanine; Z, 4-pentenoic acid.
Substitutions from the SOS1 sequence are shown in red.

Walensky and colleagues also generated peptides based on the same helical portion of SOS1,
instead using all-hydrocarbon peptide stapling to stabilize a helical structure (40). Their lead
peptide, SAH-SOS14 (Figure 1.13B) bound wild-type and mutant forms of K-Ras with affinities
between 60 and 100 nM and was shown to block intrinsic nucleotide exchange, however it
was not reported whether the peptides could also inhibit SOS1-mediated exchange. The
validity of this peptide as a K-Ras inhibitor has recently been brought into question, as when

Ng et al. thoroughly interrogated the binding of the peptide, they found it to be non-specific
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(41). This study highlighted important considerations for the validation of peptides in

orthogonal assays.

1.6.2.2 Macrocyclic Ras inhibitors derived from naive selections

A group at Takeda in Japan have developed cyclic peptide inhibitors of the K-RasG12D mutant
using phage display to screen naive libraries. From these selections they identified a
disulphide-linked cyclic peptide, KRpep-2d (Figure 1.14A), which displayed a low nanomolar
affinity for K-RasG12D and impressive selectivity over wild-type K-Ras (42). The peptide
decreased phospho-ERK levels downstream of Ras in a K-RasG12D mutant cancer cell line but
had no effect in a K-RasG12C mutant background, demonstrating selectivity for the targeted
mutant. The group went on to solve the crystal structure of KRpep-2d in complex with K-
RasG12D-GDP (43). Despite being observed to inhibit GEF-mediated exchange, the peptide
binding site was found to be distinct from the SOS1 binding interface. Instead, KRpep-2d
occupies an allosteric site on K-Ras, adjacent to switch Il, and forces switch Il into a

conformation that is unfavourable for binding SOS1 (Figure 1.14B and C).

1
A KRpep-2 RRCPLYISYDPVCRR D69

KRpep-2d RRRRCPLYI SYDPVCRRRR

/r/
Q/-\W'tCh’ A K-RasG12D
a3 helix .

KRpep-2d ) S\
Pep d /‘SwitChI
N\

Figure 1.14. Cyclic peptide KRpep-2d binding to K-Ras. A. Sequences of KRpep-2 and KRpep-2d. Cysteine
residues that cyclize the peptide are highlighted in red. B. Crystal structure of KRpep-2d bound to K-
RasG12D-GDP (PDB ID: 5XCO). K-Ras is shown in blue, with switch | (yellow) and switch Il (green) highlighted.
The GDP nucleotide is shown as sticks. The peptide (orange) binds at a site proximal to switch Il and the a3 helix.
C. Zoom of the structure with contacts formed between KRpep-2d and K-Ras shown as dashed lines, including a
hydrogen bond between the backbone NH of KRpep-2d Tyr8 and the backbone carbonyl of GIn61 on K-Ras
(indicated by *).
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The Pei group has generated several cyclic peptides targeting K-RasG12V using synthetic
libraries. Their first library incorporated a rapamycin analogue or ‘rapalog’, a minimal motif
to recruit FK502-binding protein 12 (FKBP) (44, 45). The recruitment of the 12 kDa FKBP
protein was used to create a steric block which extended further than the small peptide and
therefore could prevent effector binding if oriented correctly. The most promising peptide
identified, compound 12 (Figure 1.15A), had a Kq of 0.83 uM for K-RasG12V and was able to
inhibit a panel of Ras-effector interactions, although no cellular activity was observed due to

poor uptake of the peptide.
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Figure 1.15. Macrocyclic Ras inhibitors derived from synthetic screens. A. Compound 12 identified from a
screen of cyclic peptides incorporating a FKBP binding motif (red). Amino acid positions varied in the screen are
labelled 1-6. B. Structure of Cyclorasin 9A5, a cyclic peptide identified from a library of peptides containing a CPP
sequence identified previously (blue) and up to 5 variable amino acid positions (labelled 1-5). C. Structure of an
optimized hit from a bicyclic library screen, peptide 49. DCAI, 4,6- dichloro-2-methyl-3-aminoethylindole, a K-
Ras inhibitor (green).

The apparent lack of cellular uptake for compound 12 was surprising as it contained an Arg-

Arg-Nal-Arg-Fpa (Nal = p-B-naphthylalanine, Fpa = L-4-fluorophenylalanine) sequence which
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closely resembled potent cell-penetrating peptides (CPPs) previously identified by the group
(46). A second synthetic cyclic library to search for intrinsically cell penetrant K-RasG12V
inhibitors was constructed incorporating the Arg-Arg-Nal-Arg-Fpa core sequence (47). A hit
from this selection was optimized to give a cell-permeable peptide, Cyclorasin 9A5 (Figure
1.15B), which displayed diffuse cytosolic localization. However, like the all-hydrocarbon
stapled peptide SAH-SOS1,, the binding of this peptide was independently shown to be non-
specific (41).

The same group also used a synthetic library of bicyclic peptides to identify inhibitors of K-
RasG12V (48, 49). In one such library they generated a scaffold in which one ring
encompassed a cyclic CPP previously identified by the group, FORi, where @ is L-2-
napthylalanine (46), and the second ring contained five variable positions to generate target
binding affinity. A previously identified K-Ras small molecule inhibitor, 4,6-dichloro-2-methyl-
3-aminoethylindole (DCAI), was coupled to the peptides using click chemistry. The optimized
peptide 49 (Figure 1.15C) was shown to be competitive with the Raf RBD but displayed little
preference for the nucleotide state of K-RasG12V. This is surprising given that Raf binds at the
switch regions on Ras which change conformation dramatically depending on whether K-Ras

is bound to GDP or GTP.

1.6.3 Covalent inhibitors of K-RasG12C

There has been remarkable success recently in generating small molecule inhibitors for the K-
RasG12C mutant, as Shokat and colleagues identified a small pocket beneath switch Il which
they were able to exploit to generate covalent inhibitors targeting the Cys12 residue (50).
Crystal structures of the modified K-RasG12C revealed the presence of a binding pocket which
was not visible in the known structures of K-RasG12C and is instead induced upon compound
binding (Figure 1.16A). The pocket is only formed in the GDP-bound K-RasG12C, and the

presence of GTP was found to significantly decrease compound binding.
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Figure 1.16. Covalent inhibitors of K-RasG12C. A. Structures of K-RasG12C-GDP alone (PDB ID: 4L8G) and in
complex with a fragment covalently bonded to Cys12 (4LV6) reveal a binding pocket that is formed upon
fragment binding. K-RasG12C is shown in grey; switch | (30-38), blue; switch Il (59-67), mauve; Cys12, yellow;
GDP, cyan sticks; compound 6, orange sticks. B. Covalent inhibitors of the K-RasG12C mutant. The warhead able
to form a covalent bond with the Cys12 residue is highlighted in blue.

Patricelli et al. generated a series of compounds targeting this novel pocket and identified a
covalent inhibitor, ARS-853 (Figure 1.16B), with improved potency (51). In this work, they
challenged the previously held view that K-RasG12C is ‘locked’ in the active, GTP-bound state,
and instead showed the mutant to be fast-cycling, revealing a therapeutic opportunity to
target the inactive state of the protein. The group have reported a second series of inhibitors
with in vivo efficacy in mouse models and oral bioavailability (52). Amgen have also developed
a series of covalent inhibitors exploiting this same binding pocket of K-RasG12C and their

inhibitor (AMG 510, Figure 1.16B) has passed Phase | clinical trials (53, 54).

The use of covalent inhibitors to target PPIs offers many advantages: they benefit from non-
equilibrium kinetics, enabling the possibility of complete target occupancy even for
compounds with modest reversible binding affinities (55). Additionally, covalent inhibitors
cannot be displaced by competition with native binding partners and substrates. However,
their application is limited to reactive residues at therapeutically relevant sites, for example
mutants that result in an exposed cysteine residue. G12C mutations in K-Ras-driven cancers
are relatively infrequent, where G12D and G12V mutations predominate (30, 56). A different
picture is seen in lung cancers, however, where G12C mutations are the most common due

to G:C>T:A transversions associated with mutagens found in tobacco smoke (57).
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1.6.4 Inhibition of Ras dimerization

For years there has been conflicting data as to whether Ras functions as a monomer or if it
needs to form higher order structures for its activity. There is now mounting evidence that
Ras needs to form dimers or clusters in a cell in order to signal (reviewed in (58)). The a4 and
a5 helices, which are distal from the switch regions, have been implicated as the drivers of
dimer formation, as the vast majority of active Ras crystal structures dimerise via these helices
(59). Inhibition of this interface using a monobody, a small synthetic protein based on a
fibronectin type Il domain, slowed tumour growth and progression in a mouse model bearing

K-Ras mutant tumours (59, 60).

Designed ankyrin repeat proteins (DARPins) have also been used to inhibit Ras dimer
formation through an interaction involving the a3-a4 helices of K-Ras, which have also been
implicated as a possible interface for dimer formation (61, 62). Bery et al. used phage display
with DARPiIn libraries to identify inhibitors of K-Ras, and an X-ray structure of one of their hits
revealed that the DARPin interacts with the a3-a4 helices of K-Ras (63). The DARPin was able
to inhibit mutant K-Ras dimerization as well as inhibiting K-Ras/Raf interactions, leading to a

decrease in signalling.

These insights provide a novel opportunity to inhibit Ras signalling through disruption of
multimer formation, however the approach may be limited, as a dimer-targeting tool is

unlikely to be able to discriminate between wild-type and mutant Ras proteins.

1.6.5 Targeting pathways downstream of Ras

Difficulties in targeting Ras directly have led many to turn to inhibiting targets downstream of
Ras instead. These attempts have mainly focussed on the Raf and PI3K pathways that contain

several kinases amenable to ATP-competitive small molecule inhibition.

Many inhibitors have been developed targeting proteins within the Raf-MEK-ERK pathway,
which is the best-characterised effector pathway of Ras. Raf is a key therapeutic target in
itself, as activating BRaf mutations are found in around 18% of human cancers (COSMIC) and
40% of melanomas. Of these, the vast majority are V60OOE mutations. Two ATP-competitive

inhibitors of BRaf are approved for the treatment of BRafV600E-mutant cancers including
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melanomas (reviewed in (64)). However, these inhibitors have been ineffective in the
treatment of Ras-mutant cancers due to an unexpected paradoxical activation of the Raf-
MEK-ERK pathway in response to wild-type Raf inhibition (65, 66). Several MEK inhibitors have
also been approved for the treatment of BRaf mutant melanomas, either alone or in
combination with Raf inhibitors (67). These compounds are typically allosteric inhibitors
rather than competing for ATP binding. While these inhibitors have been beneficial in the
treatment of BRaf-mutant cancers, no therapeutic benefit has been seen in the treatment of
Ras-mutant cancers. This is believed to be due to increased signalling through the PI3K and

Raf pathways upon MEK inhibition (68, 69).

PI3K is another highly desirable cancer target, with mutations occurring in 20% of breast
cancers (COSMIC). Several inhibitors for components of the PI3K pathway have been
evaluated in the clinic, including ATP-competitive inhibitors for PI3K and mTOR (70). As is the
case for MEK inhibitors, the use of PI3K pathway inhibitors as single agents to treat Ras-
mutant cancers has been ineffective due to the multitude of signalling pathways that are
upregulated and feedback mechanisms within the pathways. Combination trials to assess the
efficacy of blocking components from both pathways are currently underway (71-74),

however preliminary results have suggested that the combination is too toxic (75, 76).

Inhibition of the RalGEF-Ral pathway downstream of active Ras has been relatively
underexplored to date, despite mounting evidence of the critical importance of this pathway
for the survival of several Ras-mutant cancers (77). Ras activates a RalGEF (RalGDS), which in
turn activates the Ral proteins, members of the Ras family of small GTPases (78). As this
pathway involves protein-protein interactions mediated by small GTPases, targeting the
pathway is likely to face many of the same challenges associated with targeting Ras directly.
The biology of the RalGEF-Ral pathway and therapeutic attempts to target the Ral proteins

will be explored in detail in the following sections.

1.7 Ral proteins

The two Ral (Ras-like) proteins, RalA and RalB, are members of the Ras family of small
GTPases. They were first identified in 1986 through a simian cDNA library search for Ras-

related genes, due to their sequence homology with Ras (>50%) (79). The Ral proteins are 206
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amino acids in length and are highly similar proteins with 82% overall sequence identity. Their
structures have been solved alone and in complex with several effector proteins, revealing a
predictably high degree of structural similarity between the two proteins. Both proteins
contain a flexible N-terminal extension of 11 residues, which is absent from Ras proteins,
followed by the highly conserved G domain and a flexible C-terminal hypervariable region
(HVR). Like many Ras superfamily proteins, they are lipid-modified at their C-terminus and

this modification is required for their localization at cellular membranes (80).

All GEFs, GAPs and effector proteins that have been identified to date are shared by the Ral
GTPases. Interactions made with these binding partners primarily occur at the switch regions,
which are 100% identical in RalA and RalB. As for all Ras superfamily proteins, the switch
regions are the sites of the largest conformational changes upon nucleotide exchange and
hydrolysis. Additional contacts are made with other regions of the G domain (residues 12-

176) of the Ral proteins, which are also highly similar with 88% sequence identity.

Despite their structural similarity, the Ral proteins have divergent and non-overlapping roles
in normal and cancer cell biology (77). These differences arise partly from their distinct C-

terminal regions, which drive differential localization of the proteins.

1.7.1 Regulation of Ral proteins

There are seven known RalGEFs, four of which (RalGDS, Rgll, Rgl2 and Rgl3) are direct
effectors of Ras (77). Active Ras recruits these GEFs to the plasma membrane where they are
brought into proximity with the Ral proteins. The other RalGEFs (RalGPS1, RalGPS2 and Rgl4)
are activated by mechanisms independent of Ras (81). Following Ras activation, RalGEFs
activate the Ral proteins, which are then able to bind their downstream effector proteins.
Two proteins have been identified with GAP activity for the Ral proteins, termed RalGAP1 and
RalGAP2 (82). These proteins serve to switch off Ral signalling as expected by aiding hydrolysis
of GTP to GDP. The regulation of Ral proteins downstream of Ras is summarised in Figure

1.17.
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Figure 1.17. Regulation of Ral signalling. Upon activation by SOS1, catalysing the exchange of GDP for GTP, Ras
can bind and activate several RalGEFs. The RalGEFs are then able to catalyse the exchange of GDP for GTP and
activate Ral proteins. In the GTP-bound form the Ral proteins can engage downstream effector proteins
including Sec5, Exo84 and RLIP76. Signalling is turned off by RalGAP-catalysed hydrolysis of GTP to GDP. Figure
created with BioRender.com.

1.7.2 Post-translational modifications

Like Ras, the Ral proteins terminate in a CAAX box (RalA — CCIL, RalB — CCLL), in which the first
cysteine residue is modified by prenylation. The X residue determines the prenyltransferase
specificity (83) and while Ras proteins are modified by FTase (X = Met or Ser) the Ral proteins
are targets for GGTase | (X = Leu), which catalyses the addition of a 20-carbon geranylgeranyl
lipid to the first cysteine residue. As for Ras proteins, the three C-terminal residues are then
cleaved by RCEl, leaving the prenylated cysteine at the C-terminus. This cysteine is
subsequently methylated by ICMT (80). This process is required for correct membrane
localization of the Ral proteins (80), which in turn is critical for their activity. In addition to the
C-terminal processing and lipidation, the HVRs of Ral proteins are rich in lysine and arginine
residues that can interact with the negative phosphate lipid head groups in the phospholipid

bilayer, thereby acting as second membrane-anchoring signals (Figure 1.18).
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Figure 1.18. Comparison of the C-terminal HVRs of Ral proteins. RalA and RalB share the same overall structure
with a flexible N-terminal extension of 11 amino acids, followed by the G domain (87% identity) and a flexible C-
terminal hypervariable region (HVR). The HVR is the site of most variation between the proteins (46% identity)
and contains the sites of post-translational modification. Ral proteins are modified by GGTase | at the cysteine
residue of the CAAX box (orange). The HVR is rich in arginine and lysine residues (blue) to aid membrane
attachment. RalA and RalB are phosphorylated at Ser194 and Ser198, respectively, and these phosphorylation
sites are coloured red and indicated by a star (*).

Phosphorylation of the hypervariable region of the Ral proteins also plays a key role in their
activity and localization. RalA is phosphorylated by Aurora kinase A at Ser194 (Figure 1.18),
resulting in relocalization of RalA from the plasma membrane to internal membranes and
increased activation and interaction with RLIP76 (84, 85). RalB is phosphorylated by protein
kinase C (PKC) at Ser198; this modification results in the translocation of RalB from the plasma

membrane and differential effector engagement (86, 87).

1.7.3 Ral effector proteins

Ral proteins engage their effector proteins at the nucleotide-sensitive switch regions, utilising
either one or both switches for the interaction. These regions are identical between the Ral
proteins, therefore it is not surprising that for those that have been measured, highly similar

in vitro affinities of the Ral proteins for their effectors have been found.

1.7.3.1 RLIP76

The first Ral effector to be discovered was RLIP76 (Ral-interacting protein 76 kDa, also known
as RalBP1 for Ral-binding protein 1), which was found to contain a RhoGAP domain with
activity for Racl and Cdc42 (88-90). RLIP76 binds to Ral proteins at both switch regions via a

well-ordered coiled-coil domain that is juxtaposed but distinct from the RhoGAP domain (91).
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Binding to Ral proteins does not affect the GAP activity of RLIP76 in vitro (88), however active
Ral proteins have been shown to recruit RLIP76 to the membrane and subsequently increase
the GAP activity for its membrane-associated targets in cells (84, 92). In addition to its role as
a GAP, RLIP76 has been shown to interact with several proteins involved in endocytosis (93,
94), including the AP2 complex (95), REPS1/2 and Epsin (96—98), indicating a role for Ral
signalling in the regulation of endocytosis. These interactions were found to be made with
the N-terminal region of RLIP76 that is predicted to be disordered, or with the C-terminal
domain that is predicted to form coiled-coils (94). The domain architecture and sites of

interaction for RLIP76 are shown in Figure 1.19.
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Figure 1.19. The domain structure of RLIP76 and sites of interaction. RLIP76 is comprised of an N-terminal
disordered domain of ~180 residues, followed by the RhoGAP (blue) and Ral-binding domains (RBD, purple). The
structure of this di-domain has been solved and is displayed in the corresponding colours (PDB ID: 2MBG). The
C-terminal region of RLIP76 (approx. 492-602) is predicted to form coiled-coils. Figure adapted from Mott and
Owen (94).

RLIP76 has been found to be upregulated in several cancers including bladder and ovarian
cancers (99, 100), and has been shown to be essential for the survival of several cancer types
(101). Roles for RLIP76 as an ATP-dependent transporter have also been identified, with

substrates including glutathione conjugates and chemotherapeutic agents (101).
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1.7.3.2 Sec5/Exo84

The best characterised effectors of Ral are Sec5 (EXOC2) and Exo84 (EXOC8), members of the
octameric exocyst complex (102—-104). The exocyst complex is responsible for targeting and
tethering secretory vesicles to specific regions of the plasma membrane. Activation of Ral
proteins is required for the full assembly of the exocyst complex (105), which in turn mediates

cell migration and the regulation of exocytosis.

Independent roles for the complexes of RalB with Exo84 and Sec5 have also been identified.
RalB interacts with Exo84 in a subcomplex of the exocyst in response to cellular nutrient
starvation and promotes the induction of autophagy (106). In contrast, the interaction
between RalB and Sec5 has been shown to play a role in the innate immune response: upon
activation of Toll-like receptors, the RalB/Sec5 complex was shown to recruit and activate
TBK1 to support the host immune response (107). This pathway was also shown to be

chronically activated in cancer cell lines harbouring activating K-Ras mutations.

1.7.3.3 Other Ral effectors

Ral proteins have several other known binding partners, including the transcription factor
ZONAB (ZO-1-associated nucleic acid-binding protein). RalA has been shown to activate
ZONAB in a cell density-dependent manner (108). Filamin, an actin-crosslinking protein, is
another known effector and associates with RalA during filopodia formation (109). Ral
proteins also interact with the second messenger signalling molecules phospholipase C-01
(PLC) and phospholipase D1 (PLD1) (110, 111), These interactions are primarily made with the

N-terminal extension of Ral proteins and in the case of PLD1 are not nucleotide sensitive.

1.7.4 Ral proteins in cancer

Interest in the RalGEF-Ral pathway increased after it was found that despite the lack of
transforming ability in murine cells, RalGDS, a RalGEF and direct effector of Ras, was more
potentin transforming human cells than Raf or PI3K (112). Since then, the RalGEF-Ral pathway
has been implicated in many Ras-driven cancers including pancreatic, colorectal and lung

cancers (29, 77). Unlike Raf and PI3K, relatively few Ral pathway mutations have been
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identified in human cancers, however the RalGEF pathway was shown to be the most

commonly activated Ras effector pathway in pancreatic tumours (113).

Despite their high degree of sequence and structural similarity, Ral proteins show divergent
and non-overlapping roles in cancer. Constitutively activated RalA is able to transform human
cells and has been shown to be vital for anchorage-independent growth of cancer cells (113—
115). RalB is not transforming but has been shown to play a role in invasion, metastasis (116),
and the avoidance of apoptosis in tumour cells (102, 117), while proliferation of non-

cancerous cells was unaffected by RalB knockdown (115).

Specific Ral-effector interactions have also been implicated in these observations, as RalA
mutants that were defective in binding to Sec5 or RLIP76 reduced anchorage-independent
growth by up to 70% (114), while the interaction of RLIP76 with RalB was required for
invadopodia formation (116). The involvement of Ral-effector interactions in transmitting
oncogenic Ras signalling suggests that the disruption of Ral-effector interactions could be an
effective therapeutic target in Ras-driven cancers. This is supported by the observation that
overexpression of the RLIP76 RBD, blocking Ral-effector interactions, inhibited anchorage-

independent growth in cancer cell lines (115).

Phosphorylation of Ral proteins has also been shown to be important for their oncogenic
potential (29). Cell lines expressing a RalA mutant deficient in phosphorylation (S194A)
showed reduced anchorage independent growth (85). There were similar findings for RalB, as
a S198A mutant, unable to be phosphorylated by PKC, reduced anchorage-independent

growth, cell migration and metastasis in bladder cancer cells (86).

1.8 Targeting the Ral pathway

The Ral proteins interact with their effectors and regulatory proteins through protein-protein
interactions and therefore, like Ras, are challenging therapeutic targets. A direct Ras inhibitor
is likely to be highly toxic to cells due to the large number of downstream pathways that are
controlled by this master regulatory protein. Mutant-specific inhibitors would be highly
desirable for selective targeting of cancer cells but will be difficult to produce in most cases,

with the exception of the successful G12C inhibitors as described in section 1.6.3. Inhibition
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of the Ral pathway downstream of Ras would provide a bespoke treatment for cancers that
rely on this pathway for survival and is likely to produce fewer side effects. In addition, it has
been shown that non-cancerous cells do not rely on the Ral pathway for survival, therefore

this approach could result in the selective killing of cancerous cells (115).

Several attempts have been made to target the Ral proteins via disruption of Ral localization,
inhibition of effector interactions and stabilization of the inactive state. These approaches are

described in the following sections.

1.8.1 Stabilization of Ral-GDP

Yan et al. analysed the structures of RalA-GMPPNP and RalA-GDP and identified a small
binding pocket in the GDP-bound protein that is absent in the active form (Figure 1.20) (118).
This pocket is located near switch Il and the nucleotide binding site, therefore they postulated
that a molecule binding at this site could stabilize the inactive form of RalA, preventing its
activation. They docked 500,000 individual compounds at this site using in silico virtual
screening and identified 88 hits which were then characterised biochemically. A series of
derivatives based on the top compounds was generated and the lead compounds, RBC8 and
BQUS57 (Figure 1.20, K4 RalA = 4.7 uM), were able to inhibit Ral-effector interactions and

reduced tumour progression in an in vivo mouse model of lung cancer.
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Figure 1.20. Small molecules developed to stabilize Ral-GDP. The structures of RalA-GDP (PDB ID: 2BOV) and
RalA-GMPPNP (PDB ID: 1UAD) are shown as surfaces. There is a small binding pocket highlighted in the yellow
circle that is present in the GDP but not the GMPPNP-bound conformation of RalA. The nucleotide is shown as
sticks; Switch I, blue; switch I, mauve. Underneath are the chemical structures of two small molecules developed
by Yan et al. to bind and stabilize the inactive form of Ral proteins (118).

The specificity of the inhibitor RBC8 in platelets was investigated by Walsh et al (119). They
found that the compound successfully inhibited Ral activation in platelets by assessing
Ral-GTP levels in effector pulldown assays. However, off-target effects were also seen in the
concentration range required for Ral inhibition: they observed similar effects on platelet
aggregation and integrin activation for both RalA/B double knockout platelets and those

derived from wild-type mice following treatment with the inhibitor.

1.8.2 Covalent inhibition at Tyr82

While there has been success generating covalent inhibitors for G12C-mutant K-Ras, there
are no cysteine residues on Ral proteins that are amenable for covalent targeting. However,
several approaches have been developed to generate covalent inhibitors targeting other

residues including tyrosine, histidine, serine and lysine (120, 121). Bum-Erdene et al. recently

32



screened a library of aryl-sulfonyl fluorides with the aim of covalently modifying Tyr82 on Ral
proteins, which is located within the effector binding region (122). They assessed Rgl2-
mediated nucleotide exchange following incubation with the library compounds using a
fluorescence-based assay and identified a compound that was able to inhibit nucleotide
exchange by covalent modification of Tyr82. This compound is shown in Figure 1.21. A crystal
structure of the inhibitor in complex with GDP-bound RalA revealed that the inhibitor
occupies a small binding pocket that is not present in the native structures, suggesting an
induced fit mechanism (Figure 1.21). The inhibitor displayed selectivity for Ral proteins over
related K-Ras, despite conservation of the tyrosine residue (Tyr71 in Ras). This demonstrates
that the non-covalent interactions formed by the molecule with additional residues on Ral
impart selectivity, providing a promising starting point for the development of specific

covalent inhibitors to target the Ral proteins.
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Figure 1.21. Covalent inhibition of Ral proteins at tyrosine 82. Tyrosine residues react with aryl sulfonyl
fluorides via the reaction mechanism shown. B* = base. Comparison of the structures of RalA-GDP (PDB ID: 6P0J)
and RalA-GDP in complex with the inhibitor (PDB ID: 6PO0I) reveals that the covalent inhibitor binds in a pocket
that is not fully formed in the unbound structure.
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1.8.3 Targeting Ral localization

Like Ras proteins, the Ral proteins are prenylated at a C-terminal cysteine residue and this
modification is essential for their correct localization and biological functioning. While Ras is
modified by FTase |, Ral proteins are targets for GGTase I. Inhibition of FTase | to mislocalize
Ras proteins proved ineffective, as the major isoforms, K-Ras and N-Ras, could be alternatively
prenylated by GGTase | (33). In contrast, when GGTase | is inhibited, the Ral proteins are not
alternatively prenylated and are mislocalized (117). Falsetti et al. examined the effects of
GGTase inhibitors on pancreatic cancer cells and observed reduced proliferation, induction of
apoptosis and a reduction in anchorage-independent growth. These effects were found to be
related to Ral localization using Ral constructs that could be farnesylated, thereby restoring
their localization: re-expression of farnesylated RalB in the presence of GGTase inhibition
reduced apoptosis, while addition of farnesylated RalA increased anchorage-independent
growth. While these results suggest that GGTase inhibitors could be effective for inhibition of
Ral proteins, there are concerns over toxicity due to the large number of targets modified by
GGTase |, including many Rho and Rab family members (123). Despite these concerns, Phase
| clinical trials involving GGTI-2418 (a GGTase | inhibitor) showed that the inhibitor was not
toxic at the doses investigated (124), suggesting that this approach could be viable for

targeting cancers that are reliant on Ral proteins for survival.

1.8.4 Disruption of Ral-effector interactions

The Ral effectors RLIP76, Exo84 and Sec5 utilise many shared residues on Ral proteins for
binding. Therefore, an inhibitor targeting this region of the Ral proteins has the potential to
block all downstream effector signalling. The residues involved in binding the different Ral

effectors are highlighted in Figure 1.22.
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Figure 1.22. Ral residues involved in effector protein binding. A sequence alignhment of RalA and RalB residues
1-100 is shown. Residues that differ between the two sequences are boxed and those that contact the effector
proteins are coloured as follows: Exo84, yellow; Sec5, blue; RLIP76, green. Sec5 makes contacts with residues
contained in and surrounding switch I, while Exo84 and RLIP76 contact both switch | and II. Figure adapted from
Mott and Owen (93).

Work carried out in the lab previously sought to inhibit these Ral-effector interactions using
stapled peptides. The NMR structure of RalB in complex with the RLIP76 Ral-binding domain
(RBD) was used to guide the design of the peptides (91, 125). This structure revealed that
RLIP76 interacts with RalB through a coiled-coil domain where more than 80% of the contacts
with Ral are made through the C-terminal (a2) helix. The a2 helix was therefore used as a
template to generate a series of peptides containing all-hydrocarbon staples with the aim of
maintaining the helical structure. Chemical stapling successfully produced peptides with
greater helicity and improved target binding compared to the unstapled parent sequence.
The tightest-binding peptide identified, based on residues 423-446 of the RBD, displayed a Ky
of 5 uM for RalB and was selective for active Ral. This binding was shown to be competitive
with two Ral effectors, RLIP76 and Sec5. The stapled peptide could enter HEK293T cells and
inhibited autophagy, a RalB-dependent process, in a GFP-LC3 assay. The sequence of the best-

binding peptide and the location of the sequence within the RBD are shown in Figure 1.23.
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Figure 1.23. Inhibition of Ral GTPases using stapled peptides. A. The NMR structure of RalB-GMPPNP (blue;
switch |, yellow; switch I, green) in complex with the RLIP76 RBD (grey; residues 423-446, orange. PDB ID: 2KWI).
GMPPNP is shown as sticks and the Mg?* cation is displayed as a yellow sphere. B. The sequence of the tightest
binding peptide identified based on the RLIP76 RBD is shown. Residues marked ‘X’ comprise the chemical staple.
X, (S)-pentenylalanine; FAM, 5-carboxyfluorescein.

The work described in this thesis matured these lead peptides and improved their drug-like
properties, including their binding affinity for Ral proteins, selectivity over related GTPases

and peptide solubility.

1.9 Peptides to disrupt PPIs

As discussed in section 1.6.2, several features of peptides make them excellent agents for the
inhibition of PPls, including their exquisite target affinity and selectivity at relatively
featureless surfaces. Attempts to target the Ras superfamily using peptides have been
reviewed recently (126), and their use more generally as therapeutics will be discussed in the

following sections.

1.9.1 Macrocycles

Macrocyclization of peptides is one strategy that has been employed for targeting
intracellular proteins (for a recent review see (127)). Small cyclic peptides are typically

resistant to proteases and have higher target affinities due to their reduced conformational
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freedom. The peptides are often identified from de novo selections in which several
approaches have been implemented for cyclization. Cysteine residues have been introduced
at specific positions to invoke cyclization through disulphide bond formation or cysteine-
reactive linkers can be introduced to produce monocyclic or bicyclic peptides (128).
Alternatively, the RaPID selection, which can include unnatural amino acids, has been used to
incorporate chloroacetylated tryptophan residues into the peptide sequence; these residues
react with neighbouring cysteines resulting in a cyclic structure (129). Finally, the SICLOPPs
method utilises intein splicing to generate cyclic peptide libraries in cells (130). These
approaches have been successful in producing high affinity binders for a wide range of protein

targets and the merits of the relative selection methods will be compared in section 1.10.

1.9.2 Stabilized helices

While macrocyclic binders are often derived from de novo peptide libraries, an alternative
strategy involves mimicking existing binding motifs from PPI interfaces. Analysis of available
Protein Data Bank (PDB) structures revealed that more than 60% of known PPls contain a helix
in the interaction interface (131), therefore mimicry of this critical binding motif presents an
opportunity for inhibitor design. However, when helical peptide sequences are isolated from
the parent protein, they often lose secondary structure and binding affinity. Chemical
stabilization of a-helical peptide structures has emerged as an elegant solution to generate

rigid, high affinity peptides with improved drug-like properties.

The most commonly used example of a-helix stabilization is the all-hydrocarbon staple
introduced by Verdine and colleagues (132, 133), although many other strategies exist and
are summarised in Table 1.1 (134, 135). With careful staple positioning, the stabilized helical
structures can have improved affinity due to a reduced entropic penalty upon binding, while
in certain instances the staple itself can also interact favourably with the target protein (136).
The incorporation of unnatural amino acids and increased secondary structure often improve

the proteolytic stability of the peptides and can also facilitate cell permeability (137, 138).
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Table 1.1. Commonly used helix-stabilization chemistries.

Method
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1.9.2.1 All-hydrocarbon stapled peptides

The all-hydrocarbon stapling method was first introduced by Verdine and colleagues in 2000
(133). They introduced olefin-containing amino acids with varying side chain lengths at i, i +4
and i, i +7 positions of a peptide and covalently linked the residues by a Grubbs ring closing
metathesis (RCM). They identified several linker lengths that resulted in increased helicity of
the peptides, however an 11 carbon linker for an i, i +7 spacing was found to produce the
greatest improvement in helicity and an 8 carbon linker was optimal for i, i +4 spacings. Their
work built upon the work of Blackwell and Grubbs in 1998, who demonstrated that the
covalent linkage of O-allyl serine residues using Grubbs RCM stabilized a helical peptide
structure (144). In 2004, Walensky and colleagues were the first to apply this approach to
inhibit an important biological interaction when they developed helical peptides based on the
BID BH3 domain to target Bcl-2 family proteins and activate apoptosis (145). Their stapled
peptide was found to have improved target binding affinity and dramatically enhanced
proteolytic stability compared to the wild-type sequence. They also showed that the peptide

was able to enter cells, a characteristic of peptide stapling that was previously unknown.

Since those early studies there has been great interest in the use of stapled peptides to target
a wide range of interactions (reviewed in (146)). Particular success has been achieved in

generating peptides that re-activate p53 (147-151). These peptides act through mimicry of
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p53 binding to Mdm2 and Mdmx, an interaction mediated by a 15 residue helical segment of
p53 (Figure 1.24A) (152). Binding of the peptides to Mdm2 and Mdmx increases the amount
of free p53 available to carry out its role as a tumour suppressor. Crystal structures of a
stapled peptide, SAH-p53-8, bound to Mdm?2 revealed that in addition to stabilizing a helical
structure, the hydrocarbon staple is able to increase target binding affinity through formation
of hydrophobic interactions with the target protein (Figure 1.24B-D) (136, 147). Another
peptide based on p53, ALRN-6924, was the first stapled peptide to enter clinical trials and is
currently in Phase Il trials (153, 154).

p53 (14-29) LSQETFSDLWKLLPEN
SAH-p53-8 QSQQTFXNLWRLLXQN
QSQQ | Q

Figure 1.24. Stapled peptides mimicking p53 binding to Mdm2/Mdmx. A. The crystal structure of the p53 helix
(residues 14-29) bound to Mdm?2 (PDB ID: 1YCR). Mdm2 is shown in blue and the p53 helix is shown in yellow.
Three hydrophobic residues of p53, Phel9, Trp23 and Leu26, are essential for binding Mdm2 and are shown as
sticks. B. Sequences of p53'4?° and the stapled peptide SAH-p53-8 are shown. The conserved hydrophobic
residues that are essential for binding are highlighted in pale blue. X = staple positions. C. Crystal structure of
the stapled peptide SAH-p53-8 bound to Mdm2 (PDB ID: 3V3B). Mdm2 is shown in blue and the stapled peptide
in orange, while the staple itself is coloured pink and shown as sticks. The conserved hydrophobic residues are
shown as sticks and are found in the same orientation as in the p53:Mdm2 structure. D. A surface view of Mdm?2
(grey) shows close contact with the staple, which is able to form hydrophobic interactions with several Mdm2
residues: Leu54, Phe55, Gly58 and Met62 (blue). The all-hydrocarbon staple is shown in pink as sticks.
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1.9.3 Cell permeability of peptides

Selections with large DNA libraries can be used to identify high affinity peptide binders for
almost any protein of interest, however the hits are often not cell permeable and this confers
a major limitation on the use of peptides for intracellular targets. As such, investigation into
the properties of intrinsically penetrant peptides is an active area of research (reviewed in
(155)). Several cell-permeable cyclic peptides exist in nature, including the
immunosuppressant cyclosporin A, which is also endowed with oral bioavailability.
Investigation into these natural products has guided improvements in cellular permeability of
synthetic peptides, for example by N-methylation of amide bonds (156, 157). Some groups
now also incorporate cell-permeable peptide (CPP) scaffolds as part of library design (49),
eliminating subsequent effort spent on hits that cannot be converted to cell penetrating

analogues.

Peptides that are able to enter cells do so by two major mechanisms; direct penetration and
endocytosis (158, 159). Direct penetration of peptides includes energy-independent
mechanisms such as passive diffusion and membrane perturbation. Lokey and co-workers
have extensively studied the properties required for passive diffusion of peptides and found
that small, hydrophobic peptides with internalised intramolecular hydrogen bonds displayed
optimal cellular entry (160-162). The removal of exposed polar groups, either through N-
methylation of the backbone or by the formation of intramolecular hydrogen bonds, is
particularly important to decrease the entropic cost of desolvation upon entry into the lipid

bilayer.

Hydrocarbon stapled peptides have been shown to enter cells via an energy-dependent
endocytosis mechanism (163, 164). While the exact properties determining uptake remain
unclear, several features of stapled peptides have been identified which appear to correlate
with improved uptake; these include a net charge of +1 and above, net hydrophobicity and

the formation of an amphipathic helix (138, 163, 164).

1.9.4 Methods to aid cellular uptake

If a lead peptide does not possess sufficient intrinsic cellular permeability, several methods

can be used to transport the peptide into the cell so that the in vivo activity can be studied. A
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widely-used method involves appending a cell-penetrating peptide (CPP) sequence to a lead
peptide (recently reviewed in (159)). These peptide sequences are typically derived from
nature, though some, including polyarginine sequences, have been designed. These
sequences can also be used to transport much larger cargoes into cells and some commonly

used CPPs and their origins are summarised in Table 1.2.

Table 1.2. Examples of commonly used CPPs.

Name Sequence Origin Ref

HIV-1 Tat protein (residues

Tat GRKKRRQRRRPPQ 48-60)

(165)
Drosophila melanogaster,
Penetratin RQIKIWFQNRRMKWKK Antennapedia homeobox (166)
peptide pAntpas-ss

PolyArg Rs, Ro Designed (167)

Vascular endothelial
pVEC LLILRRRIRKQAHAHSK cadherin (residues 615.632) (168)

MAP KLALKLALKALKAALKLA Designed (169)

Chimera of galanin and

Transportan GWTLNSAGYLLGKINLKALAALAKKIL
mastoparan

(170)

As an alternative to CPPs, lipid formulations, hydrogels and nanoparticles have also been

developed to deliver peptides to their intracellular targets (reviewed in (171)).

1.10 Selection methods

Peptides to inhibit PPIs are often identified using selection methods that enable the screening
of vast numbers of sequence variations (up to 10%* individual sequences). The selection
methods discussed here share several common features: initially, large libraries encoded by
DNA or RNA are constructed to allow for recombinant protein production. Following
translation of the library, the geneticinformation is chemically linked to the protein or peptide

produced to allow deconvolution of the sequence by next generation sequencing. Constructs
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with the desired properties are then isolated e.g. those that bind an immobilised target
protein, and the binding sequences are identified by sequencing. While the overall concepts
are shared, the methods used for linking genotype to phenotype and for isolation of hits differ

greatly.

The first method described for such selections was phage display, which has been widely used
for peptide and antibody selections since the application was developed in the early 1990s
(172-174). In phage display, phagemids are constructed in which the library of interest is
ligated to a gene encoding a phage coat protein. The library is then transformed into E. coli
for assembly into phages, which display the library sequences on their surface as part of their

coat protein.

In cellular selections have also been implemented. Pelletier et al. described a method in which
the library of interest is fused to one half of murine dihydrofolate reductase (mDHFR), while
the second half of mDHFR is fused to the intended target protein (175). Reconstitution of
mDHFR occurs when an expressed library member binds to the target protein. The cells are
cultured in in the presence of a bacterial DHFR inhibitor, and therefore require active mDHFR
for propagation. A competitive selection can also be set up in which library members compete
against each other: those encoding higher affinity binders will have faster reconstitution of

mDHFR and hence will outcompete other library members.

SICLOPPS libraries offer an elegant method for the in cellular selection of cyclic peptides (130,
176, 177), utilising intein splicing to cyclize the peptides. During the library construction, the
peptide sequences to be cyclized are placed between a C-terminal and an N-terminal intein
domain. Upon translation, splicing of the active cis-intein results in cyclization of the peptide
library that previously linked the two domains. When coupled to a reverse two-hybrid system,
this approach enables the identification of functional inhibitors of specific protein-protein

interactions, rather than solely assessing target affinity.

Both in cellular selections and phage display require transformation of the library into a host
organism, therefore the library sizes are limited by transformation efficiencies with up to 10°-

10° sequences screened using these methods.

In vitro display technologies circumvent the necessity for transformation, allowing much

larger libraries (up to 10'* clones) to be assessed; such methods include CIS display and mRNA
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display, among others (178-180). These technologies typically use bacterial cell lysates to
provide the translation machinery required to produce the library. In CIS display, the library
is fused to a gene encoding RepA, which captures the DNA from which it was translated upon
recognition of a cis element, coupling the genetic material to the library. During mRNA
display, an antibiotic (puromycin) is covalently attached to the mRNA library at the 3" end. As
translation approaches the 3" end, the puromycin, which resembles an aminoacylated tRNA,
is incorporated into the growing polypeptide chain by the ribosome, coupling the mRNA

sequence information to the peptide or protein produced.

While in vitro methods allow the screening of far larger libraries, in cellular selections have
the advantage of screening in a more native environment. As such, the binders identified are
required to have selectivity for the target and have limited toxicity to the host organism.
However, as these assays are often conducted in bacterial cells, the peptides selected can still

present problems in mammalian cells.

1.11 Project aims

This project aimed to develop second-generation stapled peptides based on RLIP76 to inhibit
the Ral GTPases, building on the lead peptide that was previously identified in the lab (see
section 1.8.4). The generation of peptides to inhibit the Ral proteins would be highly valuable
tools in the study of Ral biology, as there are currently no well-validated inhibitors available.
There is also substantial evidence that inhibition of Ral signalling blocks tumour growth and
metastasis in several Ras-driven cancers (discussed in section 1.7.4), therefore peptides that
effectively inhibit Ral activity could potentially be used to disrupt oncogenic Ras signalling

therapeutically.

Prior to the beginning of this project, a CIS display selection was carried out based on the
RLIP76 RBD to identify sequence changes that could increase binding to Ral proteins. The work
described in this thesis used the insights gained from these selections to guide the design of
stapled peptides with improved affinity for Ral proteins, carry out biochemical
characterisation of the peptides and assess their efficacy in cells. Specifically, the initial aims

were:
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1. To validate the hits identified from the CIS display selection of the RLIP76 RBD by
producing selected sequences as recombinant proteins and assessing their in vitro

affinity for Ral proteins.

2. To incorporate the best-binding sequences into second-generation stapled peptides
targeting the Ral GTPases, based on the a2 helix of the RLIP76 RBD.

3. To assess the activity of the resulting peptides by: measuring their in vitro affinity for
Ral proteins, assessing the ability of the peptides to disrupt Ral-effector complexes,
interrogating the binding site of the peptides and assessing the ability of the peptides

to disrupt Ral signalling in mammalian cells.

Experiments to investigate the affinity and mode of binding of RLIP76 RBD mutants from the
CIS display selection are described in Chapter 2. This work led to the identification of several
sequence changes that improve affinity for Ral proteins. The design of all-hydrocarbon
stapled peptides based on these sequences and evaluation of the activity of the peptides is
described in Chapter 3. During these investigations it became apparent that several
properties of the peptides required improvement, including the solubility, specificity, and cell-
penetrating ability of the peptides: progress made to improve these properties is also
described in Chapter 3. Finally, an alternative method of peptide stapling, allowing for the
modification of unprotected, recombinantly-produced peptides has been utilised to produce
peptides targeting the Ral GTPases. These peptides were cross-linked at cysteine residues
rather than requiring unnatural amino acids to form the staple. The relative activities of these
peptides compared to their all-hydrocarbon stapled counterparts were assessed and are

detailed in Chapter 4.
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2 Maturation of the RLIP76 RBD

2.1 Introduction

The Ral-binding domain (RBD) of RLIP76 (residues 393-446) adopts a coiled-coil structure
comprising two a-helices. The contacts that the RBD makes with Ral proteins, and the
energetic contributions of these contacts, have been determined using combined data from
an NMR structure of the RLIP76 RBD in complex with RalB and an alanine scan of the RBD (91,
181). The residues that contribute most to binding Ral proteins are shown in Figure 2.1.
Approximately 80% of the contacts made with Ral proteins are contained within the a2 helix
of the RBD, while contacts with the al helix are less extensive and are limited to the C-
terminal end of the helix. Four residues within the RBD were identified that result in a
complete loss of binding to RalA upon replacement with alanine; His413, Trp430, Arg434 and
Thrd37 (181). Of these critical contacts, three are located within the a2 helix, and only His413

isin the al helix.

46



Figure 2.1. The Ral-binding domain of RLIP76. The NMR structure of the RLIP76 RBD is shown (PDB ID: 2KWI),
with residues whose mutation to Ala disrupts binding to Ral proteins shown as sticks and coloured as follows:
yellow, 2 to 5-fold weaker affinity; orange, 5 to 10-fold weaker affinity; red, > 10-fold weaker affinity. Figure
adapted from Campbell et al. (181).

The RLIP76 RBD displays a very similar affinity for RalA and RalB (Kq = 185 and 265 nM,
respectively), and alanine scanning of the RBD has shown that most residues have a similar
effect on the binding affinities (181). However, some differences have been identified: for
example, replacement of Leu429 with alanine resulted in a 5-fold decrease in binding to RalA,
while binding to RalB was reduced more than 20-fold. Arg434 was another point of
differentiation: mutation to alanine resulted in a complete loss of binding to RalA, while this
substitution reduced binding to RalB less than 3-fold. These results indicate that there are
subtle differences in how Ral proteins interact with their effector proteins, despite the

identical sequences in their effector-binding regions.

2.1.1 Stapled peptides based on the RLIP76 RBD

The RLIP76 RBD has been used previously as a template to generate stapled peptide inhibitors

of Ral proteins (125). Two peptide sequences were designed based on each of the helices of
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the RLIP76 RBD and containing all of the contacts that are made with Ral proteins by that
helix: Peptide 1 comprised the entire a2 helix (residues 423-446, Figure 2.2A), while Peptide
2 contained the loop region between helices and all of the contacts made by the al helix
(residues 408-422). As these peptides were not expected to retain a helical structure outside
of the coiled-coil domain, hydrocarbon staples were incorporated into the peptides at various
positions with the aim of stabilizing a helical conformation (Figure 2.2B). Optimization of the
staple position was required to maximise the helicity of the peptides and to ensure that the
residue replacement did not negatively affect binding. In fact in certain cases, careful
positioning of the staple has been shown to improve affinity through direct interactions of

the staple with the target protein (136).

A B Peptide Sequence Helicity (%)
al Peptide 1 LSKEERLWEVQRILTALKRKLREA 50

Peptide 2 Peptide 2 LLNSLHRDLQGGIKD 4
—
SP1 LXKEEXLWEVQRILTALKRKLREA 81
1
o2 SP2 LSKEERLWEXQRIXTALKRKLREA 50
1
. SP3 LSKEEXLWEXQRILTALKRKLREA 84
Peptide 1 —

SP4 LSKEEXLWEVQRXLTALKRKLREA 88

— 1
SP5 LXKEEXLWEVQRXLTAXKRKLREA 87

—

SP6 LLNXLHRXLQGGIKD 57

Figure 2.2. Design of stapled peptides based on the RLIP76 RBD to target Ral proteins. A. Structure of the
RLIP76 RBD in complex with RalB-GMPPNP (PDB ID: 2KWI). Residues on the RLIP76 RBD that result in a decrease
in binding to Ral proteins when they are replaced with alanine are shown as sticks. The sequence encompassed
by Peptide 1 is shown in blue, while the sequence of Peptide 2 is shown in orange. RalB is shown in grey. B.
Sequences of peptides based on the RLIP76 RBD. X indicates the positions of unnatural amino acids used to form
all-hydrocarbon staples. Helicity values were determined by Thomas et al. (125). SP, stapled peptide.

From the panel of peptides containing a variety of staple positions and lengths, it was found
that a peptide based on the a2 helix with a staple bridging residues 424 and 428 (SP1, Figure
2.2B) displayed the greatest affinity for Ral proteins, with a K4 of 5 uM for RalB and around 6-
fold weaker binding to RalA (125). This peptide bound RalB around 6-fold tighter than the
non-stapled parent sequence, Peptide 1, demonstrating the utility of the all-hydrocarbon
stapling method. All of the staples tested improved the helicity of the peptides to varying
degrees, except for SP2 where the staple bridged central residues of the helix, replacing

residues 432 and 436 (Figure 2.2B).
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2.2 Work preceding this project

Following identification of the promising lead peptide, this project aimed to improve the
affinity of SP1 for Ral proteins by optimizing the sequence. It had been shown previously,
using NMR titration experiments, that a non-stapled peptide based on the a2 helix of the
RLIP76 RBD (Peptide 1, Figure 2.2B) binds in a similar manner to the RLIP76 RBD, utilising
many of the same residues for binding (125). It had not been possible to carry out such
investigations using the stapled peptide (SP1) due to limited aqueous solubility, however it
was hypothesized that the binding of this peptide was more likely to resemble the RBD than
the non-stapled peptide due to its increased helical structure. It was therefore decided that
the RBD could act as a convenient model to study how sequence changes affect binding to
Ral proteins and any insights gained could be carried forward and incorporated into the design

of stapled peptides based on this domain.

Selection technologies utilising recombinant protein expression provide a method to screen
huge libraries and identify sequences that bind to a target protein, where up to 10*sequence
variations can be tested in a relatively short time. Therefore, a selection to identify amino acid
substitutions within the a2 helix that can improve affinity for Ral proteins was undertaken. As
the stapled peptides contain unnatural amino acids, they are not suitable templates for most
selection methods utilising recombinant production, therefore the RLIP76 RBD was used as
the template for the selection to identify sequences that could then be synthesized as stapled

peptides.

2.2.1 CIS display maturation of the RLIP76 RBD

CIS display (178) was chosen as the selection method due to the large library size (up to 10%*
clones) that can be tested (Figure 2.3). A library encoding the RLIP76 RBD (residues 393-446)
with several variable positions was fused to the gene encoding RepA, a protein which captures
the DNA which it was translated from. The library was produced by recombinant protein
expression and then incubated with target Ral proteins that had been immobilised via a biotin

tag. Non-binding sequences were washed off and the process was repeated over several
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rounds with increasing stringency to enrich for binding sequences, which were then easily

identified by next generation sequencing.

A
>

library repA cis ori
promoter in vitro
transcription/
translation
Nascent

polypeptide
mRNA

@

ribosome RNA

protein folding polymerase

and binding
RepA protein

1. in vitro

transcription/

translation c
) -_— ﬂ

DNA library Peptide library

'Ilmp

4.PCR 2. Selection
amplify
eluted

DNA

3. Wash away
non-binders

Figure 2.3. Principles of CIS display maturation. A library of interest is fused to a gene encoding RepA. When
the protein is translated, the RepA protein captures the DNA from which it originated, allowing easy
identification of binding sequences using next generation sequencing. Binding sequences are captured by the
target protein immobilised on beads. Following washing to elute non-binders, the bound DNA is eluted and
carried into the next round of selection. This process is repeated over several rounds to enrich for the binding
sequences. Figure from Odegrip et al. (178).

Biotinylated RalA and RalB proteins bound to GMPPNP, a non-hydrolysable analogue of GTP,
were used as target proteins in separate selections in order to identify any sequences that
bound one isoform selectively. In the selections, up to 10/24 positions of the RLIP76 RBD were
allowed to change, and these positions are shown in Figure 2.4. Only residues in the a2 helix
as contained in the lead peptide (residues 423-446) were matured, and within that helix only
those on the Ral-binding surface of the helix that have the potential to form interactions with
Ral were allowed to alter. Trp430 was retained in all selections, as this residue has been

shown to be critical for binding Ral proteins and mutation at this position to alanine ablates
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binding to RalA and RalB (181). Both helices of the RLIP76 RBD were included in the selection

to maintain the helical secondary structure of the domain.

Figure 2.4. Amino acid positions allowed to alter in the CIS display selections. The RLIP76 RBD is shown in blue,
while the 10/24 positions in the a2 helix that were allowed to alter are shown as orange sticks. Trp430, an amino
acid essential for binding Ral proteins, occupies a deep binding pocket on RalB and is shown as blue sticks. RalB
is shown as a grey surface (PDB ID: 2KWI).

In the first maturation library, 8 positions were subject to selection and were allowed to alter
to any amino acid (Table 2.1), while the second library contained 10 positions that could be
varied. Positions 426 and 433 in the second library could include any amino acid, though other
positions could only be replaced by a subset of amino acids with the aim of retaining desirable
properties such as hydrophobicity (NTT codon) and polarity or basicity (MRV codon, Table
2.1).
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Table 2.1. Codon assignment in maturation libraries designed for CIS display selection.

Position L423 E426 E427 1429 Q433 R434 T437 A438 K440 R444

Library 1 - NNK! NNK NNK NNK NNK  NNK - NNK -

Library 2 RVK? NNK RVK NTT® NNK RVK NWW?* RVK MRV> MRV

INNK encodes (with relative frequencies): Cys, Asp, Glu, Phe, His, lle, Lys, Met, Asn, GIn, Trp, Tyr, 2x Ala, 2x Gly,
2x Pro, 2x Thr, 2x Val, 3x Leu, 3x Arg, 3x Ser

2RVK encodes: Asp, Glu, Lys, Asn, Arg, Ser, 2x Ala, 2x Gly, 2x Thr

3NTT encodes: Phe, lle, Leu, Val

*NWW encodes: Asp, Glu, Phe, His, Lys, Asn, GIn, Tyr, 2x lle, 2x Val, 3x Leu

>MRYV encodes: His, Asn, Ser, 2x Lys, 2x GIn, 5x Arg

N=A/T/C/G,K=T/G,R=A/G,V=A/C/G, T=T, W=A/T, M=A/C

Initial selections with each target, RalA or RalB, included only sequences from library 1, while
subsequent selections included equimolar amounts of libraries 1 and 2 (Table 2.2). Each
selection was carried out with and without an ‘off-rate’ step, in which the bound complexes
were incubated with non-biotinylated target protein followed by a washing step to remove
proteins not bound to the beads. The aim of this step was to remove peptides with faster off-
rates which would dissociate and bind to the non-biotinylated Ral protein, thereby enriching

for peptide sequences that were less likely to dissociate from the bead-bound complexes.

Table 2.2. Summary of selections used to identify matured RLIP76 RBD sequences
binding to RalA and RalB.

Selection  Target Library used Off-rate washing

1 RalB 1 Yes
2 RalB 1 No
3 RalB 1&2 Yes
4 RalB 1&2 No
5 RalA 1 Yes
6 RalA 1 No
7 RalA 1&2 Yes
8 RalA 1&2 No
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Each selection was carried out over four rounds to enrich for binding sequences, with
increased stringency in later rounds achieved by decreasing the amount of biotinylated Ral
target protein (round 1 and 2, 25 nM; round 3, 5 nM; round 4, 2.5 nM). A peptide cluster
analysis tool was used to identify mutations that frequently occurred together and the three

most commonly occurring clusters are listed in Table 2.3.

Table 2.3. Amino acid clusters identified from CIS display.

Cluster  L423 E426 E427 1429 Q433 R434 T437 A438 K440 R444

1 - L S/T X* T/H L R - p -
2 - W D A S X X - R -
3 - - X - L - - - R -

* X denotes no preference.

While some individual amino acid changes might produce an effect on binding in isolation, it
was considered likely that the changes need to be included together, as they appeared in the
selection, in order to exert an effect. Therefore, when analysing hits from these selections it
was important to look at entire sequences that were selected and clusters of mutations that

commonly appeared together, rather than the effects of individual substitutions.

2.3 Recombinant production of RLIP76 RBD constructs

This work aimed to identify and characterise sequences from the CIS display selection that
improve affinity for Ral proteins. Several of the top hits were produced recombinantly from
E. coli to validate the hits from the selection by measuring their in vitro affinities for Ral
proteins. The sequences selected were those that appeared with the highest frequencies
whilst ensuring that representatives from each cluster identified in section 2.2.1 were

included. The sequences that were produced as recombinant proteins are listed in Table 2.4.
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Table 2.4. RLIP76 RBD constructs produced recombinantly.

Name

Sequence?

Wild-type-His

Wild-type
HLR
SMLR
DVLR
NTR
SDT
LTHTLKP
WDASQSR
WDASTAY

WNASELR

LTTLR-His

RLIP76(393-422, C411S)-

LSKEERLWEVOQRILTALKRKLREANSSGROQISGHHHHHHGS

RLIP76(393-422, C411S)-LSKEERLWEVQRILTALKRKLREA
RLIP76(393-422, C411S)-LSKEHRLWEVLRILTALRRKLREA
RLIP76(393-422, C411S)-LSKESRMWEVLRILTALRRKLREA
RLIP76(393-422, C411S)-LSKEDRVWEVLRILTALRRKLREA
RLIP76(393-422, C411S)-LSKNERLWEVTRILTALRRKLREA
RLIP76(393-422, C411S)-LSKSDRLWEVTRILTALKRKLREA
RLIP76(393-422, C411S)-LSKLTRHWEVTLILKALPRKLREA
RLIP76(393-422, C411S)-LSKWDRAWEVSQILSALRRKLREA
RLIP76(393-422, C411S)-LSKWDRAWEVSTILAALYRKLREA
RLIP76(393-422, C411S)-LSKWNRAWEVSEILLALRRKLREA

RLIP76(393-422, C411S)-
LSKERLWEVEI LBALKRKLREANS SGRQISGHHHHHHGS

2Underlined residues indicate variations from the wild-type RBD sequence.

A construct containing the RLIP76 RBD (residues 393-446, C411S) in pGEX-HisP, herein
referred to as the wild-type RBD, was already available in the lab. This construct contains an
N-terminal GST fusion protein which is cleavable by HRV-3C protease and a non-cleavable 6x
His-tag at the C-terminus. A His-tagged form of the wild-type RLIP76 RBD was produced but
for most other variants a stop codon was introduced by site-directed mutagenesis after

Alad46 to remove the C-terminal His-tag. The mutations shown in Table 2.4 were added to

the wild-type construct using site-directed mutagenesis as described in the methods.

A small-scale expression trial was carried out to establish the optimal conditions for protein

expression. Bacterial cultures were grown and then induced at 37 °C for 5 h or at 20 °C
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overnight. The cells were lysed, and the soluble proteins were separated from insoluble
material to determine which condition produced the most soluble protein. The expression

trial for the wild-type construct is shown in Figure 2.5.

kDa
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Figure 2.5. Test expression of GST-RLIP76 RBD (residues 393-446, C411S) in BL21 E. coli. U — uninduced, contains
a sample of BL21 cells that have not been induced with IPTG. T — total, shows cellular contents of BL21 cells
expressing GST-RLIP76 RBD after induction with 0.1 mM IPTG at 37 °C for 5 hours, or at 20 °C overnight as
indicated. These induced samples have been split into a pellet sample (P) containing the insoluble proteins and
the supernatant (S) containing the soluble proteins.

Most of the protein produced at 37 °C was present in the insoluble fraction, while far more
soluble protein was present following induction at 20 °C overnight. This was despite the
increased amount of free GST observed after induction at 20 °C, which is likely due to

degradation of the RLIP76 RBD fusion protein.

Large-scale cultures were grown and induced at 20 °C overnight. Following cell lysis, the GST-
RLIP76 RBD proteins were immobilised on glutathione agarose beads and non-bound proteins
were washed off, leaving the purified fusion protein on the beads (Figure 2.6A). The RLIP76
RBD was released from the GST tag by cleavage with HRV-3C protease and collected by
washing the beads with buffer (Figure 2.6B). Finally, the cleaved protein was purified by size

exclusion chromatography (Figure 2.6C and D).
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Figure 2.6. Large scale expression and purification of GST-RLIP76 RBD (393-446, C411S). A. Samples taken from
the supernatants of cell lysates from 1.5 L BL21 cells expressing GST-RLIP76 RBD after incubation with
glutathione agarose beads (SN) and from washes with buffer + 0.1% Triton. The sample labelled ‘beads’ shows
the bead slurry following the washes, containing immobilised GST-tagged RLIP76 RBD (GST-RBD, MW = 33 kDa).
A smaller species is also present at > 25 kDa, which is likely GST that the fusion protein has been cleaved from.
B. Samples taken from elutions with purification buffer following overnight cleavage with HRV-3C protease. The
free RLIP76 RBD is observed below the 10 kDa marker (MW = 6.9 kDa). Small amounts of GST are also detached
from the beads during elution. A bead sample taken following the elutions shows GST immobilised on the beads
and a small amount of the RBD still present. C. Chromatogram from purification of the RLIP76 RBD on a Superdex
30 size exclusion column. D. SDS-PAGE analysis of samples of protein loaded onto the S30 column (load) and
fractions from peaks labelled peak 1 and peak 2 in C. The RLIP76 RBD is visible under the 10 kDa marker and has
eluted with high purity at around 65 mL elution volume (peak 2). Peak 1 contains larger protein aggregates and
GST.

The mutants were expressed as for the wild-type fusion protein and were all purified in a good
yield and with high purity except for the LTHTLKP construct. Following HRV-3C cleavage, the
LTHTLKP RBD precipitated and no soluble protein was obtained after size exclusion
purification. This precipitation was likely caused by a disruption to the coiled-coil structure
following the introduction of a helix-breaking proline residue, causing the protein to unravel

and aggregate.
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A proline residue at position 440 was selected for with high frequency in the CIS display
selection and there were a large number of similar sequences containing a K440P
substitution. A consensus sequence was identified by analysis of the sequence clusters (Table
2.3, Cluster 1 - E426L/E427T/ Q433T/R434L/T437R/K440P). This cluster sequence was
produced with a lysine residue in place of proline, as in the wild-type RBD, in order to measure
the affinity contribution of the remainder of the cluster. The mutant lacking the proline
residue was produced as a His-tagged construct (LTTLR-His), remained soluble during

purification, and was produced in good yield.

2.4 Preparation of Ral proteins

The Ral proteins used in this study are truncated at the C-terminus (RalA residues 1-184, RalB
residues 1-185) for ease of purification, as it has been noted previously that the C-terminus is
unstructured and prone to degradation. It has been confirmed that these truncations do not
affect the binding affinity of Ral proteins for their effectors, as all binding contacts are
contained in the G-domain which has been preserved (181). The proteins used in this work
also contain a single point mutation, Q72L, equivalent to Q61L in Ras, that impairs the intrinsic
hydrolysis of the nucleotide so that they can be studied in their active conformation. These

constructs are herein referred to as RalA and RalB.

RalA and RalB were produced as N-terminal MBP fusions with a His-tag preceding the MBP
protein. Following large-scale expression and cell lysis, the fusion proteins were purified by
affinity chromatography using Ni-NTA agarose beads. The Ral proteins were then cleaved
from the His-tagged MBP with thrombin and eluted from the beads by washing with buffer.
Ral proteins were then purified using size exclusion chromatography. An example purification

is shown in Figure 2.7.
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Figure 2.7. Purification of Ral proteins. A. SDS-PAGE analysis of samples taken from Ni-NTA bead washes
following incubation with lysate of BL21(DE3) cells expressing MBP-RalB. SN, supernatant. Protein immobilised
on the beads is visible in the ‘beads’ sample. B. Samples taken from elutions with buffer following overnight
thrombin cleavage, and a bead sample following the elutions to show any remaining bound protein. C.
Chromatogram from a Superdex S75 size exclusion purification of MBP-RalB. D. Samples taken from column
fractions corresponding to peaks 1 and 2 are shown in C. RalB has a predicted molecular weight of 21.5 kDa and
runs just below the 25 kDa marker.

Following purification, the nucleotide status of the Ral proteins was assessed by precipitating
the protein and analysing the bound nucleotide by high performance liquid chromatography
(HPLC) using an anion exchange column. The different formal charges of the nucleotides result
in different retention times on the anion exchange column and standards containing purified
nucleotides were run to allow identification of the peaks (Figure 2.8). Despite the presence of
the Q72L mutation in the Ral proteins, some of the protein produced was still bound to GDP.
Therefore, the bound nucleotide was exchanged for GMPPNP, a very slowly hydrolysable
analogue of GTP that has been widely used for the study of active small GTPases. The
efficiency of the exchange was assessed using HPLC, and the resulting protein was found to

be 100% GMPPNP-bound. An example chromatogram is shown in Figure 2.8.
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Figure 2.8. HPLC analysis of nucleotides bound to RalA pre- and post-nucleotide exchange for GMPPNP.
Standards of GTP, GDP and GMPPNP were also run for identification of bound nucleotides. RalA pre-exchange
(brown) contains a mixture of GTP and GDP, while the post-exchange sample (green) contains only GMPPNP.
The peak observed at one minute for RalA samples contains buffer components that are not retained by the
anion exchange column.

2.5 The binding affinity of RLIP76 RBD mutants to Ral proteins measured by scintillation

proximity assays

The strength of the interactions between the RLIP76 RBDs and Ral proteins were measured
using scintillation proximity assays (SPAs). In these assays, fluoromicrospheres coated with
Protein A are used to attach an anti-His antibody for immobilisation of a His-tagged RLIP76
RBD. Prior to performing the assay, the Ral protein was radiolabelled by exchanging the bound
nucleotide for 3H-GTP. When a complex is formed between the immobilised RLIP76 RBD and
the labelled Ral protein, the radiolabelled protein is brought into proximity with the bead and
scintillant within the fluoromicrospheres is excited by the B-emission of the 3H to produce a
photon of light, which can be detected. The process is summarised in Figure 2.9. This signal is

measured over a range of Ral concentrations to establish a Kqvalue for the interaction.
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Figure 2.9. Scintillation proximity assays (SPAs) to measure interactions between Ral proteins and their
effectors. A. His-tagged RLIP76 RBD constructs are immobilised on Protein A-coated fluoromicrospheres via an
anti-His antibody. B. When the Ral protein labelled with [3H]-GTP comes into close contact with the
fluoromicrosphere i.e. when bound to the immobilised effector protein, the short-range beta emissions from
the tritium excite scintillant fluid within the bead and a photon of light is produced. Figure created with
BioRender.com.

2.5.1 Direct binding measurements

The direct binding of RalA and RalB to His-tagged wild-type RLIP76 RBD was measured to
check protein quality. Kq values of 45 and 54 nM were measured for RalA and RalB
respectively, which are close to the previously reported values of 264 and 209 nM (181). The
apparent differences in the measured and previously determined Ky values may be due to the
method used to determine the radiolabelled protein concentration: Bradford assays were
used and are variable depending on the protein used for calibration, which is often BSA. In
these experiments, non-radiolabelled RalB whose concentration had been determined by
absorbance at 280 nm was used to produce a standard curve for the Bradford assay (data not

shown). Examples of these direct measurements are shown in Figure 2.10.
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Figure 2.10. Direct binding measurements of RalA and RalB to His-tagged RLIP76 RBD in SPAs. The indicated
concentration of [*H]GTP-labeled Ral protein was incubated with His-tagged wild-type RLIP76 RBD (80 nM). The
signal was corrected by subtraction of the background signal from parallel measurements containing no RLIP76
RBD. The data was fitted to a binding isotherm to give an apparent K4 value and the maximum signal at saturating
Ral concentrations as described previously (181). The data and curve fits are displayed as a proportion of this
maximal signal: Ky RalA, 45 £ 6 nM; RalB, 54 £ 10 nM. n = 2.

The His-tagged LTTLR mutant was also tested in direct binding assays and did not show
measurable binding to RalA (Figure 2.11). This could suggest that the Pro residue that was
selected at position 440 as part of Cluster 1 was critical for binding, perhaps by opening up
the structure to make different residues available for binding. Alternatively, the unstructured
RBD may have been selected for as a false positive by interacting with the bead surface or Ral

proteins non-specifically.
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Figure 2.11. Direct binding of the wild-type RLIP76 RBD and the LTTLR mutant to RalA, measured using
scintillation proximity assays. The indicated concentration of [3H]GTP-labelled Ral protein was incubated with
His-tagged wild-type or LTTLR RLIP76 RBD (80 nM). The signal was corrected by subtraction of the background
signal from parallel measurements containing no RLIP76 RBD. The data was fitted to a binding isotherm to give
apparent Kg values as described previously (181): Ky wild-type, 177 + 16 nM; LTTLR, no binding. CPM, counts per
minute. n = 2.

In this experiment, the wild-type RLIP76 RBD curve appears to curve down at 2 uM RalA. This
is likely a result of the overall scintillation counts being very low, therefore the subtraction of
the no RLIP76 RBD control experiment produces greater variability due to the low signal. The
overall counts are affected by the extent of radiolabelling of the GTPase, and the line curving
down was not observed in other experiments using a well-labelled GTPase where the overall

signal was much higher.

2.5.2 Competition SPAs

SPA competition experiments were used to measure the binding of the other RLIP76 RBD
mutants to RalA and RalB. In these experiments, a complex between the His-tagged wild-type
RBD and RalA or RalB is allowed to form on the beads and unlabelled RLIP76 RBD is then
titrated in, as shown in Figure 2.12. If binding is competitive, the signal decreases with
increasing unlabelled RBD as Ral proteins are removed from proximity with the bead.
Competition experiments were used as a greater range of Kq values can be measured by this

method, allowing weaker interactions to be quantified.
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Figure 2.12. SPA competition experiments to measure Ral-effector interactions. A. A signal is produced when
[®H]GTP-labelled Ral is brought into proximity with a fluoromicrosphere SPA bead by interaction with an
immobilised effector protein. B. Addition of a protein or peptide which binds an overlapping site on Ral proteins
displaces the Ral protein from the bead surface, leading to a reduction in the measured signal. Figure created
with BioRender.com.

The results of competition experiments measuring the binding of the panel of mutant RBDs
to RalA and RalB are shown in Figure 2.13 and the calculated affinities are listed in Table 2.5.
Affinity calculations incorporate the measured Kq of the Ral/RLIP76 RBD complex on the

beads, obtained from direct measurements (section 2.5.1).
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Figure 2.13. Binding of mutant RLIP76 RBDs to Ral proteins measured by SPA competitions. Mutant RBDs at
the concentrations indicated were titrated into fixed concentrations of [3H]-GTP RalA (A) or RalB (B) and His-
tagged RLIP76 RBD (wild-type) immobilised on SPA beads. The data were fitted to an isotherm describing
competitive binding to yield apparent Ky (Ki) values for the mutant RBDs as described previously (182). Data and
fits are displayed as a percentage of the maximum SPA signal measured for each condition. The measured Kjy
values are listed in Table 2.5.
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Table 2.5. Affinities of RLIP76 RBD mutants for RalA and RalB measured by SPA
competition.

Se::;zce RLIP76 RBD sequence? l((:lsla).lﬁ c:::; . I((:,\I:,a)ﬁ c:::‘cgle
Wild-type LSKEERLWEVQRILTALKRKLREA 96+ 17 - 109 + 16 -
HLR Lo W HO oL, L...... R...... 5+3 419 1+2 4109
SMLR ....S.M...L...... R.o..... 3+3 332 2+2 455
DVLR c...D.V.L L., R...... 12+4 48 7+2 416
NTR oWNLL L T...... R...... 29+ 4 43 13+4 48
SDT ...SD..... T e e e e 12+4 18 A+4 327
WDASQSR ...WD.A...SQ..S..R...... 3020 + M31 6970 * 164
720 930
WNASELR ...WN.A...SE..L..R...... 2750 + ™29 10350 + 195
850 2250
WDASTAY ...WD.A...ST..A..Y...... 530 + ™6 1200 + ™11
70 140

20nly residues 423-446 of the RLIP76 RBDs are listed, the constructs encompass residues 393-446.
PThe mean Ky is reported from two experiments.
¢Error reported is from curve fitting.

Non-tagged wild-type RLIP76 RBD was used in a self-competition to check that the affinities
measured by both methods were comparable. The affinities measured by SPA competition
were estimated as 96 nM for RalA and 109 nM for RalB, which agree with the affinities
measured in direct experiments (45 and 54 nM, section 2.5.1). All of the mutants tested
displayed very similar affinities for RalA and RalB, which was unsurprising given that the two

proteins have identical sequences in their effector binding regions.

Five of the eight mutants tested displayed higher affinity for Ral proteins than the wild-type
RBD, with the tightest binding mutants, HLR and SMLR, exhibiting more than 20-fold improved
affinity. These mutants shared the substitutions Q433L and K440R, which comprised a
frequently occurring consensus sequence identified from the selection (Cluster 3, section
2.2.1). This suggests that these two mutations are driving the improved binding affinity, while
a number of additional substitutions can be tolerated at positions 427 and 429. The DVLR

mutant, containing the same consensus, bound slightly more weakly than the HLR and SMLR
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mutants but still with 8 to 16-fold improved affinity compared to the wild-type sequence. The
mutation of GIn433 to threonine was observed in two of the mutants displaying higher

affinity: NTR and SDT, suggesting that this mutation could also be driving an improvement in

binding.

The WDASQSR, WNASELR and WDASTAY mutants all showed reduced binding compared to
the wild-type RBD, despite these sequences being selected with high frequency in the CIS
display selection. To assess whether the RBDs were selected for as a result of binding to
another site on the Ral proteins, the WDASQSR mutant was produced as a His-tagged
construct to measure the direct binding affinity. The WDASQSR mutant displayed very weak

binding to RalA (Figure 2.14), suggesting that the selection of this sequence was a false

positive result.
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Figure 2.14. Direct binding of the wild-type RLIP76 RBD and the WDASQSR mutant to RalA, measured using
scintillation proximity assays. The indicated concentration of [*H]GTP-labelled RalA was incubated with His-
tagged wild-type or WDASQSR RLIP76 RBD (80 nM). The signal was corrected by subtraction of the background
signal from parallel measurements containing no RLIP76 RBD. The data was fitted to a binding isotherm to give
an apparent Ky value and the maximum signal at saturating Ral concentrations as described previously (181):
wild-type, 45 = 6 nM; WDASQSR, binding was too weak to fit. CPM, counts per minute. n = 2.

The identification of these false positive hits may have arisen due to the low enrichment of
specific binding sequences identified in the selection. As the wild-type RLIP76 RBD template
already displays a high affinity for Ral proteins and only specific residues were allowed to alter
in the selection, it is perhaps unsurprising that only a few sequences with improved affinity

were identified. The relatively low abundance of sequences with very high affinity for Ral
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proteins may have allowed for weaker binders such as the WDASQSR, WNASELR and

WDASTAY mutants to be retained through multiple rounds of selection.

2.6 Secondary structure estimation by circular dichroism

The addition of mutations into the RLIP76 RBD could disrupt the coiled-coil structure and
therefore impact binding affinity. To assess whether the coiled-coil structure had been
affected, circular dichroism (CD) was used to estimate the secondary structure of selected
mutants and the wild-type RBD, and the results are shown in Figure 2.15. Helical proteins give
rise to a characteristic trace in CD spectra containing a double dip with minima at 208 and 222
nm. The helical content of a protein or domain can be estimated by measuring the absorbance

at 208 and 222 nm, with a more helical protein giving rise to greater negative values.
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Figure 2.15. CD spectra of RLIP76 RBD variants. CD data are reported as mean residue ellipticities (deg cm? dmol’
1, 8) over the wavelength range 260-185 nm. The calculated ratios of the mean residue ellipticities at 222/208
nm are shown in the inset. The helical content of each RBD was determined using the CDSSTR method with
reference Set 3 and DichroWeb (183-185).

Coiled-coil content can be estimated from the [0]222/[0]20s ratio, where 6 is the mean residue
ellipticity at the indicated wavelength: coiled-coils give values of approximately 1.0 while
single a-helices give values closer to 0.8 (186, 187). All three of the proteins tested displayed
the characteristic double dip at 208 and 222 nm indicating a helical secondary structure, and

the calculated helicities were very similar between the mutants and the wild-type RBD (83-
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86%). There were differences, however, in the estimated coiled-coil content of the mutants:
the addition of seven mutations in the instance of WDASQSR changed the [0]222/[6]20s ratio
from 1.01 for the wild-type RBD to 0.90, suggesting that the coiled-coil structure is disrupted,
while the addition of three mutations to produce the HLR mutant had a minimal effect on the

overall structure ([0]222/[6]20s = 0.98).

2.7 Dissecting the drivers of improved binding

During the CIS display selection performed here, multiple amino acid changes can occur
simultaneously, so families of mutations that occur together are identified. In order to
determine the contribution of individual mutations in the best-binding ‘HLR’ sequence, each
mutation was reverted individually to the wild-type amino acid. The constructs listed in Table
2.6 were prepared using site-directed mutagenesis of the His-tagged RLIP76 RBD plasmid and

the proteins were produced as described in section 2.3 and the methods.

Table 2.6. RLIP76 RBDs produced recombinantly for the analysis of individual sequence
substitutions.

Name RLIP76 RBD sequence?

Wild-  RLIP76(393-422, C411S)-
type-His LSKEERLWEVQRILTALKRKLREANSSGRQISGHHHHHHGS

RLIP76(393-422, C411S)-

HLR-His LSKEHRLWEVLRILTALRRKLREANSSGRQISGHHHHHHGS
LR-Hi RLIP76(393-422, C411S)-
-His LSKEERLWEV&RILTALBRKLREANSSGRQISGHHHHHHGS
HLHi RLIP76(393-422, C411S)-
-His LSKEERLWEV&RILTALKRKLREANSSGRQISGHHHHHHGS
HR-Hi RLIP76(393-422, C411S)-
S [ SKEHRLWEVQRILTALRRKLREANSSGRQTSGHHHHHHGS
RLIP76(393-422, C411S)-
L-His ( )

LSKEERLWEVLRILTALKRKLREANSSGRQISGHHHHHHGS

2Residues that differ from the wild-type RBD sequence are underlined.
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Affinities of the mutants for Ral proteins were measured using isothermal titration
calorimetry (ITC). An example of the data obtained is shown in Figure 2.16, and the measured
Kqvalues for RalA and RalB are listed in Table 2.7 and Table 2.8, respectively. The Ky measured
for RalB and the wild-type RLIP76 RBD (2.7 uM) is in close agreement with the previously
reported value of 1.9 uM, which was also measured by ITC (125). The interactions between
Ral proteins and the wild-type RLIP76 RBD were driven by a favourable enthalpic term (AH)
which outweighs the entropic cost of binding (AS), as has been observed previously (125).
While the binding affinity of the RLIP76 RBD to RalA has not been measured by ITC previously,
it has been consistently observed that the affinities of RalA and RalB for the RLIP76 RBD are
very similar (181), as was seen here (Kq 2.3 uM RalA and 2.7 uM RalB). The K4 values measured
by ITC differ from those measured using SPAs (ITC K4 values were around 20-fold weaker for

the wild-type RBD), therefore comparing across these methods was avoided.

The variation in Ky values measured using different assays may be due to the different
features of the assays. In SPA experiments, one component is immobilised on beads and
therefore may be presented in a particular orientation that is favourable or unfavourable to
binding and the beads are pelleted at the bottom of the well giving rise to a 2D surface for
binding with an increased local concentration of the immobilised component. In contrast, ITC
measurements are performed with both components free in solution. SPAs may therefore
estimate a tighter binding affinity because a protein bound to the immobilised component
may be in very close proximity to another immobilised binding partner when released,
meaning it forms another complex more quickly than if all components were free in solution.
This should be controlled for by using the lowest possible concentration of the immobilised

component that gives rise to a reasonable assay window.
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Figure 2.16. ITC experiments measuring the interactions between selected RLIP76 RBD mutants and Ral
proteins. Shown are representative ITC data from titrations of RalB-GMPPNP into the indicated RLIP76 RBDs.
The top panel of each graph shows the raw data relating to the heat change associated with each injection of
RalB into the RBD. In the bottom panel, the peaks have been integrated to calculate the heat change associated
with each injection. The data was fit using Origin software to a single state binding model with a least-squares
fit, and the parameters for the fit for individual experiments are shown in each panel.
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Table 2.7. Binding parameters obtained from ITC for RalA titrated into selected RLIP76
RBD:s.

Name KsRalA (nM)?  Nvalue®  AH (kcal mol?)®  TAS (kcal mol?)
Wild-type-His ~ 2280+250 0.90+0.02  -10.9+0.3 -3.25
HLR-His 299 + 88 0.88+0.05 -21.4+1.6 -12.5
LR-His 82+ 27 0.61+0.03 -27.2+1.6 -17.5
HL-His 412 + 86 0.99 +0.04 -21.3+1.1 -12.6
HR-His 1170+ 104 0.79+£0.02 -439+1.7 -35.8
L-His 99+ 29 0.84 +0.03 -21.3+1.0 -11.7

2Error from curve fitting for a single experiment.

Table 2.8. Binding parameters obtained from ITC for RalB titrated into selected RLIP76
RBD:s.

Name KsRalB (nM)®  Nvalue*  AH (kcal mol)® TAS (kcal mol?)?
Wild-type-His 2720 £ 640 1.00+£0.01 -10.5+0.2 -2.89+£0.33
HLR-His 96.2+29.1 0.89+0.12 -17.7+2.9 -8.12 + 3.08
LR-His 132 + 46 0.81+£0.00 -21.0+£1.3 -11.6+1.5
HL-His 224+ 94 0.83+£0.15 -19.5+2.3 -10.3+£2.0
HR-His 4350 £ 630 0.99 £ 0.06 -9.05+0.16 -1.72 £ 0.08
L-His 110+ 19 0.75+0.06 -22.4+14 -129+1.3

2Data reported are the mean values from two independent experiments * one standard deviation.

The E427H mutation was found to be deleterious for binding to RalA, as the E427H/Q433L

double mutant bound less tightly than the Q433L single mutant (K4 412 nM vs 99 nM), and

the E427H/Q433L/K440R triple mutant bound less tightly than the Q433L/K440R double

mutant (K¢ 299 nM vs 82 nM). For RalB the differences were less pronounced, as the

E427H/Q433L/K440R triple mutant bound with a similar affinity to the Q433L/K440R double
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mutant (K¢ 96 nM vs 132 nM, with overlapping errors), though the E427H mutation still did

not improve binding in this case.

The Q433L mutation resulted in the greatest improvement in binding, as adding this mutation
alone into the RLIP76 RBD increased the binding affinity more than 20-fold to RalA and RalB
(K4 2280 vs 99 nM for RalA, and K4 2720 vs 111 nM for RalB). This substitution may have been
expected to give a more favourable entropic contribution (TAS) due to the replacement of a
polar residue with a hydrophobic side chain: however, this was not the case and the
improvement in affinity for the Q433L mutant was due to a 2-fold increase in the favourable
enthalpic contribution. Furthermore, the Q433L substitution actually increased the entropic
cost of binding by 3 to 4-fold. This suggests that the Q433L mutation in the RBD has a more
nuanced effect on binding than simply forming hydrophobic interactions with the Ral

proteins, perhaps by altering the presentation of other RBD residues.

The K440R mutation appeared to confer a minimal improvement in binding to Ral proteins,
as the E427H/Q433L/K440R triple mutant bound with only slightly higher affinity than the
E427H/Q433L double mutant to RalA and RalB. The effect was not as pronounced as for the
Q433L mutation and this is not surprising as the physicochemical properties of lysine and
arginine are very similar: they are both cationic residues of similar side chain length. Arginine,
however, does extend slightly further than lysine and has the potential to form more than

one hydrogen bond, which could result in improved affinity.

The E427H/K440R (HR) double mutant lacking a Q433L substitution actually decreased
binding to RalB by around 2-fold compared to the wild-type RLIP76 RBD. This demonstrated
that these mutations are only beneficial when included with the Q433L substitution, as was
selected for in the CIS display selection. This decrease was driven by a les enthalpically
favourable interaction with RalB. The result for the HR double mutant looked strikingly
different for RalA, increasing the binding affinity by around 2-fold compared to the wild-type
RLIP76 RBD. The interaction increased the favourable enthalpic contribution by
approximately 4-fold compared to the wild-type RBD, however this was offset by a much less
favourable entropic contribution. These results show that there are subtle differences in the
effector binding regions of the Ral proteins despite their identical sequences in this region, as

has been shown previously (181).
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2.8 Structural basis for improved binding

To investigate how the mutations improve binding to Ral proteins, structural data was
obtained for the tightest-binding HLR and SMLR mutants in complex with RalB using X-ray

crystallography.

2.8.1 RalB/RLIP76 RBD (HLR) mutant complex

Initially, an attempt was made to solve the structure of the RLIP76 RBD (E427H/Q433L/K400R)
mutant in complex with active, GMPPNP-bound RalA and RalB. The protein complexes were
prepared by incubating RalA or RalB with an excess of the RLIP76 RBD, followed by size
exclusion chromatography (Figure 2.17). The RBD was added in excess as this is separated

more easily from the complex due to the large difference in molecular weight.
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Figure 2.17. Purification of the RalB/HLR RBD complex. A. Chromatogram obtained after running the mixture
of RalB and HLR RBD on a Superdex S75 column. B. SDS-PAGE analysis of fraction contents corresponding to
peaks labelled in A. RalB and the HLR RBD co-elute in Peak 1, while excess free HLR RBD is present in Peak 2.

RalB and the HLR RLIP76 RBD co-eluted from the column, indicating stable complex formation,
as confirmed by the presence of both species in a symmetrical peak at an earlier elution

volume than the free HLR RLIP76 RBD. These complexes were then used to set up
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crystallisation trials at two concentrations (10 and 5 mg mL?) with a range of commercially

available screens, followed by incubation at 20 °C.

Large crystals were obtained for RalB in complex with the HLR RBD (Figure 2.18), while no
crystals were observed for the conditions containing RalA. The RalB/HLR RBD crystals
diffracted to 1.5 A resolution and the experimental parameters are detailed in Table 2.9. The
structure was determined by molecular replacement using the NMR structure of
RalB-GMPPNP in complex with the wild-type RLIP76 RBD (PDB ID: 2KWI) as a search model as

described in the methods.

Figure 2.18. Crystals obtained for the RalB/HLR RBD complex that were used for subsequent structure
determination by X-ray crystallography. The image was taken for the 10 mg mL? condition after 8 days
incubation at 20°C. The well contained 0.1 M Bicine pH 9 and 30% w/v PEG 6K.
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Table 2.9. Data Collection and Refinement Statistics for RalB-GMPPNP in complex with

the RLIP76 RBD HLR mutant.

Data collection

PDB identifier
Resolution (A)
Space group

Cell dimensions
a,b,c (A)

a,By (%)

Total reflections
Redundancy
Completeness (%)
I/o

Wilson B-factor (A?)

62QT
50.4-1.51 (1.55-1.51)
P12,1

47.5,77.4, 66.4
90, 90.3, 90
569,182 (24,662)
7.6 (4.5)

99.7 (98.7)
18.3(1.2)

24.5

Refinement

Rwork/Rfree (%)

No. of protein atoms
No. of ligand atoms
No. of water molecules
RMSD bond length (A)
RMSD bond angles (°)
Ramachandran statistics
In favoured regions (%)
In allowed regions (%)
Outliers (%)

Mean B-factor (A?)

18.9/22.1 (33.6/36.3)
3686

72

362

0.005

0.75

97.1
2.9
0
34,5

2 The numbers in parentheses represent values for the highest resolution shell.

The structure generated was compared with the NMR structure of RalB in complex with the
wild-type RLIP76 RBD (PDB ID:2KWI) (91) to assess how the mutations could increase the
affinity for RalB. In the wild-type RBD structure GIn433 does not form extensive contacts with
RalB (Figure 2.19A), while the side chain of Leu433 in the HLR mutant packs closely with RalB
and contributes to a hydrophobic network involving several Ral residues (Ala48/Leu67/Tyr82)
and Trp430 of RLIP76 (Figure 2.19B). The ITC experiments described in section 2.7 also

demonstrated that the Q433L mutation had the greatest contribution to increased binding,

improving the affinity by more than 20-fold alone.

75



"D

F

Glu427

Figure 2.19. Detailed view of RalB:RLIP76 RBD interactions. Panels A, C, and E show zoomed detail of the wild-
type RBD structure (PDB ID: 2KWI), while B, D and F show the HLR mutant structure (PDB ID: 6ZQT).

In the wild-type RBD structure, Lys440 forms a hydrogen bond with RalB Asp49 (Figure 2.19C)
and this interaction has been shown to be critical for binding to Ral proteins, as replacement
of Lys440 with alanine reduced the affinity 10-fold (181). Replacement of Lys440 with arginine
allows the H-bond to be maintained in addition to forming a hydrogen bond with the
backbone carbonyl of Ala48 (Figure 2.19D). This additional interaction is made possible by a
reorganisation of switch I, which may be mediated by the replacement of GIn433 with leucine.
This K440R mutation exerts only a minimal improvement in binding of the RBD to Ral proteins,

as evidenced by ITC experiments (section 2.7).

The replacement of Glu427 with histidine breaks a salt bridge formed with RalB without

forming any new interactions (Figure 2.19E and F), which explains why the E427H mutation
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was shown to be detrimental to Ral binding by ITC (section 2.7). The Q433L and K440R
mutations were selected far more frequently in the selection, while a range of amino acids
were selected for at positions 427 and 429, suggesting that several substitutions at these

positions are tolerated rather than the substitutions driving high affinity binding.

2.8.2 RalB/RLIP76 RBD (SMLR) mutant complex

Given the success had forming high quality crystals for the RalB/RLIP76 (HLR) complex, other
high affinity RLIP76 RBD mutants were also trialled for crystallization. The SMLR and SDT
mutants were purified in complex with RalB as described for the RalB/RLIP76 RBD (HLR)
complex (section 2.8.1). Both protein complexes co-eluted from the gel filtration column,
indicating stable complex formation. The SMLR mutant complex produced a number of large
crystals under the same conditions that had been successful for the HLR mutant (Figure
2.20A), and smaller crystals were observed for a second condition (Figure 2.20B). No crystals

of the SDT mutant complex were formed.

- )

=

¥
x \( ' /";/' < - v 5 =
. ‘ g ’ b : 2 “'“ ! o
X | AR
y’ N g ’
v 4f I

S -

\

Figure 2.20. Crystals obtained for RalB in complex with the SMLR RLIP76 RBD mutant. The images were taken
following 5 days of incubation at 20 °C with 10 mg mL™ complex. A. Well contains 0.1 M Bicine pH 9 and 30%
w/v PEG 6K, the same conditions that produced crystals for the RalB/HLR RBD complex. These crystals were used
for subsequent structure determination by X-ray crystallography. B. Smaller crystals were also observed in a well
containing 0.1 M Tris-HCl pH 8 and 30% w/v PEG 6K.

The structure of the RalB/RLIP76 RBD (SMLR) mutant complex was solved to 1.5 A and the
experimental details are listed in Table 2.10. The structure was highly similar to that of the

HLR mutant complex, with an RMSD of only 0.1 A between the two structures (Figure 2.21).
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The only differences in sequence between the two RBD variants are at positions 427 and 429;
neither of these positions form direct contacts with RalB and so do not affect the overall
structure or binding affinity. This is in line with the observation that the two RLIP76 RBD
mutants (HLR and SMLR) have very similar affinities for RalB (1 and 2 nM respectively) as

measured by SPA competition (section 2.5.2).

Table 2.10. Data Collection and Refinement Statistics for RalB-GMPPNP in complex with
the RLIP76 RBD SMLR mutant.

Data collection

PDB identifier
Resolution (A)
Space group

Cell dimensions
a,b,c (A)

B,y (%)

Total reflections
Redundancy
Completeness (%)
I/o

Wilson B-factor (A?)

6ZRN
65.8-1.48 (1.56-1.48)
P12:1

47.2,77.5,65.8

90, 90.1, 90
1,159,648 (176,059)
14.8 (15.4)

100.0 (100.0)
8.0(1.3)

19.3

Refinement

Rwork/Rfree (%)

No. of protein atoms
No. of ligand atoms
No. of water molecules
RMSD bond length (A)
RMSD bond angles (°)
Ramachandran statistics
In favoured regions (%)
In allowed regions (%)
Outliers (%)

Mean B-factor (A?)

20.1/23.9 (34.9/36.1)
3725

78

244

0.006

0.80

96.9
3.1
0
30.8
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2 The numbers in parentheses represent values for the highest resolution shell.



RalB : RLIP76 RBD (HLR)
RalB : RLIP76 RBD (SMLR)

Figure 2.21. The crystal structures of RalB-GMPPNP in complex with the RLIP76 RBD HLR and SMLR mutants
reveal a high degree of similarity. The RalB-GMPPNP/HLR complex (PDB ID: 6ZQT) is shown in blue and orange,
while the RalB-GMPPNP/SMLR complex (PDB ID: 6ZRN) is shown in cyan and red. The residues that have been
mutated from the wild-type RLIP76 RBD are shown as sticks.

2.9 Specificity of mutant RLIP76 RBDs for Ral GTPases

As the intention was to use the information from these mutant RBDs to guide the design of
therapeutic peptides targeting the Ral proteins, retention of target selectivity was important.
Amongst small G proteins, RLIP76 is considered to be a specific effector for RalA and RalB. To
test for selectivity over the closely related Ras proteins, the RLIP76 RBD mutants were assayed
for binding to K-Ras Q61L in an SPA competition assay. K-Ras shares approximately 50%
similarity with Ral proteins and is found within the same family. Raf is a well-characterised
effector protein for K-Ras, therefore GST-Raf RBD in complex with [3H]-GTP K-Ras was
immobilised on Protein A beads via an anti-GST antibody and was then competed off with
non-tagged Raf RBD as an internal control, or with the mutant RLIP76 RBDs. The results are

shown in Figure 2.22 and affinities obtained are listed in Table 2.11.
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Figure 2.22. SPA competition experiments to measure binding of RLIP76 RBDs to K-Ras. Indicated RBDs and
Raf were titrated into fixed concentrations of [*H]-GTP K-Ras and GST-Raf RBD immobilised on SPA beads. The
data were fitted to an isotherm describing competitive binding to yield apparent K4 (Ki) values for the mutant
RBDs as described previously (182), and the values obtained are listed in Table 2.11. n=1.

Table 2.11. Affinities measured from SPA competition experiments with immobilised Raf
RBD and 3H-GTP K-Ras.

Protein K4 K-Ras (uM)?
Raf RBD 0.0069 +0.0016
RLIP76 RBDs:
Wild-type-His 18.1+3.1
L-His (Q433L) 3.43+0.45
LR-His (Q433L/K440R) 3.80+0.41

HLR-His (E427H/Q433L/K440R) 0.827 £ 0.081

YError from curve fitting.

The affinity of non-tagged Raf RBD for K-Ras was estimated to be 7 nM, which is comparable
to the previously published value of 40 nM (188), and demonstrates that the proteins used

were of good quality.

The wild-type RLIP76 RBD displayed very weak binding to K-Ras (Kg 18.1 uM), which was
expected as RLIP76 is not an effector of Ras. Addition of the Q433L mutation increased
binding to K-Ras 5-fold, suggesting that this mutant may be able to form additional
hydrophobic interactions with Ras, as was observed for RalB in the co-crystal structure. The

K440R mutation made very little difference to the K-Ras affinity, as was the case for binding
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to Ral proteins in ITC experiments (section 2.7). Interestingly, while the E427H mutation made
very little difference to the binding affinity for Ral proteins, addition of this mutation to the
LR double mutant to produce the HLR triple mutant increased binding to K-Ras a further 4-
fold. Therefore, when generating therapeutic peptides towards Ral proteins based on this
sequence, it may be preferable to exclude the E427H mutation as this could reduce binding

to other GTPases and hence improve selectivity.

While addition of the three HLR mutations increased binding of the RLIP76 RBD for K-Ras by
more than 20-fold, this binding was still very weak compared to the values observed for Ral
proteins (Kq 827 nM for K-Ras vs 5 nM for RalA and 1 nM for RalB, section 2.5.2),
demonstrating that the sequence still displays considerable selectivity for Ral proteins. This
suggests that a peptide based on the HLR sequence is likely to have a good therapeutic
window for targeting the Ral GTPases as the binding of the HLR RBD mutant to K-Ras was 160

to 800-fold lower than to the Ral proteins.

2.10 Discussion

The aim of this work was to identify sequences based on the Ral-binding domain of RLIP76
with improved affinity for Ral proteins and maintained selectivity over closely related GTPases
to inform the design of therapeutic stapled peptides. Prior to this project, a selection was
performed using the RLIP76 RBD to identify amino acid substitutions that can improve binding
to Ral proteins. Stapled peptides are an unsuitable starting point for a selection utilising
recombinant protein expression due to the presence of unnatural amino acids, therefore the
RLIP76 RBD was used as the template for selection. The RBD has been used as a convenient
tool for biochemical manipulation in this project and the insights gained were used to

generate stabilized peptides based on this domain.

In the design of the CIS display selection, variable positions were chosen based on their
proximity to Ral, with only those able to form contacts with Ral being allowed to alter.
Residues essential for binding e.g. Trp430 were not altered, as it had been shown previously
that mutation of this residue to alanine ablates binding to Ral proteins (181). Trp430 occupies
a defined binding pocket on Ral, therefore it is unlikely that a substituted residue could

produce an improved fit and binding affinity. Allowing fewer positions to alter in a selection
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means that more of the possible sequence space can be covered for the selected positions,
increasing the chance of producing a high affinity binder. Rationally reducing the number of
amino acids that can appear in each position, as in library 2, also served to reduce the total
number of sequences, while retaining sequences that were more likely to produce high

affinity binders.

The frequency of occurrence of each hit in this selection was relatively low compared to what
has been observed using CIS display for other selections. None of the binding sequences were
greatly enriched, suggesting modest improvements in one sequence over another. This could
be because the RLIP76 RBD sequence is close to its optimal sequence for binding to Ral
proteins and cannot be greatly improved by changes to the selected residues. During the
selection, only 10/24 positions on the a2 helix were allowed to alter and the overall coiled-
coil structure was supported by the presence of the non-modified al helix. This meant that
sequences were constrained to the coiled-coil structure and therefore the potential to form
new interactions with Ral proteins was limited. Rather than using a known effector for affinity
maturation to inform peptide design, a naive selection using a library of peptides could be

used to produce a greater diversity of possible binding modes.

This work aimed to validate the hits from the selection by producing the sequences as
recombinant proteins and assessing their binding to Ral proteins in biochemical assays. Three
clusters of mutations appearing with the highest frequency (Table 2.3) were identified from
the selection. Cluster one contained a proline residue in place of Lys440, however it was not
possible to produce sequences containing this mutation as the proteins aggregated,
suggesting that the RBD has become unstructured. Proline is known to be a helix-breaking
amino acid and was therefore likely to be responsible for the loss of structure. A construct
containing the rest of the mutations identified in cluster one, with Lys440 instead of proline
was purified and this RBD mutant (LTTLR) did not show any binding to Ral proteins (Figure
2.11), suggesting this cluster was either identified as a false positive result, or that the proline
residue was critical for binding. These disordered, proline-containing proteins may have been

selected due to non-specific binding to the beads or another component of the assay.

The second sequence cluster identified, cluster 2 (Table 2.3), contained five amino acid

changes occurring together with high frequency. The sequences related to this cluster
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(WDASQSR, WNASELR and WDASTAY) that were produced and tested all bound RalA and RalB
with lower affinity than the wild-type RBD sequence in SPA competition experiments. To test
whether the sequence could bind a different site on Ral with higher affinity, hence explaining
the selection, a His-tagged version of the WDASQSR mutant was produced to assess direct
binding. The sequence did not show appreciable binding to Ral proteins in a direct assay, so
was likely selected for specifically but as a lower affinity sequence. CD experiments showed
that the inclusion of these seven mutations decreased the coiled-coil structure of the RLIP76

RBD, which could have contributed to a loss of affinity.

The selection was successful in identifying mutants with improved affinity for the Ral proteins,
as the tightest binding RBDs exhibited more than a 20-fold increase in affinity. The two best-
binding sequences assayed, along with several other hits from the selection, contained Q433L
and K440R mutations (cluster 3, Table 2.3), while positions 427 and 429 appeared as a variety
of amino acids. ITC experiments demonstrated that the Q433L mutation alone gave the
greatest increase in binding, while the K440R mutation gave a more modest improvement.
Substitutions at positions 427 and 429 had little effect, suggesting that a range of amino acids
could be well-tolerated in this position. Elucidation of the structure of two mutants containing
the Q433L mutations revealed that the leucine residue can form extensive hydrophobic
interactions with RalB, which appears to be the driver for the improvement in binding. Arg440
is able to form an additional hydrogen bond with RalB compared to the lysine at this position
in the wild-type structure. The residues at positions 427 and 429 did not appear to form any
interactions with RalB and the two overall structures of these mutants were nearly identical.
In conjunction with the ITC experiments described in section 2.7, the structural evidence

confirms that these positions are not necessary for driving high affinity interactions.

While making changes to the RLIP76 RBD, it is important that selectivity for Ral proteins is
maintained. Increasing the mutational load of the RLIP76 RBD from the single Q433L mutant
to the HLR triple mutant increased off-target binding to K-Ras, therefore peptides designed
to target Ral selectively should include fewer mutations to retain more selectivity. The E427H
mutation could be excluded, as this does not enhance binding to Ral proteins but does

increase off-target binding to K-Ras.
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Biochemical, biophysical and structural analysis of the products from the CIS display selection
has led to the identification of useful amino acid substitutions to include in second-generation
stapled peptides targeting the Ral proteins. While this selection explored a huge range of
natural amino acid combinations, it is possible that the inclusion of unnatural amino acids
could also aid binding affinity. Replacement of tryptophan with chlorotryptophan in Mdm2-
binding peptides has resulted in peptides with improved affinity, due to the chloro moiety
extending deeper into the binding pocket and forming more extensive contacts with the
target (189). Such a replacement may also benefit Ral-binding peptides as binding is mediated
by a critical tryptophan residue (Trp430). The Q433L mutation in the RLIP76 RBD was shown
to be most beneficial in improving binding by making increased hydrophobic contacts with
Ral, therefore it is possible than an unnatural hydrophobic amino acid could be used in this
position to form even stronger or more extensive hydrophobic contacts with Ral proteins. The
crystal structures of mutant RBDs in complex Ral could be used as helpful starting points to

model unnatural amino acid substitutions and predict which may form favourable contacts.
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3 Stapled peptides targeting the Ral GTPases

3.1 Introduction

As discussed in Chapter 1, an inhibitor of the Ral GTPases would be highly valuable to assess
the utility of inhibiting the Ral pathway to disrupt oncogenic Ras signalling. The Ral pathway
has been shown to play a critical role in the survival of several Ras-mutant cancer types,
including pancreatic and colorectal cancers (reviewed in (77)). Like Ras, the active Ral proteins
interact with their effectors through protein-protein interactions utilising a smooth, shallow
surface that is difficult to target through traditional drug discovery methods. Peptides are an
effective modality to target such surfaces, as these biologics can offer exquisite target binding

and selectivity at large, relatively featureless interfaces.

Previous work carried out in the lab has demonstrated that stapled peptides based on
residues 423-446 of the Ral effector RLIP76 can bind and inhibit Ral proteins (125). In this
work, a variety of staple lengths and positions were trialled and it was found that a peptide
containing an all-hydrocarbon staple bridging positions 424-428 gave rise to the tightest

binding affinity for Ral proteins, with a Kq for RalB of 5 uM.

Chapter 2 described how a maturation selection was carried out on the Ral-binding domain
(RBD) of RLIP76, with the aim of identifying sequences that bind more tightly to Ral proteins
to inform the design of second-generation stapled peptides. Here, the insights gained from
the selection and other work involving the RLIP76 RBD have been used to improve several
important drug-like properties of the stapled peptides, including target affinity, selectivity and

cell entry.

3.2 Peptides generated from selection sequences

Four of the most enriched sequences from the CIS display selection described in Chapter 2
provided templates for the design of a series of stapled peptides based on residues 423-446
of the RLIP76 RBD. The two staple positions that gave rise to the highest affinity binders
identified previously were incorporated into each sequence and a fluorescein tag was added

to the N-termini of the peptides for assessment of binding affinities by fluorescence
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polarization (125). The staples were formed using (S)-pentenylalanine residues that were
covalently linked by Grubbs’ ring closing metathesis. A reversed sequence containing a central
staple was also generated to act as a negative control in binding experiments. These peptides

were purchased from a commercial source and are listed in Table 3.1.

Table 3.1. Stapled peptides (Eurogentec) based on sequences identified by CIS display
maturation of the RLIP76 RBD.

Peptide name?® Sequence®
Non-stapled FAM-LSKEERLWEVQRILTALKRKLREA
SP1 FAM-LXKEEXLWEVQRILTALKRKLREA
SP2 FAM-LSKEERLWEXQRIXTALKRKLREA

Reversed sequence FAM- AERLKRKLATXIROQXEWLREEKSL

LTNTLKP-SP1 FAM- LXKLTXNWEVTLILKALPRKLREA
LTNTLKP-SP2 FAM- LSKLTRNWEXTLIXKALPRKLREA
LSHTLRP-SP1 FAM- LXKLSXHWEVTLILRALPRKLREA
LSHTLRP-SP2 FAM- LSKLSRHWEXTLIXRALPRKLREA

WDASQSR-SP1  FAM- LXKWDXAWEVSQILSALRRKLREA
WDASQSR-SP2  FAM- LSKWDRAWEXSQIXSALRRKLREA
HLR-SP1 FAM- LXKEHXLWEVLRILTALRRKLREA

HLR-SP2 FAM- LSKEHRLWEXLRIXTALRRKLREA

2SP1, staple position 1 bridging residues 424 and 428 (RLIP76 numbering); SP2, staple position 2 bridging 432
and 436.

bSequence variations from the ‘wild-type’ peptide (SP1) are underlined. X, (S)-pentenylalanine; FAM, 5-
carboxyfluorescein.

3.3 Fluorescence polarization to assess peptide binding

Fluorescence polarization (FP) is a technique that is widely used in the process of drug
discovery to quantify protein-ligand interactions. In this assay, a fluorophore is excited with
plane-polarized light and the emitted light is measured in two planes: one that is parallel (/})

to the polarized light used for excitation and another that is perpendicular (/). The extent of
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polarization (P) is linked to the amount of light detected in each of these planes by equation
1

L —1,

P =
I +1;

(Equation 1)

The observed polarization is linked to the rotational diffusion rate of the fluorophore being
measured. For example, a small molecule in a solution of low viscosity will rotate on a
timescale that is far shorter than the excitation lifetime of the fluorophore (typically ns),
therefore the emitted light will be randomly distributed between the planes (/j = /1) and
resulting polarization is zero. As the size of the fluorescent species or the viscosity of the
solution increases, the speed of rotation of the fluorophore decreases. As the rotational
diffusion rate approaches and exceeds the excitation lifetime of the fluorophore, the amount
of emitted light measured in the parallel (/) and perpendicular (/1) planes is no longer evenly

distributed and polarization is retained (Figure 3.1).

Perpindicular (1)

detector
Ligand in /.(\ | /’\ | Parallel ()
solution \ /A g J detector
Depolarized
Plane light
polarized i
light n
/\ /\
Ligand bound
to protein @ > @ —) Il
Largely
Excitation of Emission of fluorophore polarized light

fluorophore att = 0 att=1
(excited state lifetime)

Figure 3.1. Principles of fluorescence polarization. A small molecule or peptide (black circle) linked to a
fluorophore (white circle) is excited by plane polarized light. During the lifetime of the excited state (1), the free
molecule rotates significantly, and the emitted light is depolarized. When the fluorescent entity is bound to a
larger molecule e.g. a protein (blue ellipse), it rotates much less during the excitation lifetime and much of the
polarization of the light is retained. The emitted light is detected at parallel (||) and perpendicular (L) planes to
the initial polarized light. Figure reproduced from Moerke (190).
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When a small fluorescent ligand binds a larger molecule e.g. a protein, the rotational diffusion
of the complex is reduced compared to the free fluorophore and an increase in polarization
is observed. As such, affinity can be assessed by titrating a protein into a fixed concentration
of fluorescent ligand. The assay window is determined by the difference in rotational diffusion
of the free fluorophore and the bound complex, therefore the fluorophore should be attached

to the smaller binding partner in order to maximise this measurable difference.

3.4 Binding of stapled peptides to the Ral GTPases

The binding of the panel of stapled peptides to active Ral proteins was measured by FP, using
a fixed concentration of fluorophore-conjugated peptide and increasing concentrations of the
Ral protein. The Ral proteins contained a Q72L mutation that prevents nucleotide hydrolysis,
ensuring that they were studied in their active form. Additionally, the bound nucleotides were
exchanged for GMPPNP, a very slowly hydrolysable analogue of GTP, prior to use. The results

are shown in Figure 3.2 and the K4 values obtained are listed in Table 3.2.
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Figure 3.2. Binding of stapled peptides to Ral proteins. FP data for direct binding of 20 nM FAM-labelled stapled
peptides to varying concentrations of RalA*~GMPPNP (A) or RalB'GMPPNP (B). Data were fitted to a single-site
binding model using non-linear regression analysis in GraphPad Prism. Individual data points are displayed as
symbols and the fit lines as solid coloured lines corresponding to the data point colours. SP1, staple position 1;
SP2, staple position 2; mP, millipolarization units. n > 2 for all conditions.
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Table 3.2. Affinities of peptides for Ral proteins measured by FP.

Peptide name K4 RalA (uM)?  Kq RalB (pM)?

Non-stapled - -
SP1 17.2+9.2 4.68 £ 0.64
SP2 16.3+10.2 25.3+18.1
Reversed - -
sequence

LTNTLKP-SP1 - -
LTNTLKP-SP2 - -

LSHTLRP-SP1 - 31.4+10.8
LSHTLRP-SP2 - 35.1+33.2
WDASQSR-SP1 8.68 +7.57 3.47 +0.68
WDASQSR-SP2 - 24.8+11.7
HLR-SP1 4.70+£2.04 0.159 + 0.047
HLR-SP2 14.8+8.0 5.60+0.80

2 Values for peptides showing equal or lower polarization changes than the negative control peptide were
deemed ‘non-binders’ and measured Ky values are not included as indicated by ‘-‘.

HLR-SP1 showed the largest apparent improvement in binding to Ral proteins over the SP1
parent peptide, with a 30-fold improvement in binding to RalB (160 nM vs 4.7 uM), and a 3-
fold improvement in binding to RalA (4.7 uM vs 17 uM). This agreed with the findings in the
context of the RLIP76 RBD, where the HLR mutations gave rise to a 20-fold improvement in

binding compared to the wild-type sequence (sections 2.5 and 2.7).

In these experiments, several differences between the binding of the peptides and the RLIP76
RBDs were revealed. For example, the HLR-mutant RLIP76 RBD affected binding to RalA and
RalB equally (section 2.5), while the HLR-mutant peptide (HLR-SP1) had a much larger impact
on binding to RalB than to RalA (30-fold vs 3-fold). In addition, the wild-type and HLR-mutant
RBDs do not discriminate between the Ral proteins and bind with near-identical affinity to
RalA and RalB. The peptides, however, show much greater binding affinity for RalB. This
suggested that the peptides may not binding in the same way as the a2 helix of the RBD and

may instead be binding non-specifically.
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There was also variability between the data repeats e.g. HLR-SP1 for RalA, suggesting that
another factor was influencing the apparent binding affinities. It was later shown that
increasing the incubation time prior to reading the plate led to tighter K4 estimates and a
greater maximum signal (see section 3.4.2), demonstrating that a non-specific effect was

confounding these results.

The WDASQSR mutations were also tested in the context of the RLIP76 RBD and were found
to significantly decrease binding to Ral proteins (section 2.5). In this context however, the
WDASQSR-SP1 peptide appears to bind Ral proteins with around 2-fold greater affinity than
the wild-type sequence (SP1), again suggesting that this stapled peptide bound to Ral proteins
in a different manner to the coiled-coil RBD containing the same residues. It was important
to establish the mode of binding of the peptides, as any therapeutic peptides would be

required to inhibit Ral-effector interactions in order to disrupt Ral signalling.

The LTNTLKP and LSHTLRP sequences could not be tested within the RLIP76 RBD due to
aggregation issues during purification, which was believed to be due to the presence of a
helix-breaking Pro residue in both cases. As stapled peptides, these sequences reduced
binding to Ral proteins compared to the SP1 parent peptide and showed similar changes in

polarization to the reversed sequence.

3.4.1 Peptide selectivity for Ral proteins over related small GTPases

In order to assess the selectivity of the peptides for Ral proteins over closely related small
GTPases, a panel of small GTPases was prepared. RhoA (1-186, F25N/Q63L) and Cdc42 (1-184,
Q61L) were produced as described in the methods, while Racl (1-187, Q61L) and K-Ras (1-
169) were available in the lab as purified proteins. The bound nucleotides of all GTPases were
exchanged for GMPPNP prior to use in fluorescence polarization assays. These proteins will

herein be referred to as RhoA, Cdc42, Racl and K-Ras.

The results from fluorescence polarization assays measuring the binding between the SP1 and
HLR-SP1 stapled peptides and the panel of small GTPases are shown in Figure 3.3 and the

measured Ky values are listed in Table 3.3.
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Figure 3.3. Binding of SP1 and HLR-SP1 peptides to a panel of small GTPases. FP data for direct binding of 20
nM FAM-labelled SP1 (A) and HLR-SP1 (B) to varying concentrations of the indicated small GTPases. Data were
fitted to a single-site binding model using non-linear regression analysis in GraphPad Prism, and the Ky values
obtained are listed in Table 3.3. Data and curve fits are displayed as a percentage of the calculated saturated FP
signal in each assay. n 2 2 for all conditions, and individual results are displayed as symbols. The peptide
sequences are shown, and variations from the SP1 sequence are highlighted in green. X, (S)-pentenylalanine;
FAM, 5-carboxyfluorescein.

Table 3.3. Affinities of SP1 and HLR-SP1 peptides for a panel of small GTPases measured
by FP.

GTPase K4 SP1 (uM)?  Ka HLR-SP1 (uM)?
RalA 17.2+9.2 4.68 +0.64
RalB 4.70+2.04 0.159 + 0.047
K-Ras 8.18+1.99 1.06 £0.20

Cdc42 13.0+7.4 6.11+1.67
RhoA 0.0338 0.0125 +0.0022
0.0054

2Error from curve fitting.
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Several of the binding curves did not reach saturation and instead continued to rise with a
linear slope indicating a non-specific binding effect e.g. for K-Ras, Cdc42 and RalA with SP1.
The equation used to calculate the binding affinities takes this slope into account and
estimates the maximum binding that is observed without the non-specific effect, hence some
curves exceed the predicted 100% complex formation. In some conditions e.g. HLR-SP1 with
RalB, it is clear that two binding events are taking place, as the curve appears to saturate

before rising again in a linear fashion.

Both peptides appeared to bind RhoA with far greater affinity than that displayed for the Ral
proteins. The peptides were not expected to bind RhoA, as the RLIP76 RBD from which the
peptides were derived does not bind to RhoA (data not shown). This observation, in
combination with the unusual curve shapes, suggested that non-specific interactions made
by the peptides were responsible. Later experiments confirmed that non-specific binding was
confounding the results of these FP experiments and that the peptides were not genuine

RhoA binders.

3.4.2 Investigations into non-specific binding

When performing the FP assays, it was observed that the magnitude of the signal changed
depending on the incubation time before reading. This was investigated using the SP1 peptide
and RalB, measuring the same wells after increasing incubation times, and the results are
shown in Figure 3.4. The FP signal increased over time and the mid-point of the curve shifted
to the left, indicating a tighter binding affinity. The peptide-RalB complex is unlikely to need
so long to equilibrate, therefore the increase in signal over time is likely due to a non-specific

effect, such as binding of the peptide to the wells of the plate, that accumulates over time.
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Figure 3.4. FP measurements of SP1/RalB samples increase over time. FP data for direct binding of 20 nM FAM-
labelled SP1 to varying concentrations of RalB'GMPPNP after 30, 60, 120 or 210 minutes incubation at room
temperature. Data were fitted to a single-site binding model using non-linear regression analysis in GraphPad
Prism. mP, millipolarization units. n = 1.

The phenomena of increasing signal over time has been observed previously in FP assays (41):
Ng et al. observed an increase in fluorescence polarization over time for certain fluorescently-
labelled peptides in the absence of a binding partner, indicating binding of the peptides to
the well surfaces. However, this effect was not observed when using coated plates such as
those used in these assays. The increases in polarization observed here may instead be due

to an aggregation event.

The variable maxima in the FP experiments following saturation of the signal also suggested
that there was an issue with non-specific binding (see Figure 3.2). Peptides that were
aggregating or sticking to the plate surface prior to the addition of protein would exhibit a
higher starting polarization value due to decreased conformational freedom and would
therefore be affected to a lesser extent upon binding to a target protein. In these
experiments, the peptides alone did show varying polarization values when compared to

fluorescein with a pre-defined polarization value of 35 mP (data not shown).

The presence of non-specific binding in the assay meant that it was important to establish
whether the peptides were binding to Ral proteins at all, or whether the observed binding
curves were in fact false positive results. RalB alanine mutants were used to ascertain whether

the peptides were binding at their intended binding site. Several RalB proteins with alanine
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mutations known to disrupt binding to the RLIP76 RBD were available in the lab: Y36A, E38A
and Y51A mutants were selected as all of these mutants reduced affinity for the RLIP76 RBD
by more than 5-fold, and the Y51A mutation resulted in a complete loss of binding (181). The
bound nucleotides of these mutants were exchanged for GMPPNP and the binding to the SP1

peptide was assessed using fluorescence polarization. The results are shown in Figure 3.5.
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Figure 3.5. Binding of SP1 to RalB alanine mutants. FP data for direct binding of 20 nM FAM-labelled SP1 to
varying concentrations of wild-type or alanine variants of RalB°'GMPPNP. Data were fitted to a single-site binding
model using non-linear regression analysis in GraphPad Prism. mP, millipolarization units. n = 2 for Y36A/E38A
and n = 1 for Y51A/wild-type RalB.

None of the RalB mutants tested resulted in a loss of binding to the peptide and, surprisingly,
the Y51A mutant appeared to bind much more tightly, with a greater change in polarization.
This suggests that the peptide is not binding at the expected binding site on RalB, i.e. the
binding site of the RLIP76 RBD, as a decrease in binding to the RalB mutants would then be
expected. Therefore, the observed binding was likely due to non-specific effects. This meant
that the affinities that had been measured using this method were not reliable, and an

alternative method needed to be found.

3.4.3 Assessing peptide binding in SPA competitions

As an alternative to the FP assays, SPA competition experiments were attempted to measure
the binding affinities of the peptides for Ral proteins. The peptides were poorly soluble in

aqueous solution, therefore the experimental set up had to be modified to include detergent
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(Tween20) to aid peptide solubility. To assess whether the presence of detergent would affect
the measured signal or affinity of the interactions, different concentrations of Tween20 were

tested in SPA competitions using the wild-type RLIP76 RBD and RalB. The results are shown

in Figure 3.6.
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Figure 3.6. Effect of Tween20 concentration on the SPA competition measurement between the RLIP76 RBD
and RalB. Wild-type RLIP76 RBD was titrated into fixed concentrations of [2H]GTP-RalB and His-tagged wild-type
RLIP76 RBD in the presence of varying Tween20 (T20) concentrations in competitions SPAs. The data were fitted
to an isotherm describing a pure competition model as described previously to give an apparent Ky (Ki) values
for the RBD (182): 0%, 264 + 62 nM; 0.05%, 98 + 21 nM; 0.1%, 147 + 33 nM; 0.2%, 122 + 24 nM; 0.5%, 93 + 22
nM. CPM, counts per minute. n = 1.

All of the Tween20 concentrations tested (0.05-0.5%) produced curves with a similar
maximum signal and a similar Kq for RalB (93-147 nM), suggesting that the presence of
Tween20 did not adversely affect binding at these concentrations. The 0% Tween20 condition
gave a higher K4 than was usually observed (Kg = 264 nM, typically ~100 nM). However, it is
evident from the data in Figure 3.6 that the data is not particularly good for the 0% Tween
data set, suggesting that this Kq is not necessarily accurate. It was therefore decided that it

would be suitable to include Tween20 in the assays to assess binding of hydrophobic peptides.

A final concentration of 0.25% Tween20 was included in SPA competition experiments to

measure binding of selected peptides to RalB and the results are presented in Figure 3.7.
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Figure 3.7. Disruption of the RalB-RLIP76 RBD interaction by hydrophobic peptides. Increasing concentrations
of the indicated peptides were titrated into fixed concentrations of [*H]GTP-RalB and His-tagged wild-type
RLIP76 RBD in the presence of 0.25% Tween20 in competition SPAs. The data were fitted to an isotherm
describing a pure competition model as described previously to give apparent Ky (K;) values for the peptides
(182): K4 RLIP76 RBD, 0.121 * 0.042 uM; reversed sequence, 2.57 + 0.07 uM; non-stapled, 10.0 + 1.6 uM; SP1,
1.64 +0.55 uM; HLR-SP1, 11.7 + 5.1. Mean Ky values and standard deviations are reported. n = 2.

The SP1 peptide bound with an apparent Ky of 1.6 uM for RalB. However some issues were
revealed in this experiment, as the reversed sequence peptide, designed to be a negative
control in binding experiments, appeared to bind with a similar affinity of 2.6 uM. HLR-SP1
bound with a weaker affinity than the SP1 peptide (Kq = 11.7 uM), despite the same sequence
substitutions giving a 20-fold improvement in binding in the context of the RLIP76 RBD
(sections 2.5 and 2.7). Together, these data suggested that these peptides were not binding
in an analogous manner to the RBD that they are based on, making the results difficult to
interpret any further. It was therefore thought necessary to reconsider the design of the

peptides.

3.5 Improving peptide solubility

It was suspected that the non-specific interactions seen in the in vitro binding assays might
be a result of the hydrophobic nature of the peptides, as many of the stapled peptides were
highly insoluble in aqueous buffer (< 2 uM). Coiled-coils, such as the RLIP76 RBD, are held
together by hydrophobic residues at the centre of the two helices. When the sequence of the
a2 helix was isolated, as in the stapled peptides, hydrophobic residues that would normally

be buried at the coiled-coil interface became solvent exposed (Figure 3.8A and B). In addition,
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the N-terminal staple position (424-428, SP1) replaced serine and arginine residues in the wild
type sequence with the all-hydrocarbon staple, adding to the overall hydrophobicity of the

peptide.
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Figure 3.8. Coiled-coil stabilizing interactions in the RLIP76 RBD. A. Structure of the RLIP76 RBD (PDB: 2KW!I)
with residues forming interactions at the coiled-coil interface coloured in orange and shown as sticks. B.
Sequence of the RLIP76 RBD with interactions at the coiled-coil interface shown as lines. The residues replaced
by (S)-pentenylalanine to form a chemical staple in are starred (*). Residues are coloured as in A. C. Proposed
peptide sequence with engineered solubility. Glutamate and lysine residues are used to replace hydrophobic
residues, and were placed with i, i + 4 spacing to allow for the formation of helix stabilizing salt bridges. X, (S)-
pentenylalanine.

It was hypothesized that the solubility of the peptides could be improved by replacing
hydrophobic residues that did not contribute to binding with charged or polar residues. Four
hydrophobic residues that would normally be present in the coiled-coil interface were
replaced with alternating glutamate and lysine residues with i, i+4 spacing (Figure 3.8C). This

arrangement has been shown to allow the formation of helix-stabilizing salt bridges (191). It
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was deemed favourable to stabilize the helical conformation, as in several instances more
helical peptides have displayed tighter binding affinities due to a reduced entropic penalty on
binding, as had already been observed with peptides based on the RLIP76 RBD (125, 192). The
residues selected do not normally form interactions with Ral proteins, therefore their

replacement was unlikely to affect the affinity of the peptide.

Several peptides were synthesized as part of this work to investigate the effect of adding in
these solubilizing salt bridges to the properties of the peptides; the peptides produced are
listed in Table 3.4. For FAM-labelled peptides, a polyethylene glycol (PEG) linker was added
between the peptide sequence and the N-terminal fluorescein label to aid solubility and to
prevent the bulky tag from interfering with interactions made by the peptides. In addition to
the peptide containing the HLR mutations (HLR-sol), a second peptide containing only the
Q433L mutation was synthesized (L-sol). It had been found that increasing the number of
mutations in the RLIP76 RBD, including the E427H substitution, resulted in increased off-
target binding to K-Ras (see section 2.9), therefore it was anticipated that the L-sol peptide
would display better selectivity towards Ral proteins. The resulting peptides were highly

soluble in water (> 3 mM).
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Table 3.4. Peptides synthesized for investigations of solubilizing mutations. SP1 (Eurogentec) is included in the table for sequence

comparison.
Peptide Sequence? Expected masses® Masses found® I_%etentlf)n Purity (%)°
name time (min)¢
SP1  FAM-LXKEEXLWEVQRILTALKRKLREA
HLR-sol FAM-PEG- MW —3587.2
LXKEHXLWEELRIKTAERRKKREA 1794.6/1196.7/897.8/718.4 1196.7/897.8/718.4 4.6 99
L-sol FAM-PEG- MW —3551.1
LXKEEXLWEELRIKTAEKRKKREA 1776.6/1184.7/888.8/711.2 1184.7/888.7/711.2 5.0 97
WT-sol LXKEEXLWEEQRIKTAEKRKKREA MW — 3048.6
1525.3/1017.2/763.2/610.7 1525.2/1016.9/763.1/610.8 3.9 71
WA430A- LXKEEXLAEVQRILTALKRKLREA MW - 2857.5
hyd 1429.7/953.5/715.4/572.5 1429.6/953.3/715.2 6.9 82
WA430A- LXKEEXLAEEQRIKTAEKRKKREA MW — 2933.7
sol 1467.7/978.8/734.4/587.7  1467.6/978.7/734.3/587.8 3.7 94
HLR-hyd LXKEHXLWEVLRILTALRRKLREA MW —2993.7
1497.9/998.9/749.4/599.7 998.8/749.3/599.6 7.0 73

@ Sequence variations from the wild type sequence for improving affinity are underlined, while solubilizing mutations are coloured blue and are shown in bold. X,
(5)-pentenylalanine; FAM, 5-carboxyfluorescein; PEG, polyethylene glycol linker.
bExpected and observed masses from LC-MS analysis. Masses are in the form m/z (mass/charge number).
¢Retention times and purity assessed by analytical HPLC



A soluble peptide lacking the HLR mutations was also synthesized (WT-sol) to assess whether
these mutations improve binding of the soluble peptides. Soluble and hydrophobic versions
of peptides with Trp430 mutated to alanine (W430A-sol and W430A-hyd) were also produced
to be used as negative control peptides, as this tryptophan residue has been shown to be

critical for binding Ral proteins in the context of the RLIP76 RBD (181).

3.5.1 Peptide synthesis

The peptides were synthesized using Fmoc-based solid-phase synthesis. Synthesis
commenced from the C-terminus using an automated synthesizer for all proteinogenic amino
acids. (S)-pentenylalanine was added using manual coupling reactions, as this residue is more
sterically hindered than the proteinogenic amino acids due to the additional methyl group at
the Ca position (Figure 3.9A) and was therefore expected to be coupled less efficiently. The
manual couplings were carried out with a more powerful activator (hexafluorophosphate
azabenzotriazole tetramethyl uranium, HATU) than is used with the automated synthesis to
enhance the reaction efficiency. Residues directly following (S)-pentenylalanine were triple-
coupled using the automated synthesizer to ensure efficient coupling to the hindered amino
acid. Once the N-terminal leucine residue was reached, a Grubbs ring-closing metathesis was

carried out to covalently link the two (S)-pentenylalanine residues (Figure 3.9B).

Fl’Cy:s
Clpu—
cl” |

PCy3
Grubbs ring-
= closing
metathesis

(S)-pentenylalanine

Figure 3.9. Incorporation of all-hydrocarbon peptide staples. A. Structure of (S)-pentenylalanine, the amino
acid used to form the all-hydrocarbon staple. B. Grubbs ring-closing metathesis uses a Ruthenium catalyst to
enable formation of covalent bonds between the two olefin-containing residues.
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Following the ring-closing metathesis, a small-scale test cleavage followed by LC-MS analysis
was used to check the quality of the crude product and the efficiency of the stapling reaction.
After confirmation that the desired product was present, PEGylation was carried out using
automated synthesis, followed by a manual coupling of 5-carboxyfluorescein (FAM). The
colour of the resin after washing was used as an indicator of effective FAM-labelling. The
finished peptide was cleaved from the resin and purified using reverse phase HPLC (Figure
3.10A). Fractions were analysed by LC-MS to identify those containing the desired peptide
mass. Fractions containing the desired peptide at high purity were pooled and analysed by
analytical HPLC and LC-MS (Figure 3.10B and C). The purified peptides were lyophilised for

later use.
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Figure 3.10. Purification of stapled peptides. A. HPLC trace of L-sol peptide crude mixture. The MS profile (inset)
corresponds to the material found within the peak at 2.17 mins indicated by (*). B. HPLC trace of L-sol peptide
following purification by reverse phase HPLC. The MS profile (inset) corresponds to the area surrounding the
peak at 2.06 mins indicated by (*). C. Analytical HPLC trace of the purified L-sol peptide.
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3.5.2 Binding of L-sol and HLR-sol to Ral proteins

The affinity of the soluble peptides HLR-sol and L-sol for Ral proteins was measured using
fluorescence polarization. The results are shown in Figure 3.11, and the affinities obtained are

listed in Table 3.5.
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Figure 3.11. Binding of soluble peptides to Ral proteins. FP data for direct binding of 20 nM FAM-labelled L-sol
(dashed lines) and HLR-sol (solid lines) to varying concentrations of RalA*GMPPNP (red) or RalB°‘GMPPNP (blue).
Data were fitted to a single-site binding model using non-linear regression analysis in GraphPad Prism, and the
K4 values measured are listed in Table 3.5. mP, millipolarization units. n = 3.

Table 3.5. Affinities of soluble peptides for RalA and RalB measured by FP.

Peptide Sequence?® K4 RalA (uM)® K4 RalB (1M)®
HLR-sol FAM-PEG- 16.6+1.3 21.1+1.8
LXKEEXLWEEERIKTAEERKKREA
L-sol FAM-PEG- 19.6 +3.9 24.4+5.0

LXKEEXLWEELRIKTAEKRKKREA
2Sequence variations from the wild type sequence for improving affinity are underlined, while solubilizing
mutations are coloured blue and are shown in bold. X, (S)-pentenylalanine; FAM, 5-carboxyfluorescein; PEG,
polyethylene glycol linker.
bResults from 3 independent experiments, error shown is from curve fitting.

The HLR-sol and L-sol peptides both bound with a very similar affinity to Ral proteins. This
reflects observations made with the RLIP76 RBD, where the E427H/Q433L/K440R mutant
bound RalB with a K4 of 96 nM, while the Q433L only mutant had a very similar Kq of 111 nM
(section 2.7). The measured affinities were also very similar for RalA and RalB, which was

expected as the Ral proteins are 100% identical in the region which the RLIP76 RBD, the
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domain the peptides are based on, binds. Taken together these observations suggested that
the peptides were binding the Ral proteins at the intended effector-binding site, as the same

trends were observed using the mutant RBDs for which the binding site is known.

Notably, the peptides bind Ral proteins with affinities far lower than the corresponding RLIP76
RBD e.g. the HLR-sol peptide has a Kq of 21 uM for RalB, while the HLR mutant RBD has a Kgy
of 96 nM (section 2.7). While these values have been obtained from different assays, the
difference is considerable. The peptides are based on the single a2 helix of the RLIP76 RBD
and lack the a1 helix, which is known to contain some key residues for binding to Ral proteins:
Campbell et al. showed previously that mutation of Leu409 or His413 to alanine, ablates
binding to Ral proteins (181). The reduced binding of the peptides compared to the RLIP76
RBD could therefore be attributed to the absence of these key residues. It is also possible that
a loss of helical secondary structure in the peptides compared to the RBD could result in a

loss of binding.

3.6 Estimation of peptide helical content

Increased helical content of stapled peptides is thought to increase binding affinity by
reducing an entropic loss upon binding (192). The helical content of the peptides used in this

study was assessed using circular dichroism (CD) and the results are shown in Figure 3.12.
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Figure 3.12. Circular dichroism spectra of selected peptides. CD spectra were measured over the wavelengths
260-185 nm and the reported percentage helicity (%) was estimated by the CDSSTR method and reference set 3
using Dichroweb (183-185).

The data demonstrated that introduction of a hydrocarbon staple bridging residues 424 and
428 increased the helicity of the peptide from 46% (non-stapled) to 67% (SP1), demonstrating
the utility of all-hydrocarbon stapling to increase helical secondary structure, as has been
shown by many others previously (137). However, the introduction of the four solubilizing
mutations (WT-sol) reduces the helicity to a similar level to the non-stapled helix,

demonstrating a disruption in the secondary structure.

The solubilizing mutations were inserted so that they could form two Glu-Lys salt bridges,
with the aim of stabilizing a helical conformation. However, these residues replaced
hydrophobic residues that could have formed helix-stabilizing interactions with several other
residues in the sequence. Creamer and Rose have calculated energetic contributions for all
hydrophobic residue combinations at i, i + 3 and i, i + 4 spacings (193), and the values for the
pairs of residues identified in SP1 are shown in Figure 3.13. They also looked at the effect of
having three leucine residues at regular spacings in the peptide sequence, e.g. i,i+3,i+ 7,
and found that the favourable, helix-stabilizing interactions formed were greater than the
sum of their parts. This is likely to also be true for other hydrophobic residues, therefore the

helical conformation of SP1 is potentially supported by the network of hydrophobic
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interactions on the non-binding surface of the peptide. When the solubilizing mutations were
introduced, the possibility of forming any of the hydrophobic interactions was removed
(Figure 3.13), therefore a loss of helicity is observed despite the helical stabilization

potentially provided by Glu-Lys salt bridges (191).
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Figure 3.13. Possible hydrophobic interactions within the SP1 peptide. i, i + 3 interactions are indicated by red
dashed lines, while i, i + 4 interactions are shown as blue dashed lines. Numbers above the lines correspond to
the AE values in kcal mol™? for specific interactions calculated by Creamer and Rose using model peptides (193).
The solubilizing mutations in WT-sol are coloured in blue. X, (S)-pentenylalanine; Fam, 5-carboxyfluorescein.

The introduction of the HLR mutations into the peptide to improve affinity for Ral proteins
also reduced the helicity of the peptide (50% HLR-SP1 vs 67% for SP1), giving rise to a trace
similar to the non-stapled peptide. It is possible therefore that the binding of the peptides to
Ral proteins could be improved if the helicity of the peptides was increased e.g. by re-
optimization of the staple length and position for the HLR mutated sequence or by

introduction of a second staple.

3.7 Role of the RLIP76 RBD a1 helix in binding

It was noted in section 2.1 that certain residues in the RLIP76 RBD that contact RalB lie on the
al helix. As the lead stapled peptides based on the RLIP76 RBD only contain the a2 helix
residues, we wanted to assess the importance of the al helix for binding to Ral proteins.
Therefore, the key hotspots on this helix were mutated to alanine: Leu409 and His413 were
selected for mutation as it has been shown previously that replacement of either residue with
alanine decrease binding to Ral proteins by at least 10-fold (181). The L409A/H413A
mutations were added into the wild-type and HLR mutant RBDs and the proteins were

prepared as described in section 2.3. The binding of these mutant RLIP76 RBDs to RalA was
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measured using competition SPAs. The results are shown in Figure 3.14 and the calculated

affinities are listed in Table 3.6.
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Figure 3.14. Binding of RBD constructs with key al helix residues mutated to alanine. Increasing concentrations
of the indicated RBDs were titrated into fixed concentrations of [*H]GTP-RalA and His-tagged wild-type RLIP76
RBD in competition SPAs. The data were fitted to an isotherm describing a pure competition model as described
previously to give an apparent Ky (Ki) values for the competing species (see Table 3.6) (182).

Table 3.6. Affinities of mutant RBDs for RalA measured by competition SPA.

RLIP76 RBD Sequence Kq RalA (pM)?
, GPLGSETQAGIKEEIRRQEFLLNSLHRDLOGGIKD
- +
Wild-type LSKEERLWEVQRILTALKRKLREA 0.128+0.010
GPLGSETQAGIKEEIRRQEFLANSLARDLOGGIKD
e +
L409A/HAL3A LSKEERLWEVQRILTALKRKLREA 16.1£3.1
HLR GPLGSETQAGIKEEIRRQEFLANSLARDLQGGIKD 1504017
L409A/H413A LSKEHRLWEVLRILTALRRKLREA R
GPLGSETQAGIKEEIRRQEFLLNSLHRDLQGGIKD .\
HLR LSKEHRLWEVLRILTALRRKLREA 0.005+0.003

2@ Results from two independent experiments. The mean Ky values and standard errors from curve fitting are
shown.

Mutating both Leu409 and His413 to alanine resulted in a dramatic decrease in affinity for
RalA, with a 120-fold decrease in the wild-type background (139 nM vs 16.6 uM) and a 280-

fold decrease in the HLR mutant background (5 nM vs 1.42 uM), demonstrating the
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importance of these contacts for binding to Ral proteins. The L409A/H413A RBD should reflect
the maximal binding of a peptide based on the a2 helix, as the coiled-coil domain constrains
this helix in an entirely helical conformation, while the isolated peptide can suffer from a loss
of helicity due to the lack of supporting structure which would likely result in a decreased

binding affinity.

The secondary structures of the L409A/H413A RBD mutants were assessed by CD to check
whether the observed reductions in affinity were due to a loss of binding contacts or a
disruption of the coiled-coil structures. The results from the CD analysis are displayed in Figure

3.15.
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Figure 3.15. Secondary structure of RLIP76 RBDs with key al helix residues mutated to alanine. CD spectra of
the wild-type RLIP76 RBD and L409A/H413A RBD mutants were measured over the wavelengths 185-260 nm
with a protein concentration of 0.2 mg ml™. The calculated helicities and ratios of the mean residue ellipticities
(B) at 222 and 208 nm ([8]222/[8]208) are shown in the inset. The reported percentage helicity (%) was estimated
by the CDSSTR method and reference set 3 using Dichroweb (183-185).

The measured helicities of the L409A/H413A mutants were near identical to the wild-type
RBD (86-88%). The [0]222/[0]20s ratios, which are an indicator of coiled-coil content, also did
not change appreciably when the L409A/H413A mutations were added, with a value of 1.01
for the wild-type RBD and 1.00 for the mutant RBDs, indicating that the coiled-coil structure

is not disrupted upon addition of these mutations. It appeared, therefore, that the reduced
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affinities of the L409A/H413A mutants were due to the side chain interactions that were lost,

indicating that the al helix of the RLIP76 RBD plays a critical role in binding to Ral proteins.

3.8 Peptide selectivity

In order to assess the selectivity of the soluble peptides for Ral proteins, the binding of HLR-
sol and L-sol to a panel of small GTPases was measured by fluorescence polarization. K-Ras
was included in the experiment as the Ras proteins are found in the same family as the Ral
proteins and are therefore very similar. All the small GTPases were studied in their active form
(see section 3.4.1). The results are presented in Figure 3.16, and the Ky values determined are
listed in Table 3.7. The peptides demonstrated impressive selectivity for Ral proteins, with

barely detectable binding to any of the other small GTPases tested.
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Figure 3.16. Binding of HLR-sol and L-sol to a panel of small GTPases. FP data for direct binding of 20 nM FAM-
labelled HLR-sol (A) and L-sol (B) to varying concentrations of the indicated small GTPases. Data were fitted to a
single-site binding model using non-linear regression analysis in GraphPad Prism. mP, millipolarization units. n =
3 for all conditions except for K-Ras, n = 2.

Table 3.7. Binding of HLR-sol and L-sol peptides to a panel of GTPases measured by FP.

GTPase K4 HLR-sol (uM)?  Kq L-sol (uM)?
RalA-GMPPNP 16.6 + 1.3 19.8 + 3.9
RalA-GDP NB NB
RalB-GMPPNP 211+18 24.4+5.0
K-Ras:GMPPNPP NB NB
RhoA-GMPPNP NB NB
Rac1-GMPPNP NB NB

2 Results from three independent experiments, the mean Ky values and standard errors are listed. NB, no binding.
b Results from two independent experiments.
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To effectively block Ral signalling, the peptides are required to target the active, GTP-bound
form of Ral, as this is the state in which the effector proteins bind. It would be undesirable to
also hit the inactive, GDP-bound form of Ral as this would reduce the effective concentration
of peptide in the cell, reducing the effectiveness of inhibition. The Ral proteins used in this
study so far were produced with a Q72L mutation to minimise hydrolysis of the bound
nucleotide and the bound nucleotide had been exchanged for GMPPNP, a very slowly-
hydrolysable analogue of GTP, to ensure that the protein being studied was in its active
conformation. To generate GDP-bound RalA, a wild-type construct was used (residues 1-184).
After protein purification, analysis of the bound nucleotide revealed that the protein was
mostly GDP-bound. The protein was incubated at room temperature overnight to allow

complete hydrolysis of remaining GTP to GDP, which was confirmed by HPLC.

The binding of HLR-sol and L-sol to active and inactive RalA was assessed by fluorescence
polarization. The results are shown in Figure 3.17 and Table 3.7. The peptides showed no
measurable binding to the GDP-bound form of RalA, indicating that they are likely binding the
switch regions of Ral, as these regions are most sensitive to the nucleotide status of the

protein.
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Figure 3.17. Selectivity of HLR-sol and L-sol for GMPPNP-bound RalA. FP data for direct binding of 20 nM FAM-
labelled HLR-sol (A) and L-sol (B) to RalA-GDP and RalA-GMPPNP reveal that both peptides display selectivity for
the active form of the GTPase. Data were fitted to a single-site binding model using non-linear regression analysis
in GraphPad Prism, and the results are listed in Table 3.7. mP, millipolarization units. n = 3.

3.9 Inhibition of Ral-effector interactions

For the peptides to inhibit Ral signalling, it is essential that they bind at the same site as the
effector proteins and can disrupt Ral-effector interactions. Experiments to assess the ability
of the peptides to disrupt multiple Ral-effector interactions were carried out and are

described in the following sections.

3.9.1 Disruption of Ral-effector complexes by soluble peptides

To assess whether the peptide could compete for Ral-effector interactions in vitro, SPA
competition experiments were performed. In these assays, increasing concentrations of

peptide were titrated into immobilised Ral-effector effector complexes to see whether
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disruption of the complex was observed, indicating competitive binding of the peptide. The
effector proteins RLIP76 and Sec5 were immobilised in this assay and the binding of the
peptides were measured. The wild-type RBD was included in these experiments as an internal

control. The results are shown in Figure 3.18, and the K4 values obtained are listed in Table

3.8.
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Figure 3.18. Disruption of Ral-effector complexes by HLR-sol and L-sol. Increasing concentrations of the
indicated peptides were titrated into fixed concentrations of [*H]GTP-RalA and His-tagged wild-type RLIP76 RBD
(A) of GST-Sec5 RBD (B) in competition SPAs. The data were fitted to an isotherm describing a pure competition
model as described previously to give an apparent Ky (Ki) values for the peptides (see Table 3.8) (182).

Table 3.8. Binding of stapled peptides and the RLIP76 RBD to RalA in SPA competitions.

K+ RLIP76-Hi K4 GST-Sec5
Competitor con: etition- ( Isl\sll)a competition
p K (LM)?
HLR-sol 2.97+0.29 1.74 £ 0.15
L-sol 3.09+0.32 1.81+0.14
wt-sol 48.6+7.7 NDP
W430A-sol >100 ND
RLIP76 RBD 0.096 £ 0.017 0.115 £ 0.030

2 Results from two independent experiments. Mean Ky values and curve fitting errors are shown.
® ND — not determined.
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The soluble peptides, HLR-sol and L-sol, were able to compete with the RLIP76 RBD and Sec5
RBD for binding to RalA, demonstrating that the peptides bind at a site that overlaps with the
binding sites for both of these effector proteins. The Kq values for the peptides measured in
the competition SPAs are around 10-fold tighter than those measured by FP. Kq values
measured using SPAs were considerably tighter than those measured by ITC experiments e.g.
100 nM vs 2 uM for the wild-type RLIP76 RBD as has been observed previously (125, 181).
This demonstrates the necessity to use multiple methods to measure the interaction affinities

and suggests that extrapolation between different assay types should be avoided.

The HLR-sol and L-sol peptides bound Ral proteins around 10-fold weaker than the wild-type
RLIP76 RBD. The reduced affinity compared to the native binding partner suggests that a
relatively high concentration of peptide would need to be delivered to the cytosol to observe
inhibition of the complexes in vivo, requiring low toxicity and high cellular permeability of the

sequence.

The soluble peptide lacking the HLR mutations (WT-sol) bound much more weakly than the
HLR-sol and L-sol peptides, indicating that the presence of the HLR and L mutations are
improving binding to Ral proteins, as was observed for the same mutations in the context of
the RLIP76 RBD (section 2.7), giving further evidence that the peptides are binding in a similar

manner to the RBD.

The W430A-sol peptide was designed as a negative control: a tryptophan residue known to
be critical for binding to Ral proteins (Trp430 in the RBD) (181) was mutated to alanine to
ablate binding. This peptide bound very weakly to RalA in SPA competitions (K¢ > 100 uM) and

was therefore considered to be a suitable negative control for future experiments.

3.9.2 Disruption of Ral-effector complexes in mammalian cell lysates

The ability of the soluble peptides to disrupt Ral-effector complexes in a mammalian cell
lysate was next assessed using co-immunoprecipitation experiments. Either V5-tagged RalB
Q72L alone, or RalB and flag-tagged RLIP76 were transfected into HEK293T cells and RalB
containing complexes were immunoprecipitated using an anti-V5 antibody. The presence of
RLIP76 was probed using an anti-flag antibody and Sec5 was detected using an antibody for

the endogenous protein. The results are shown in Figure 3.19. It was possible to detect flag-
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tagged RLIP76 and endogenous Sec5 in complex with RalB. Addition of increasing amount of
HLR-sol and L-sol peptide into the cell lysates decreased the amount of RLIP76 and Sec5 that
co-immunoprecipitated with RalB (Figure 3.19A, B, D and E). This clearly demonstrates that
the peptides and effector proteins share a common binding site on RalB and that the peptides
have selectivity for RalB proteins, as they can bind in a complex cell lysate with all other

proteins present.

116



V5 immunoprecipitation

A WCL

HLR-sol (uM)

|

RalB/RLIP76
GFP only
GFP

5 10 20 40 80

o

flag-RLIP76

V5-RalB

B we

L V5 immunoprecipitation
O
~

>~ &

c =z L-sol (uM)

o

o &

5 10 20 40 80

GFP
o

180
130

100
7

flag-RLIP76

35
25

V5-RalB

II

C WCL

V5 immunoprecipitation

W430A-sol (uM)

|

RalB/RLIP76
GFP only

o

G 0 5 10 20 40 80
180
130 flag-RLIP76
100
70
35

V5-RalB

25

WCL V5 immunoprecipitation
>

€ 2 HLR-sol (UM)

o ©

o % o —————
L 0 [

o > © 0 5 10 20 40 80

Sec5

35 V5-RalB

25

WCL V5 immunoprecipitation

>

c 2 L-sol (uM)

o @©

w wn [T

o0 > ® 0 5 10 20 40 80
180
100
35

V5-RalB

25

WCL V5 immunoprecipitation

e

c — W430A-sol (uM)

o ]

g 5 & ———

o > © 0 5 10 20 40 80

Figure 3.19. Disruption of Ral-effector complexes by second-generation stapled peptides in a mammalian cell
lysate. A-C. The indicated concentrations of HLR-sol (A), L-sol (B) and W430A-sol (C) stapled peptides were added
to HEK293T cell lysates transfected with GFP only or V5-tagged RalB Q72L and flag-tagged RLIP76 24 h prior to
lysis. Beads coated with an anti-V5 antibody were added to the lysate mixture to precipitate RalB and any bound
proteins. The presence of RalB and bound RLIP76 was assessed by probing with anti-flag (RLIP76) and anti-V5
(RalB). D-F. Co-immunoprecipitations were performed as above without flag-RLIP76 transfection with the
indicated concentrations HLR-sol (D), L-sol (E) and W430A-sol (F) stapled peptides. The presence of RalB and
bound Sec5 was assessed by probing with anti-Sec5 and anti-V5 (RalB). The results are representative of at least
two independent repeats. WCL, whole cell lysate. Images split by a vertical grey line are composite images made

up of different exposures.
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The co-immunoprecipitation experiment was also carried out in the presence of the W430A-
sol peptide, which was designed as a negative control peptide and displays very weak binding
to Ral proteins (Figure 3.19C). The W430A-sol peptide was not able to disrupt Ral-effector
complexes in the concentration range tested, indicating that the inhibition is due to a specific

binding event, and that the peptides bind in an analogous manner to the RLIP76 RBD.

3.10 Mapping the peptide binding site by NMR

Data from the SPA competition and co-immunoprecipitation experiments indicated that the
HLR-sol and L-sol peptides were binding at the effector-binding site on Ral. In order to
establish the specific binding site of the HLR-sol peptide, an NMR titration with >N-labelled

RalB and increasing amounts of unlabelled peptide was carried out.

5N-labelled RalB Q72L was produced using M9 minimal media supplemented with 1>NH4Cl as
a Hisip-tagged construct from pET16b as described in the methods. The bound nucleotide was
exchanged for GMPPNP prior to use and the exchange efficacy was confirmed by HPLC

analysis.

Initially, an HSQC spectrum of the °>N-labelled RalB alone was recorded. In this spectrum, a
peak arises for each N-H group in the labelled protein e.g. backbone amides for all residues
except proline and side chain N-H groups in arginine, asparagine, glutamine and lysine
residues. Subsequent HSQC spectra were recorded with increasing concentrations of
unlabelled ligand (peptide) until a saturated complex was reached, as evidenced by a lack of
any further shifted peaks between spectra. Upon binding of the ligand, residues that are
proximal to the binding site of the ligand experience chemical shift perturbations (CSPs) due
to a changing chemical environment experienced by the residue, causing the position of the
peak in the HSQC to change. In this way, residues that are involved in ligand binding can be
identified. The HSQC spectra of °N-labelled RalB alone and after the addition of two molar

equivalents of peptide are shown in Figure 3.20.
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Figure 3.20. 'H,">N HSQC NMR spectra of 15N-labelled RalB alone (blue) and after the addition of two
equivalents of HLR-sol (red). Experiments were recorded on a Bruker 800 MHz spectrometer. Many peaks have
shifted upon addition of the peptide, corresponding to residues that are part of, or proximal to, the binding site
of the peptide.

Several peaks have changed position between the two spectra, indicating binding of the

ligand. After the addition of two molar equivalents of peptide, no further shifts were observed

and the complex appeared to be saturated. At intermediate points in such a titrationi.e. when

the complex is not saturated, the appearance of the spectra depends on the rate of exchange

between the free and bound forms of the labelled protein, which is determined by the affinity

and kinetics of the interaction. The exchange regimes are depicted in Figure 3.21. When the

ligand has a high affinity for the labelled protein, the off rate (koff) is often slower than the

timescale of the experiment (typically ms) therefore the protein is observed in either the free

or the bound state at ratios relating to the concentration of the ligand: this is known as slow

exchange and is observable as a disappearance in the peak corresponding to the free protein,

and the appearance of a peak for the bound protein (194). For lower affinity ligands, the

interaction kinetics result in the ligand exchanging on and off the protein multiple times

during the timescale of the experiment: this is known as fast exchange, and the peak appears
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as an average result of these positions, which shifts closer to the bound position as the
concentration of ligand is increased. There is a third exchange regime, known as intermediate
exchange, which exists between the two timescales already discussed. This exchange regime
results in the shifting and broadening of peaks, often leading to a disappearance of the peak

at intermediate titration points before reappearance at the bound position.

Free Bound

Slow exchange

I
: Intermediate
I
|

ﬂ exchange
|
[
[
[
[

—/—'__\7

Fast exchange

I
I
I
I
I
I
I
I
I
L
I
I

Figure 3.21. Exchange regimes observed in NMR. During fast exchange, the binding and release of the ligand
occurs on a shorter timescale than the NMR experiment, therefore an intermediate form of a peak is observed,
with the signal being averaged across the free and bound states. As the concentration of ligand is increased, the
peak moves further towards the bound state. In slow exchange, the ligand comes on and off the protein much
slower than the timescale of the experiment, therefore the protein is observed in either the free or the bound
form and the population of each state is determined by the concentration of the ligand present. Intermediate
exchange is somewhere between the two exchange regimes: as the ligand concentration increases, peaks
corresponding to the free and bound forms broaden and shift, sometimes resulting in disappearance of an
observable peak.
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Assignments for the free and RLIP76 RBD bound forms of RalB have been published previously
(195, 196), and were used to assign the free RalB spectrum in this experiment. The spectrum
of RalB in complex with the HLR-sol peptide was assigned by analysing intermediate points of
the titration to determine the direction of peak movement and using the RLIP76 RBD complex

assignments for comparison.

The complex appeared to be in intermediate exchange, as throughout the titration peaks
disappeared while shifting to a new position before reappearing in a different location. For
many residues e.g. Val165, GIn153 and Leu30 (Figure 3.22A and B), the movement of the
peaks could be easily tracked by following the movement of the peak using intermediate
points of the titration, which were visible despite a reduction in intensity for the middle
points. For other residues e.g. Met35 and Tyr 36, no peaks were visible for the intermediate
points of the titration (Figure 3.22C and D), however peaks appeared for the saturated
complex at positions very similar to those observed in the RLIP76 RBD complex, therefore

these peaks are likely to correspond to those same residues.
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Figure 3.22. Sections of 'H,*>N HSQC NMR spectra showing selected peak shifts from the titration of HLR-sol
into *N-labelled RalB. The peaks are coloured as follows; red, free RalB; orange, 0.25 molar equivalents (eq)
HLR-sol; yellow, 0.5 eq HLR-sol; green, 1.0 eq HLR-sol; blue, 1.25 eq HLR-sol; purple, 2 eq HLR-sol. A + B. The
movement of peaks corresponding to Vall65, GIn153 and Leu30 can be followed using intermediate points of
the titration. The middle points (yellow) show a reduction in intensity that is indicative of an intermediate
exchange regime. C + D. Met35 and Tyr36 do not have peaks at intermediate time points by which their
movement can be tracked. Assignments from the previously determined RalB/RLIP76 RBD complex (grey) were
instead used to identify the end-point position of these peaks.

The distances that the backbone amide peaks of RalB shifted are plotted in Figure 3.23A.
Some peaks could not be traced as they had shifted too far from their original position for
reliable assignment; these peaks have been given an arbitrary assignment of 0.3 ppm and are
coloured in grey in the bar chart. Data is missing for multiple residues, including those for
residues 43-50; these residues make up part of switch I, a region that is flexible in the free
form of the protein. This flexibility means that no peaks are visible in the free spectrum for
these residues due to conformational averaging, therefore no shift differences could be
assigned. Several of these peaks did however appear in the complex spectra, where the

residues exist in a more fixed conformation.
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The residues corresponding to the peaks that shifted furthest were mapped onto the
structure of RalB and are shown in Figure 3.23B. This revealed a localized region of affected

residues, which is likely to represent the binding site of the peptide.
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Figure 3.23. Chemical shift perturbations for RalB after addition of HLR-sol peptide. A. Chemical shift distances
for backbone amides of RalB after addition of two equivalents of HLR-sol peptide. Peaks that have shifted too
far to be reliably assigned have been given a chemical shift distance of 0.3 ppm and are shown in grey. Some
switch region residues are missing from the free RalB spectrum due to their conformational flexibility, therefore
shift distances cannot be assigned, and no bar is shown. 0.06 ppm marks the average chemical shift, and 0.13
ppm is the average plus one standard deviation. Y = 0.06 and 0.13 are marked by dotted lines. B. Residues with
the largest chemical shift distances mapped onto the surface of RalB (PDB: 2KWI). Shifts greater than 0.13 ppm
are displayed in red and those greater than 0.06 ppm are displayed in orange, switch | residues are coloured
blue, and switch Il residues are coloured purple.

The shifts were also mapped onto the known Ral-effector complex structures to determine
whether the binding site of the peptide was likely to overlap with the effector binding sites.

The results are shown in Figure 3.24. The shift mapping revealed significant overlap between
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the binding site of the peptide and the Ral effectors, Sec5 and RLIP76. There was less overlap
observed with the binding site of Exo84, though there were some residues that appeared to
be shared with the two binding sites. Exo84 predominantly makes contacts with switch |, a
region that could not be analysed in the titration due to the flexibility. The peptide likely also
makes contacts with this region as it appears to bind in an analogous manner to the a2 helix
of the RLIP76 RBD and therefore the overlap between these binding sites is likely greater than

it appears in this analysis.

Figure 3.24. Residues shifted on Ral upon addition of an excess of the HLR-sol peptide, mapped onto Ral-
effector complex structures. Structures of Ral with RLIP76 (A, PDB:2KW!I), Exo84 (B, PDB:1ZC3) and Sec5 (C,
PDB:1UAD) are shown, with residues that displayed shift distances greater than 0.13 ppm shown in red, and
those greater than 0.06 ppm shown in orange, switch | residues are coloured blue, and switch Il residues are
coloured purple.

3.11 Cellular entry of stapled peptides

In several instances, adding an all-hydrocarbon staple into a peptide sequence has been

shown to aid cellular penetration; the overall properties governing cell penetration have been
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investigated, and while the findings do not apply to all stapled peptides, it has been observed
that properties including a net positive charge and amphipathic helix correlated with
improved cellular entry (138, 163). It has also been observed that increasing net
hydrophobicity correlates with improved cellular uptake: Sakagami et al. found that peptides
containing the olefin-containing amino acids used for chemical stapling had greater cellular
uptake before the Grubbs ring-closing metathesis to form the chemical staple had occurred,

which they attributed to the more hydrophobic nature of the peptides pre-stapling (164).

3.11.1 Assessment of cell entry with confocal microscopy

The lead peptide identified in the study prior to the work presented here was able to enter
cells, as confirmed using confocal microscopy (125). The ability of the matured HLR-SP1
hydrophobic peptide to enter cells was investigated using live cell confocal microscopy in
which the peptide was visualised using the fluorescein label. HEK293T cells were seeded 24 h
prior to imaging and 1 uM peptide was added to the media either three or six hours prior to
imaging. Dextran (10,000 MW average) was also added to the cells as an endosomal marker.
Immediately prior to imaging, the cells were washed with PBS to remove non-internalized
peptide and clear cell culture media was added to aid imaging. The resulting images are

shown in Figure 3.25.
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Figure 3.25. Entry of HLR-SP1 into cells. FAM-labelled HLR-SP1 (1 uM) and a dextran marker (Alexa Fluor™ 647,
10,000 MW) for endosomes were added to HEK293T cells for the time points indicated and cell entry was
assessed by fluorescent live cell confocal microscopy. Approximately 3-5 cells are pictured in each image.

The fluorescent peptide appeared as punctate dots inside the cells, indicating that the peptide
was present inside endosomes. No escape into the cytosol was observed in the timeframes
investigated. The presence of the peptides in endosomes was confirmed by co-localization
with the dextran marker, which has been shown to be retained in endosomes (197). A higher
concentration of peptide (10 uM) was also investigated, however this appeared to be toxic to

the cells and produced insoluble peptide aggregates (data not shown).

The ability of the HLR-sol and L-sol peptides to enter HEK293T cells was also investigated,
however no uptake of these peptides was observed (data not shown). This suggests that the
amphipathic nature of the HLR-SP1 helix or overall hydrophobicity of the peptide were
important for cell entry. In order to study the effects of the soluble peptides in cells, cell-

permeable sequences were therefore investigated to transport the peptides into cells.

3.11.2 Addition of cell-penetrating peptides to aid cell permeability

There are several options that can be used to transport peptides into cells, including

electroporation, lipid delivery systems and the addition of cell-permeable tags. Here, the use
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of cell-permeable peptide (CPP) tags was investigated as this approach has been used
successfully previously and their ability to transport peptides into cells is well established

(198).

Adachi et al. recently investigated a panel of well-known CPPs for cytosolic entry using a novel
approach in which luciferin was conjugated to the CPPs via a disulphide linkage (199). Upon
entry to the cytosol, the reducing environment causes the release of luciferin, which can then
be oxidised by a cytosolically-expressed luciferase, resulting in a luminescent signal. In this
study they also investigated a set of novel CPPs based on a viral protein sequence from
Influenza A. The CPPs that displayed best cytosolic penetrance were conjugated to a cyclic
peptide and their ability to transport the peptide cargo into the cell was assessed. They found
that an octaArg (R8) motif and a novel CPP termed PF5 transported the greatest amounts of
peptide into the cytosol. Therefore, these two CPPs were trialled and conjugated to our

peptide.

The peptides listed in Table 3.9 were synthesized following the same procedure described in
section 3.5.1 and the methods. A Gly-Ser flexible linker was included between the peptide
sequence and the CPP to minimise any impact of the CPP on the structure of the Ral-binding
peptide. The Q433L and K440R mutations were included in the sequence, however the E427H
mutation was omitted as this substitution was thought to reduce selectivity for Ral proteins.
A carboxyfluorescein (FAM) label was included at the N-terminus for visualisation of the

peptides using confocal microscopy.
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Table 3.9. Synthesis of CPP-conjugated peptides.

Peptide Expected Masses Rett?ntlo Purit
Sequence? n time
name masses found . y (%)
(min)
LR-R8 FAM-PEG- MW - 1244.1/ 5.3 88
LXKEEXLWEELRIKTAERRKKREA 4972.8 995.5/7
~GS-RRRRRRRR 1558.6/124  11.6
4.2/995.6/8
31.5/711.6
LR-PE5 FAM-PEG- MW — 1684.5/ 5.7 72
LXKEEXLWEELRIKTAERRKKREA 5051.9 1263.8/
~GS-TRVLKRWKLF 1685.0/126 1011.3/
4.0/1011.4/ 722.5
844.7/722.9

#Sequence variations from the wild type sequence for improving affinity are underlined, while solubilizing
mutations are coloured blue and are shown in bold. X, (S)-pentenylalanine; FAM, 5-carboxyfluorescein; PEG,
polyethylene glycol linker.

3.11.3 Cellular entry of modified peptides

The cellular entry of the CPP-conjugated peptides, LR-R8 and LR-PF5, was investigated using
confocal microscopy with fixed HEK293T cells and the results are shown in Figure 3.26. The
cells were treated with varying concentrations of peptides three hours before the cells were
washed with PBS, fixed with paraformaldehyde and imaged as described in the methods. In
these experiments, cells were fixed prior to visualisation to allow more conditions to be

analysed.
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LR-R8

LR-PF5

Figure 3.26. Cellular entry of CPP-conjugated peptides into cells. Peptides at the doses indicated were added
into HEK293T cell media 3 h prior to fixing with paraformaldehyde. Images were recorded using fluorescent
confocal microscopy. Representative images from three independent experiments are shown; Green,
fluorescein; blue, DAPI nuclear stain; red, phalloidin-alexa647 conjugate. Scale bars represent 50 um.

The R8-conjugated peptide displayed diffuse cytosolic staining at both concentrations tested,
along with some puncta suggesting endosomal localization. The PF5-conjugated peptide did
not show any cellular entry at 1 uM but did show entry in the 5 uM condition, however this
staining was punctate and no escape of peptide from endosomes into the cytosol was
observed. A longer incubation time of 6 h also did not show any cytosolic staining. Therefore,
the octaArg peptide appeared to be a better candidate to assess the cellular activity of the
peptides. Care must be taken, however, when analysing confocal images from fixed cells: it
has been shown previously that the fixing process can disrupt endosomes so that the peptides
appear to be cytoplasmic (200, 201). Therefore, phenotypic assays are required to confirm

that the peptides are able to reach their target within cells.

3.11.4 Binding of CPP-conjugated peptides to Ral proteins

After appending a CPP to the peptides it was necessary to re-test the binding to Ral proteins,
to assess whether the CPP had impacted the binding. Fluorescence polarization assays were

used to measure binding to the Ral proteins as described in section 3.4. During these
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experiments, the fluorescence intensity varied greatly throughout the titration when it should
stay relatively constant, indicating a change in chemical environment of the fluorophore. This
was likely due to non-specific binding to the plates. In an attempt to reduce this non-specific
binding, different amounts of Tween20 and BSA were added to the assay mix and the results

are shown in Figure 3.27.

LR-PF5
2004
= —— 0.01% T20, 0.2 mg ml'* BSA
£ -~ 0.1% T20, 0.2 mg ml* BSA
c
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Figure 3.27. Optimization of FP experiments for CPP-conjugated peptides binding to Ral proteins. FP data for
direct binding of 20 nM FAM-labelled LR-PF5 to RalA°‘GMPPNP in the presence of varying concentrations of
Tween20 (T20) and BSA. Data were fitted to a single-site binding model using non-linear regression analysis in
GraphPad Prism. mP, millipolarization units. n = 1.

At low concentrations of Tween20 (0.01%) no peptide binding to Ral proteins was observed,
however the fluorescence intensity varied significantly under this condition. At the higher
Tween20 concentration (0.1%) a binding curve was apparent, albeit with a very small assay

window.

In these experiments, the machine was calibrated using the peptide alone in 0.01% Tween20
and 0.2 mg mL™? BSA at 120 mP, and all three rows were read with this calibration. A drop in
starting fluorescence polarization was observed when the Tween20 concentration was
increased to 0.1%, suggested that the fluorophore was more mobile. This could indicate that
the Tween20 was preventing the peptide from sticking to itself or the plate and therefore was
more available to bind the target. An increase in polarization was observed when the BSA
concentration was raised to 1 mg mL?. This could indicate that the peptide is sticking to the
BSA, as this large protein (62 kDa) would cause an increase in polarization if bound to the
peptide. The 1 mg mL?! BSA condition loses polarization as the amount of RalA is increased,

suggesting that the peptide is then transferred from the larger BSA to the smaller Ral protein.
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The condition containing 0.1% Tween20 and 0.2 mg mL™* BSA appeared to be the best
condition, however the assay window observed was far smaller than has been seen
previously. Fluorescence polarization assays measure the difference in the rotational
diffusion of a fluorophore by measuring the difference between emitted parallel (]|) and
perpendicular (1) light following excitation with polarized light. When the ligand-conjugated
fluorophore binds a protein target, the rotational diffusion is altered, and this is measured by
a change in polarization. Therefore, the assay window is determined by the difference in
rotation between the free and bound ligand. The reduction in assay window, therefore, is
likely due to the increased size of the CPP-conjugated peptides, which will exhibit less
rotational diffusion than the peptides without a CPP. The CPPs are linear flexible extensions
and therefore will affect the rotation more than a compact folded structure of equivalent
molecular weight. To improve the assay window a larger binding partner could be utilised to

increase the rotational difference between the free and bound form of the peptide.

The Ral proteins used previously were produced as His-MBP fusions, followed by cleavage of
the MBP protein to produce tag-less Ral. To increase the size of the Ral protein, RalA was
purified with the MBP fusion protein attached. Instead of purifying the Ral protein on Ni-NTA
beads followed by enzymatic cleavage, the His-MBP-RalB fusion was purified on a Ni-NTA
column and eluted with imidazole. The fusion protein was purified further using size exclusion

chromatography and the bound nucleotide was exchanged for GMPPNP.

This MBP-RalA protein was used to assess binding of the CPP-conjugated peptides and the
results are shown in Figure 3.28. The fusion protein successfully increased the binding window
observed in the assay, however non-specific binding was still observed despite the presence
of Tween20, as evidenced by a linear slope rather than saturation. The binding was measured
in the presence and absence of BSA and no changes were observed, therefore BSA was
excluded from subsequent assays. Using MBP-RalA, both CPP-conjugated peptides bound
with a similar affinity to the HLR-sol peptide, demonstrating that the CPPs had not negatively

or positively impacted binding in vitro.
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Figure 3.28. Binding of HLR-sol and CPP-conjugated peptides to MBP-RalA. FP data for the direct binding of 20
nM FAM-labelled HLR-sol (upper left), LR-R8 (upper right) and LR-PF5 (lower) to MBP-RalA. All conditions
contained 0.1% Tween20. n = 3, and all individual results are displayed. Data were fitted to a single-site binding
model using non-linear regression analysis in GraphPad Prism. Kyg HLR-sol = 9.84 + 1.44 uM, K4 LR-R8 = 4.34 +
2.31 uM, K4 LR-PF5 =4.86 + 3.17 uM. mP, millipolarization units.

The binding of CPP-conjugated peptides was also assessed using co-immunoprecipitation
assays to compare the competitive binding of HLR-sol, LR-R8 and LR-PF5 in a mammalian cell
lysate. The assay was set up as described in section 3.9.2, with the peptides added into the

cell lysates during incubation with anti-V5 coated beads. The results are shown in Figure 3.29.
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Figure 3.29. Disruption of RalB-RLIP76 complexes by CPP-conjugated peptides in cell lysates. The indicated
concentrations of HLR-sol, LR-R8 and LR-PF5 were added into HEK293T cell lysates that had been transfected
with flag-RLIP76 and V5-RalB Q72L 24 hours prior to lysis. Beads coated with an anti-V5 antibody were added to
the lysate mixture to precipitate RalB and any bound proteins. The presence of RalB and bound RLIP76 was
assessed by probing with anti-flag (RLIP76) and anti-V5 (RalB). Densitometry values quantifying the ratio of
RLIP76:RalB relative to the no peptide condition are displayed underneath the corresponding condition. The
result shown is representative of two independent experiments. WCL, whole cell lysate.

Both CPP-conjugated peptides appeared to inhibit the RalB-RLIP76 interaction to a lesser
extent than the HLR-sol sequence. However, it was noted during the experiment that the CPP-
conjugated peptides precipitated at high concentrations. This was particularly evident for the
LR-R8 peptide, which is the likely reason that this peptide appeared to inhibit Ral-effector
interactions to a lesser extent. Therefore, the concentrations of the peptides in the lysates
could not be reliably estimated and this would affect their apparent ability to disrupt the RalB-
RLIP76 interaction.

3.11.5 Co-immunoprecipitation experiments with dosed cells

The ability of the peptides to enter cells and disrupt Ral-effector complexes was next assessed
using co-immunoprecipitation experiments in which the peptides were dosed into cell culture
media three hours prior to cell lysis. The results are presented in Figure 3.30. Both peptides,
LR-R8 and LR-PF5, were able to inhibit RalB-Sec5 interactions at the highest concentration
tested (20 uM), while inhibition was also observed for 5 uM dosing of the LR-R8 peptide.
Similar levels of inhibition were observed at 20 uM peptide concentrations, suggesting a

similar amount of each peptide was able to enter the cells.
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Figure 3.30. Disruption of Ral-effector complexes by CPP-conjugated peptides added to live cells. Complexes
of V5-tagged RalB Q72L and Sec5 were precipitated from HEK293T cell lysates following 3-hour dosing with CPP-
conjugated peptides at the indicated concentrations. The result is representative of two independent
experiments. WCL, whole cell lysate.

When assessing the cell entry of the peptides using confocal microscopy, the PF5-conjugated
peptide appeared to be less able to enter cells and was present in endosomes, therefore it is
surprising that this peptide was able to inhibit Ral-effector interactions to the same extent as
the LR-R8 peptide. During this experiment, however, endosomes would be lysed prior to
pulling out the Ral-effector complexes, therefore the peptide could have been released from
endosomes. To understand whether the peptides are able to reach Ral proteins in the cytosal,

phenotypic experiments assessing Ral activity inside cells would be required.

3.12 Discussion

This work aimed to improve the affinity of a lead stapled peptide (SP1), based on the a2 helix
from the Ral-binding domain of RLIP76, containing an all-hydrocarbon staple. Chapter 2
described how CIS display was used to identify mutations in the RLIP76 RBD that could
improve affinity for Ral proteins, and the sequences from this selection formed the basis for

the design of a series of stapled peptides (Table 3.1).

From this original panel of peptides, it appeared that the HLR-SP1 peptide gave the greatest
improvement in binding to Ral proteins with a K4 for RalB of 160 nM measured by FP, which
was around a 30-fold improvement in binding compared to the WT-SP1 parent peptide. This
peptide contained the same sequence substitutions that were shown to improve affinity in
the context of the RLIP76 RBD; E427H, Q433L and K440R, therefore it was initially assumed

that the peptide was binding in an analogous manner to the RLIP76 RBD.
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Analysis of the selectivity of the peptides SP1 and HLR-SP1 against a panel of small GTPases
indicated some issues, as the peptides appeared to bind RhoA with far greater affinity than
the Ral GTPases, raising questions over the specificity of the binding observed. Addition of
detergent could have been a simple method to eradicate non-specific hydrophobic binding,
however adding a small amount of Tween20 (0.01%) into the assays produced variable
results, making it difficult to draw conclusions from the data obtained (data not shown).
Several pieces of evidence pointed to the conclusion that these peptides were binding to the
GTPases non-specifically via the hydrophobic back face of the peptides. Firstly, the peptides
displayed very different affinities for RalA and RalB, while the effector binding region of these
two proteins is identical; the RLIP76 RBD, both in the wild-type and HLR-mutant forms,
displays near identical affinity for RalA and RalB. Secondly, when key residues on RalB known
to be involved in binding to RLIP76 were mutated to alanine, the binding to the peptides was
not negatively affected as would have been expected for peptides binding at this interface.
Additionally, when the hydrophobic residues on the back face of the peptide were replaced
with soluble salt bridges (HLR-sol), the binding observed to other GTPases was eradicated and
the resulting peptide bound RalA and RalB with near identical affinities, which were lower

than had been seen previously for the hydrophobic HLR-SP1 peptide using FP.

When the hydrophobic peptides were tested in SPA competition experiments in the presence
of detergent, the HLR-SP1 peptide showed very weak binding while the SP1 peptide displayed
an affinity for Ral proteins that was very similar to the HLR-sol and L-sol peptides, despite
binding more tightly in FP experiments. All this data together suggests that the hydrophobic
peptides are not binding as expected, making any results using these peptides difficult to

interpret.

In the complex of the wild-type RLIP76 RBD with Ral, more than 80% of contacts are made via
the a2 helix and these contacts are preserved in the peptides used in this study (91, 181).
However, alanine scanning analysis of the RLIP76 RBD identified five hotspot residues whose
mutation to alanine dramatically decreased binding to Ral proteins and two of these residues
(Leu409 and His413) are located in the al helix (181), which does not form part of the peptide
sequence. Constructs of the RLIP76 RBD in which Leu409 and His413 were mutated to alanine
were engineered in this study and this construct was used to determine the maximal binding

affinity that could be obtained by the a2 helix contacts alone. The presence of the al helix
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means that the coiled-coil structure is maintained, therefore the a2 helix is held in a helical
structure. When studying the stapled peptides which were not 100% helical, it was not
possible to discern how much this loss of helicity affected the binding affinity, therefore the
RBD construct with L409A/H413A mutations can act as a model for a 100% helical peptide

based on the a2 helix.

The wild-type and HLR-mutant a2 helix sequences were tested within these constructs with
the key al helix contacts removed. Inclusion of L409A and H413A mutations to the wild-type
RLIP76 RBD resulted in a great loss of affinity for RalA (Kq 16 uM vs 140 nM). These results
suggest that the maximum affinity that could be obtained using a peptide based on the wild-
type residues of the RLIP76 RBD a2 helix is 16 uM, which is around 115-fold weaker than the
RLIP76 RBD binding affinity. The K4 of the previous lead peptide (SP1) for RalB was estimated
to be 5 uM by ITC, only 2-fold weaker than the RLIP76 RBD affinity measured by ITC (Kg ~ 2
uM) (125). The investigations in this work suggest that the previously assigned Ky for SP1 is
unreliable and was likely due to non-specific binding effects. Therefore, it was not possible to
compare the binding affinities of the second-generation peptides to those published

previously.

Adding the HLR mutations (E427H/Q433L/K440R) into the L409A/H413A background
improved affinity more than 10-fold (Kq = 1.4 uM), however this value was far weaker than
the HLR-mutant RBD with al contacts preserved (K4 =5 nM). The Ky value of 1.4 uM for the
HLR-mutant with al contacts removed represents an estimate for the maximum affinity of a
100% helical stapled peptide based on this sequence, assuming no favourable contacts are
made by the staple. The K4 measured for the HLR-sol peptide by SPA competition was 2.8 uM,
around 2-fold weaker. This value is very close to the estimated maximum affinity, despite the
loss of helicity that was observed in CD experiments when the HLR or solubilizing mutations
are added into the peptide. Based on these assumptions, a more helical peptide could only
result in up to 2-fold improved affinity, therefore different solubilizing mutations or staple

positions to improve helicity were not investigated further.

The soluble peptides HLR-sol and L-sol were able to disrupt Ral proteins interacting with their
effectors; Sec5 and RLIP76, as shown by SPA competition experiments and co-

immunoprecipitations. The binding site of the HLR-sol peptide was confirmed by carrying out
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an NMR titration with °N-labelled RalB and increasing concentrations of unlabelled peptide.
This experiment identified many residues involved in binding to the peptide which are also
common to binding the effector proteins, and the apparent binding site of the peptide
overlapped well with the known interfaces determined in the structures of Ral-effector

complexes.

It was hypothesized that a peptide containing only the Q433L single mutation, rather than the
HLR triple mutations, would have improved selectivity for Ral proteins over related GTPases,
based on experiments with the RLIP76 RBD in section 2.9. When the peptides HLR-sol and L-
sol were tested against a panel of small GTPases in FP experiments, they displayed very similar
selectivity for Ral proteins, and both showed almost no detectable binding to the other
GTPases. The maximum concentrations of proteins that can be used in these assays is limited
by the aqueous solubility of the GTPases, therefore it is possible that differential selectivity of
the peptides could have been observed at higher concentrations of the GTPases. Therefore,
when designing the CPP-conjugated peptides to be used in cellular assays, the E427H

substitution was not included.

Two CPPs were conjugated to the peptide of interest to assess their ability to transport the
peptide into the cytosol of mammalian cells. The peptides were tagged with an N-terminal
fluorescent label so that they could be visualised using confocal microscopy. The two CPPs,
R8 and PF5, were both able to transport the peptide into the cell at the higher concentration
(5 uM) tested, while the R8 sequence also showed uptake in the 1 uM condition. The R8 CPP
produced mostly diffuse cytosolic staining, with some indication of peptide trapped in
endosomes by the presence of punctate staining. However, this could have been an artefact
of fixing the cells, as has been observed previously (200, 201). The PF5 sequence, however,
showed only punctate staining, suggesting that very little endosomal escape had occurred.

Therefore, the R8 CPP performed best at transporting the peptides to the cytosol.

The binding of these CPP-modified peptides to Ral proteins was assessed to check whether
binding was disrupted by the presence of the CPP. FP assays to assess binding were not
straightforward, as non-specific binding and a very small assay window were observed using
the typical experimental conditions. Different concentrations of Tween20 and BSA were

tested and it was found that adding 0.1% Tween20 into the assay helped to reduce non-
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specific binding, while the addition of small amounts of BSA had no effect. The PF5 peptide is
a hydrophobic sequence and therefore non-specific binding could be reduced with detergent,
while the R8 sequence is highly cationic, therefore could have benefitted from increased salt
concentrations in the assay. RalA fused to His-MBP was produced to improve the assay
window in these assays by increasing the size difference between the free and bound peptide.
This larger protein successfully increased the assay window, allowing more reliable results to
be produced. The binding of the HLR-sol peptide to MBP-RalA was also assessed under these
new conditions and these in vitro experiments revealed that the CPP-conjugated peptides

displayed a very similar affinity to the HLR-sol peptide (all K4 values 4-10 uM).

When the CPP-conjugated peptides were tested for their ability to disrupt Ral-effector
complexes in a mammalian cell lysate, both peptides showed reduced disruption of the
RLIP76-RalB complex compared to the HLR-sol peptide, which was likely due to the poor
peptide solubility at high concentrations. Therefore, it was difficult to compare relative

abilities to disrupt Ral-effector interactions in this assay.

If the presence of the CPP sequences was causing a disruption to binding, other CPP
sequences could be investigated. Alternatively, the CPP could be attached to the peptide via
a cleavable linkage e.g. a disulphide bond that is reduced upon entry into the cytosol. This
approach was employed by Adachi et al. when they investigated uptake of a panel of CPPs,
although it was not reported whether the CPP sequence was actually removed inside the

cytosol (199).

The CPPs are flexible extensions to the peptide that are likely to be susceptible to proteolysis.
This is unlikely to cause issues, as the sequences do not appear to contribute to the binding
affinity, and they are unlikely to be degraded before reaching their intended location in the
cytosol. To decrease the likelihood of degradation, a cyclic CPP such as those developed by
Pei and co-workers could be used (202, 203), as these rigidified structures are much more
stable to proteolysis. The sequences also contain unnatural amino acids that protect them

further from proteases.

The peptides generated in this work have a relatively low affinity for the Ral proteins
compared to the native effector proteins, with around 10 to 20-fold weaker binding. The

affinity obtained is not likely to be suitable for a competitive inhibitor to be used

138



therapeutically, as very high intracellular concentrations of peptide would be required to see

a sustained effect on Ral signalling.

The peptides identified in this study could however be used as a starting point for the
development of a covalent inhibitor for Ral proteins, with a warhead installed to covalently
modify the Ral protein. Covalent inhibitors do not require binding affinities to be as strong as
typical inhibitors, as once the covalent bond is formed, this irreversible modification holds the
inhibitor in place at the binding site. Bum-Erdene et al. recently designed covalent inhibitors
targeting Tyr82 on Ral proteins, using an aryl sulfonyl fluoride group as the reactive warhead
(122). The compounds generated are unlikely to have selectivity for Ral proteins in a complex
cell mixture due to their limited complexity, however the study demonstrates the possibility
of targeting this tyrosine residue on Ral for covalent inhibition. This tyrosine residue is
situated very close to the predicted binding site of the peptides generated in this study: Tyr82
forms a hydrogen bond with His413 in the RLIP76 RBD structure and this residue is located in
the al helix of the RBD which is lacking in the peptides. While the peptide is unlikely to make
direct contact with Tyr82, if it is binding in a similar manner to the a2 helix of the RLIP76 RBD,
then the Tyr82 residue is situated only a few angstroms away. Therefore, if a warhead could
be installed into the peptide at an appropriate position to reach the Tyr82 residue, this could
potentially be used as a covalent inhibitor of Ral proteins with target selectivity installed in

the peptide sequence.

An alternative approach could involve converting the peptide into a proteolysis targeting
chimera (PROTAC). The PROTAC approach aims to hijack the cell’s degradation pathways and
involves conjugation of a small molecule to recruit an E3 ubiquitin ligase to a ligand targeting
a protein of interest (POI) e.g. a Ral-binding peptide (204). These chimeric molecules aim to
bring together the POl and an E3 ubiquitin ligase in such a way that the POI is ubiquitinated
and targeted for degradation. Once ubiquitination has occurred, the PROTAC molecule is free
to target another POI and hence their action is catalytic. Therefore, binding is not required to
be as strong as for sustained inhibition of a POI, as the degradation event only needs to occur
once for removal of the target. Evidence has shown that certain cancer cells, and not healthy
cells, rely on Ral proteins for survival (115), hence targeted degradation of Ral proteins could
be a promising approach in the treatment of such cancers. The peptides generated in this

work could be converted into PROTAC molecules to degrade Ral proteins in vivo, though some
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serendipity is required for this approach, as not all POIs can form favourable complexes with

and be ubiquitinated by the E3 ligases that have well-characterised ligands for recruitment.

In summary, this work has resulted in the development of stapled peptides targeting the Ral
GTPases with improved properties compared to the previous lead peptide. These include
improved solubility and impressive selectivity for the active form of Ral proteins over the GDP-
bound state and closely related small GTPases. Addition of a CPP has facilitated effective
transport of the peptides into the cytosol where they can access their intended targets. These
optimized peptides could be used as starting points for covalent inhibitors or PROTACs for

therapeutic use or as tools to study Ral biology in vivo.

140



4 Recombinant peptide production

4.1 Introduction

The all-hydrocarbon peptide stapling approach has proven successful in generating helical,
cell-permeable and protease-resistant peptides, but many additional methodologies for
chemical stabilization of a helical structure have been developed (reviewed in (205)). Several
of these strategies involve the covalent linkage of cysteine residues in unprotected peptides,
thereby removing the requirement for incorporation of unnatural amino acids into the
peptide sequences (135, 206). These approaches enable the modification of sequences
produced by recombinant peptide expression, allowing for the production of long and

synthetically challenging sequences.

One simple and effective approach involves the use of dibromo-containing cross-linkers;
these reagents react with cysteine residues under aqueous conditions, requiring only a basic
pH for reactivity (206, 207). Jo et al. exploited this chemistry to develop helical calpain
inhibitors; they trialled a series of thiol-reactive cross-linkers with short peptides containing
cysteine residues at i, i + 4 positions and investigated their relative helicities (139). The
reagents that successfully cross-linked the peptides are shown in Figure 4.1. They found that
cross-linking with the dibromo-m-xylene linker (compound 2) gave rise to the most helical

peptides.
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Figure 4.1. Thiol-reactive cross-linkers for the generation of helical peptides. Compounds 1-6 were used by Jo
et al. to generate cysteine cross-linked peptides (139). 1, dibromo-o-xylene; 2, dibromo-m-xylene; 3, dibromo-
p-xylene; 4, 2,3-bis(bromomethyl)quinoxaline; 5, 2,6-bis(bromomethyl)pyridine; 6, (E)-1,4-dibromobut-2-ene.

4.2 Aims

Technology to allow production of recombinant peptides that could be stabilized in a helical
conformation using dibromo-m-xylene to cross-link cysteine residues at i, i + 4 spacings was
considered advantageous for this project. This would allow production of peptides easily in
house, without a complex chemistry set up. This chapter describes the production of a series
of peptides based on the a2 helix of the RLIP76 RBD (residues 423-446), parallel to those
described in Chapter 3 in which the all-hydrocarbon staples have been replaced with cross-

linked cysteine residues.

Following production of the peptides, the properties and activities of the peptides were
compared with their all-hydrocarbon stapled counterparts to assess whether this approach
could be used to replace the synthetic peptides described in Chapter 3. Here the helical
propensities of the recombinant peptides, their in vitro affinities for the Ral proteins and their

ability to disrupt Ral-effector complexes were investigated.

4.3 Recombinant peptide production

Firstly, it was necessary to identify a method to produce the desired peptide sequences. Due
to the highly flexible nature of the unmodified peptides, they are susceptible to proteolytic

degradation and can be challenging to produce as soluble fusion partners.
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4.3.1 GB1-fusion peptides

The first attempt to produce the peptides recombinantly utilised pOP5BP, a vector generated
by Hyvonen et al. (unpublished). The pOP5BP vector contains an 8x His-tagged GB1 domain
at the N-terminus, followed by an HRV-3C protease recognition site and a C-terminal Avi tag
(Figure 4.2). The small size of the GB1 domain (B1 domain of the Streptococcus protein G, 56
residues) facilitates high yields of a small fusion partner, which in this case is the peptide
sequence (208, 209). The Avi tag (15 residues) can be biotinylated by the enzyme BirA in the
presence of biotin, allowing for immobilisation of the purified peptide for biochemical
analysis. The desired peptide sequence was cloned into the pOP5BP vector following the HRV-

3C recognition site using overlapping oligos, as described in the methods.

HRV-3C
recognition
site

N — S I, et ARG — C

HLR peptide LCKEHCLWEVLRILTALRRKLREA

Figure 4.2. Schematic of the pOP5BP vector. The Pop5BP vector contains an N-terminal 8x His-tag (teal),
followed by the B1 domain from Streptococcus protein G (GB1, orange). The peptide sequence (yellow) is
separated from the GB1 domain by an HRV-3C protease recognition element (green). There is a 15-residue Avi
tag (cyan) C-terminal to the peptide sequence that can be biotinylated by the enzyme BirA in the presence of
biotin. The sequence of the HLR peptide cloned into pOP5BP is shown.

The aim was to produce the HLR peptide (Figure 4.2) as a soluble fusion protein and then
cleave with HRV-3C protease to yield the Avi-tagged peptide. The GB1-peptide fusion was co-
expressed with BirA and the growth media was supplemented with biotin to facilitate
biotinylation of the Avi tag by BirA. The fusion protein was purified by affinity chromatography
utlising binding of the His-tag to an Ni?*-NTA column (Figure 4.3A and B), eluted with
imidazole and subjected to cleavage with HRV-3C protease. The cleaved products were then
purified by size exclusion chromatography using a Superdex S30 gel filtration column (Figure
4.3C). Following incubation with HRV-3C protease, there was no mass change in the protein

observed by SDS-PAGE analysis and no evidence of the desired peptide cleavage product at
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~4 kDa (Figure 4.3D). This suggested that the HRV-3C protease cleavage was unsuccessful or

that the peptide had been degraded prior to cleavage.
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Figure 4.3. Purification of a GB1-HLR peptide fusion. A. Chromatogram showing elution of His-GB1 fusion
protein from a Ni-NTA column with increasing concentrations of imidazole (right axis). B. SDS-PAGE analysis of
samples from Ni-NTA purification. Load, sample of supernatant loaded onto column; FT, column flow-through;
Wash, sample from column washing with purification buffer; Wash 2, sample from column washing with
purification buffer supplemented with 20 mM imidazole; Eluted fractions, proteins eluted from the column with
increasing concentrations of imidazole. The arrow shows the band predicted to contain the His-tagged GB1
domain (9.5 kDa) C. Chromatogram from Superdex S30 gel filtration purification, following overnight cleavage
with HRV-3C protease. D. SDS-PAGE analysis of samples from gel filtration purification: Pre, sample of protein
before cleavage with HRV-3C protease; post, sample of protein after HRV-3C cleavage which was loaded onto
the column; eluted fractions, fractions corresponding to Peaks 1 and 2 in chromatogram C.

A small-scale expression trial of the construct was carried, out with samples taken at various
time points to determine whether the GB1-peptide fusion was being degraded prior to
cleavage. A western blot probed with an anti-His antibody was used to ensure that the correct

band was identified (Figure 4.4). The intact fusion protein was observed running above the
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15 kDa marker in all ‘total’ cell lysate samples, containing both soluble and insoluble proteins
but was only visible in the soluble fraction for one hour following induction with isopropyl B-
D-1-thiogalactopyranoside (IPTG) at 37 °C, while a small amount was present after induction
at 20 °C for 16 hours. Following prolonged incubation at 37 °C, only a band with a smaller
molecular weight was visible in the soluble fraction, indicating that the fusion protein was
susceptible to proteolysis and was therefore short-lived. A large-scale preparation following
induction at 37 °C for only one hour was attempted but still no intact fusion protein was
obtained. It was surmised that the flexible and unstructured nature of the peptide makes it

too susceptible to proteolysis to allow purification.

37 °C 20 °C
1h 2h 3h 4h 5h 16h

kDa S TSTSTSTS STS

35—

25— :

15 :.‘ < GB1-peptide (14.5 kDa)
® <«—cleaved product

10—

Figure 4.4. Expression trial of the GB1-peptide fusion. A western blot probed with an anti-His antibody shows
samples taken at various time points following induction with 1 mM IPTG at the temperatures shown. T — total
contents of E. coli cells following lysis, S — soluble proteins, those present in the supernatant following
centrifugation of E. coli lysates. The intact GB1-peptide fusion protein (14.5 kDa) is visible above the 15 kDa
marker, while a smaller cleavage product is observed below the 15 kDa marker.

There appeared to be intact GB1-peptide fusion present in the ‘total’ lysis sample for all
conditions trialled, but not in the soluble fractions, suggesting that some of the fusion protein
was present in insoluble inclusion bodies. A preparation of inclusion bodies was therefore
attempted as described in the methods, however no protein at the correct molecular weight
for the fusion protein was identified in the purified inclusion bodies following several buffer

washes. Samples from the inclusion body preparation are shown in Figure 4.5.
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Figure 4.5. Inclusion body preparation of the GB1-HLR peptide fusion. SDS-PAGE analysis of samples taken
during the inclusion body preparation: SN, supernatant following lysis and centrifugation of E. coli cells; Washes,
supernatants from washes of the cell pellet; IBs, inclusions bodies after resuspension of the cell pellet in 6 M
Gdn-HCI. Only BirA (36 kDa) is observed in the purified inclusion bodies in appreciable quantities. No GB1-HLR
peptide fusion (14.5 kDa) was observed in any of the samples analysed.

4.3.2 KSI-fusion peptides

Following the difficulties encountered in producing the peptide as a soluble fusion partner, a
protocol designed to direct the peptide into inclusion bodies was attempted. pET31b
(Novagen) was used to produce a KSI-HLR peptide fusion with a C-terminal His-tag. The
ketosteroid isomerase (KSI) protein is highly insoluble and drives the fusion product into

inclusion bodies where it is protected from proteases.

4.3.2.1 Cloning the peptide into pET31b

The HLR peptide sequence was cloned into the pET31b vector using overlapping oligos as
described in the methods. The vector is designed to facilitate peptide cleavage with cyanogen
bromide (CNBr) at methionine residues, therefore there are methionine residues located
before and after the cloning site in the vector. Due to safety issues concerning the use of
CNBr, an Asp-Pro motif was inserted between the peptide sequence and the KSI fusion protein
to act as an acid-labile cleavage site (210-212). The KSI protein contains an additional Asp-
Pro sequence that would give rise to a peptide of similar molecular weight once cleaved, so
this aspartate residue was mutated to glutamate to avoid difficulties in separating the

cleavage products. A schematic of the fusion protein produced is shown in Figure 4.6.
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Figure 4.6. Production of a KSI-HLR peptide fusion from pET31b. pET31b encodes the ketosteroid isomerase
(KSI) protein N-terminal to the cloning site and a 6x His-tag at the C terminus. The HLR peptide was cloned into
the vector using overlapping oligos and an Asp-Pro motif was also included as an acid-labile cleavage site. As the
KSI protein contains an additional Asp-Pro motif, this site was mutated to Glu-Pro to avoid difficulties in
separating the cleavage products.

4.3.2.2 KSl-peptide expression trials

Trial expressions of the construct in BL21(DE3) cells were carried out using varying amounts
of IPTG for induction and different growth times following induction (Figure 4.7). The KSI-
peptide fusion was found almost exclusively in the cell pellet following expression and cell
lysis, demonstrating that it was insoluble and located in inclusion bodies. Expression of the
fusion protein was observed even in the absence of IPTG induction, presumably due to a loss
of repression in the BL21(DE3) cells used, and there was also very little difference in the
amount of expression observed for the two IPTG concentrations tested. The cell pellet, and
hence total amount of protein, increased with an increased length of expression, therefore
final conditions of 1 mM IPTG for 6 hours were selected for large scale expression. Lysozyme
was used to assist cell lysis and was hence visible in the soluble fraction of the bacterial

lysates.
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Figure 4.7. Expression trial of the KSI-peptide fusion. SDS-PAGE analysis of samples taken from trial expressions:
UN, uninduced; P, cell pellet; S, soluble fraction. The expected molecular weight of the KSI-peptide fusion is 18.3
kDa and lysozyme is 14.3 kDa. The KSI-peptide fusion is observed in the cell pellet and is therefore likely present
in inclusion bodies.

4.3.2.3 KSl-peptide large scale expression

A large-scale expression of the construct was carried out and, following lysis, the cell pellet
was washed several times with buffer to clean the inclusion bodies. The pellet was then
resuspended in 6 M guanidine to solubilize the inclusion bodies containing the KSI-peptide
fusion (Figure 4.8A). The fusion protein was purified by Ni?*-NTA affinity chromatography
utilising the C-terminal His-tag (Figure 4.8B and C). Two bands were seen by SDS-PAGE
analysis following elution with 300 mM imidazole: the strongest appeared around the
expected weight for the fusion protein (18.3 kDa) and a second, less prominent, band at
approximately the weight of a KSI-peptide fusion dimer (36.6 kDa). This dimer is likely
observed due to insufficient amounts of reducing agent in the sample buffer. The peptide
contains exposed cysteine residues and therefore can form disulphide-bonded dimers and

higher oligomeric structures.
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Figure 4.8. Purification of KSI-HLR peptide fusion from inclusion bodies. A. SDS-PAGE analysis of samples from
large scale expression: Total, total cellular contents following lysis; SN, soluble proteins that remain in the
supernatant following centrifugation; Wash, contents of final wash of pellet following centrifugation; IB,
contents of inclusion bodies after solubilizing the pellet in 6 M Gdn-HCl. B. Chromatogram from Ni2*-NTA affinity
chromatography of KSl-peptide fusion in 6 M Gdn-HCI. The fusion protein, containing a C-terminal 6x His-tag,
was eluted with 300 mM imidazole (right axis). C. SDS-PAGE analysis of samples from affinity chromatography:
P, samples remaining in pellet after solubilization in 6 M Gdn-HCI; L, sample loaded onto column; FT, column
flow-through; W1, wash with purification buffer to remove unbound proteins; W2, wash with purification buffer
+ 20 mM imidazole to remove weakly associated proteins; elutions, fractions taken following column washing
with 300 mM imidazole to elute His-tagged proteins.

4.3.2.4 Dual preparation of tagged and tag-less peptides

The results shown in section 4.3.2.3 demonstrated that the pET31b vector could be used to
successfully isolate a KSI-peptide fusion protein from inclusion bodies. It was decided that it
would be useful to additionally generate peptides without a His-tag for use in assays such as
SPA competitions. A second construct was therefore engineered in pET31b containing two
peptide sequences, separated from each other and the KSI fusion by Asp-Pro residues for

cleavage with dilute acid (Figure 4.9).
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Figure 4.9. KSl-peptide fusion containing two peptide sequences in pET31b. The peptide sequence was inserted
into the pET31b vector as described for the single peptide, however an additional peptide sequence was also
included. These peptides were separated by an Asp-Pro motif to cleave between the two with dilute acid. The
residues between the second peptide and the C-terminal His-tag were mutated to Ala-Gly-Ser-Gly to provide a
flexible linker between the peptide and the tag. The peptides listed in Table 4.1 were produced from these
constructs.

Four residues remained between the second peptide and the His-tag following cloning into
the pET31b vector: Met-Leu-Leu-Glu (Figure 4.9). The need to immobilise the peptide via the
His-tag for some downstream applications had been anticipated and therefore a flexible linker
was more desirable than the bulky residues that were currently in place. Four of these
residues were therefore mutated to Ala-Gly-Ser-Gly, where Ala is the final residue of the
second peptide sequence and the remaining residues were to form the flexible linker. Fusion
proteins were expressed and purified as described for the construct containing a single

peptide sequence in the previous section.

The peptide sequences listed in Table 4.1 were prepared using this method. The sequences
selected were those described in Chapter 3 that displayed the highest affinity for Ral proteins,
with cysteine residues for cross-linking replacing the hydrocarbon staple residues. The
peptide sequences also contain the Glu-Lys salt bridges for improved solubility, as described
in Chapter 3. Additionally, there was an extra proline residue at the N-terminus and an
aspartate at the C-terminus for the non-tagged peptides remaining from the acid cleavage

site.
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Table 4.1. Peptides produced recombinantly as KSI-fusions.

Peptide Sequence?®
csHLR PLCsKEHC;,LWEELRIKTAERRKKREAD
csHLR-His PLCsKEHC,LWEELRIKTAERRKKREAGSGHHHHHH
csLR PLCSsKEEC;LWEELRIKTAERRKKREAD
csLR-His PLCSsKEEC;LWEELRIKTAERRKKREAGSGHHHHHH

@ Cs — cysteine (for cross-linking). Substitutions identified by CIS display to improve the sequence affinity
compared to the wild-type RLIP76 RBD sequence are underlined, while solubilizing mutations are shown in bold
and coloured blue.

4.3.3 Peptide stapling with dibromo-m-xylene

Following purification of the fusion protein by Ni?*-NTA affinity chromatography, a cross-
linking reaction with dibromo-m-xylene was carried out (Figure 4.10). The reaction required
a basic pH (approximately 8.0) to ensure that the cysteine residues were not protonated and
were therefore reactive. A reducing agent was also required to ensure that the cysteine
residues are not engaged in disulphide bonds, which would prevent them from reacting with
the linker. Tris(2-carboxyethyl)phosphine (TCEP) was used for this purpose as other
commonly used reducing agents such as dithiothreitol (DTT) and 3-mercaptoethanol contain
thiol groups that could also react with the linker. Following acid hydrolysis to release the
peptide from KSI, the extent of stapling was assessed using matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS). 100% stapled product was observed

for peptides incubated with the cross-linking agent overnight.
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Figure 4.10. Reaction conditions for cross-linking peptides with dibromo-m-xylene. The KSI-peptide fusion in 6
M Gdn-HCl with 50 mM Tris-HCl pH 8.0 was mixed with 3-5 equivalents dibromo-m-xylene, 2 equivalents TCEP
and stirred overnight at room temperature, giving rise to the cross-linked product.

4.3.4 Acid hydrolysis to cleave labile Asp-Pro bonds

The cross-linked peptides were cleaved from the KSI fusion protein by adjusting the pH to
approximately 1.0 with acid, prior to heating the mixture to 85 °C for five hours, following the
method described by Gavit and Better to cleave acid labile Asp-Pro bonds (212). Following
hydrolysis, the mixture was dialysed into pH 7.0 buffer, causing the KSI to precipitate while

the peptide sequences remained soluble.

4.3.5 Purification of cleaved peptides

SDS-PAGE analysis of the hydrolysed samples revealed that very little intact fusion protein
was left following the five-hour hydrolysis reaction (Figure 4.11). However, small amounts of
incomplete hydrolysis products were observed, with a band corresponding to the mass of the
KSI protein with a single peptide attached (17 kDa) and another for the two peptides that had
been cleaved from the KSI but not from each other (7 kDa). Following dialysis into buffer, only
the cleaved peptides remained in solution, while any KSI-containing fragments precipitated

and were separated (Figure 4.11).
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Figure 4.11. Purification of cleaved peptides, csLR and csLR-His. SDS-PAGE analysis of the mixture following
hydrolysis (hydrolysis), and of soluble proteins following dialysis into buffer (soluble). These were loaded onto a
Ni2*-NTA column. The flow-through shows samples of proteins that did not stick to the column and the samples
labelled ‘elutions’ correspond to fractions eluted from the Ni?*-NTA column with imidazole.

The soluble peptides were loaded onto a Ni2*-NTA affinity column. The non-tagged peptide
did not stick to the column and was found in the flow-through, while the His-tagged peptides
were retained and were subsequently eluted with imidazole (Figure 4.11). The non-tagged
peptides were slightly contaminated with the His-tagged peptide and as these peptides are
unlikely to be separated by size-exclusion chromatography, the flow-through was collected

and passed back over the Ni2*-NTA column to remove any remaining His-tagged peptide.

Finally, the peptides were purified further by size exclusion chromatography on a Superdex
S30 column to remove any larger contaminants (Figure 4.12). The peptides were effectively
separated from other species and the resulting fractions contained very few visible

contaminants.
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Figure 4.12. Size exclusion purification of cleaved peptides. The peptides were purified using a Superdex S30
column. A and B show the chromatograms obtained from the purifications of the csLR-His and csLR peptides,
respectively. SDS-PAGE analysis of the eluted fractions for both the His-tagged (C) and non-tagged (D) csLR-sol
peptides are shown. The peptides are found in the largest peak (peak 2) in each instance.

4.4 Binding of recombinant peptides in SPA competitions

Binding affinities of the dibromo-m-xylene peptides, csLR and csHLR, to RalB were measured

in SPA competition experiments. The results are shown in Figure 4.13 and the calculated Kq4

values are listed in Table 4.2.
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Figure 4.13. Binding of dibromo-m-xylene peptides to RalB in SPA competition experiments. The RLIP76 RBD
(blue), csHLR-sol peptide (red) and csLR-sol peptide (green) were titrated into fixed concentrations of
[®H]GTP-RalB and His-tagged RLIP76 RBD immobilised on SPA beads. The data were fitted to an isotherm
describing competitive binding to yield apparent Ky (Ki) values for the competitors as described previously (182).
Data and fits are displayed as a fraction of the maximum SPA signal measured for each condition, and the
calculated Kq values are listed in Table 4.2.

Table 4.2. Comparison of K4 values obtained by SPA competition experiments with
dibromo-m-xylene peptides and an all-hydrocarbon stapled synthetic peptide.

Peptide Sequence?® Kq Ral (uM)

HLR-sol FAM-PEG-LXKEHXLWEELRIKTAERRKKREA 2.97 £0.29 (RalA)
csHLR PLCKEHC,LWEELRIKTAERRKKREAD 8.26 + 2.41 (RalB)
csLR PLCKEEC,LWEELRIKTAERRKKREAD 8.11 + 0.74 (RalB)

aCs — cysteine (cross-linked). Residues that have been included to improve affinity compared to the wild-type
RLIP76 RBD sequence are underlined, while solubilizing mutations are shown in bold and coloured blue. FAM,
5-carboxyfluorescein; PEG, polyethylene glycol linker.

The csHLR and csLR peptides bound RalB with similar affinities, with K4 values of 8.3 and 8.1
UM, respectively. This was in agreement with previous experiments, demonstrating that the
E427H mutation in the RLIP76 RBD has little effect on the affinity for RalB (section 2.7). Both
peptides were able to compete with the RLIP76 RBD, demonstrating that they occupy a

shared binding site.

The affinities of the cysteine cross-linked peptides were 2 to 3-fold weaker than those
obtained for their hydrocarbon stapled counterpart: the HLR-sol peptide displayed a Kq of 3.0

UM for RalA in SPA competitions (Table 4.2, section 3.9.1). It is reasonable to compare this
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value for RalA with affinities measured for RalB and the cysteine cross-linked peptides, as FP
experiments showed that the affinities of the HLR-sol hydrocarbon stapled peptide were very
similar for RalA and RalB (section 3.5.2). Additionally, all experiments using the same
sequences in the context of the RLIP76 RBD showed near identical results with RalA and RalB

(section 2.5 and 2.7).

Binding affinities of the csHLR-sol and csLR-sol peptides for RhoA, a related small GTPase,
were also measured using SPA competitions, and the results are shown in Figure 4.14. Both
peptides bound more weakly to RhoA than to RalB, the intended target, with Ky values of 13
UM for csHLR and 47 uM for csLR. The csLR peptide bound around 4-fold more weakly than
the csHLR peptide, suggesting that introducing fewer changes in the sequence compared to
that of the wild-type RLIP76 RBD can increase selectivity for Ral proteins, as was also seen in

section 2.9.
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Figure 4.14. Off-target binding of dibromo-m-xylene peptides to RhoA. The HR1a domain from the RhoA
effector PRK1 (blue), csHLR-sol peptide (red) and csLR-sol peptide (green) were titrated into fixed concentrations
of [3H]GTP-RhoA and His-tagged HR1a immobilised on SPA beads. The data were fitted to an isotherm describing
competitive binding to yield apparent Ky (Ki) values for the competitors using GraphPad Prism. Data and fits are
displayed as a fraction of the maximum SPA signal measured for each condition, and standard errors are
reported: Ky HR1a, 252 + 76 nM; csHLR, 12.7 £+ 0.2 uM; csLR, 46.7 £ 4.4 uM. n = 2.

4.5 Inhibition of complexes in mammalian cells

The ability of the csHLR peptide to disrupt Ral-effector complexes in a mammalian cell lysate
was next assessed using co-immunoprecipitation experiments as described in section 3.9.2. A
representative western blot is shown in Figure 4.15. At the concentrations measured, the

csHLR-sol peptide was unable to inhibit the interaction of RalB with RLIP76, while the
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hydrocarbon stapled analogue (HLR-sol) was able to disrupt complexes at similar

concentrations (see section 3.9.2).
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Figure 4.15. Co-immunoprecipitation of RalB/RLIP76 complexes from HEK293T cell lysates in the presence of
increasing amounts of csHLR peptide. HEK293T cells were transfected with RalB Q72L-V5 and RLIP76-flag or
GFP 24 hours before lysis. The csHLR peptide and RLIP76 RBD were added into the cell lysates at the
concentrations indicated. Beads coated with an anti-V5 antibody were added to the lysate mixture to capture
RalB and any bound proteins. Presence of RalB/RLIP76 complexes was assessed by western blotting, probing
with anti-flag (RLIP76) and anti-V5 (RalB). WCL, whole cell lysate; GFP, green fluorescent protein. The result is
representative of two independent repeats.

4.6 Secondary structure evaluation

The helical content of the csLR peptide was also assessed using circular dichroism (CD) and
the resulting data is shown in Figure 4.16. The dibromo-m-xylene linked csLR peptide lacked
any helical secondary structure, as is normally indicated by minima at 208 and 222 nm and a
positive signal at wavelengths less than 200 nm. Instead it exhibited a profile more
characteristic of a random coil, with an estimated helicity of 22%. This was much less helical
than the HLR-sol peptide containing an all-hydrocarbon staple, which was estimated to be

44% helical (see section 3.6).
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Figure 4.16. CD spectra of cysteine cross-linked and dibromo-m-xylene stapled peptides. The CD spectra of the
dibromo-m-xylene linked csLR peptide (blue) and the HLR-sol peptide containing an all-hydrocarbon staple (red)
were measured in the range 185-260 nm. CD data are reported as mean residue ellipticity (deg cm?dmol?, 8).
HLR-sol exhibits much greater helicity as evidenced by the characteristic minima at 208 and 222 nm. the reported
percentage helicity (%) was estimated by the CDSSTR method and reference set 3 using Dichroweb (183-185).

Aside from the staple composition, the sequences of the two peptides are largely similar,
although the csLR peptide has an additional proline at the N-terminus and an aspartate at the
C-terminus as artefacts from the acid cleavage sites. It is possible that these sequence
differences could be causing a loss of helicity, however it is more likely that the m-xylene

cross-link is less effective than the all-hydrocarbon staple at stabilizing a helical structure.

In addition to covalently linking the residues at i, i + 4 positions, the (S)-pentenylalanine amino
acids used to form the hydrocarbon staple contain a methyl group at the Ca position, as
shown in Figure 4.17. This di-substituted position does not occur in natural amino acids and
has been shown to induce a helical conformation, even without covalent linkage of the amino
acids, by favouring backbone torsion angles associated with helices. This has been observed
for other di-substituted amino acids including a-amino isobutyric acid (Aib) (213). As the m-
xylene staple bridges two cysteine residues lacking a di-substituted Ca, this additional helix
stabilization is not present and this may explain why the recombinantly produced peptide has

a less helical structure.
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(S)-pentenylalanine Aib Cysteine

Figure 4.17. Structures of di-substituted amino acids. (S)-pentenylalanine and Aib contain an additional methyl
group at the alpha carbon when compared to the proteinogenic amino acids. The structure of Cysteine is shown
for comparison.

4.7 Discussion

An effective method was developed for producing recombinant peptides using cysteine cross-
linking chemistry with a dibromo-m-xylene linker, resulting in the production of peptides that

can bind to Ral proteins and inhibit Ral-effector interactions in vitro.

Initial attempts to produce the peptides as soluble GB1 fusions encountered problems, as the
unstructured sequence was very susceptible to proteolysis and the peptide sequence was not
intact for long enough to purify the GB1-peptide fusion. Switching to the modified pET31b
vector, which generates a KSl-peptide fusion circumvented these issues by directing the
peptide fusions to inclusion bodies where they are protected from proteases. This approach

resulted in high yields of the fusion product that could be purified from the inclusion bodies.

Reaction of the KSI-peptide fusion protein with dibromo-m-xylene resulted in complete
cysteine cross-linking at the desired sites, with no side products observed. It would be
possible to form intermolecular cross-links between peptides or to add multiple dibromo-m-
xylene cross-linkers to a single peptide, however the reaction conditions followed had been
previously optimized to reduce the possibility of these side reactions occurring (206). Keeping
the concentration of the KSI-peptide fusion relatively low (< 1 mM) meant that intramolecular
bond formation was far more likely to occur than cross-linking between peptides.
Additionally, using the cross-linker at only three equivalents in excess meant that the chance
of forming doubly-substituted peptides was low, while keeping the linker concentration high

enough that the reaction can still occur in a relatively short time frame. While the literature
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has shown that the reaction goes to completion within an hour (206), longer incubations were
used here to ensure that the reaction had gone to completion, as the MALDI-MS analysis to
check stapling was not performed until after the subsequent hydrolysis reaction to release

the peptides.

The pET31b vector encodes for methionine residues at either end of the peptide cloning site
for cleavage using cyanogen bromide (CNBr). Due to safety concerns using this reagent, labile
Asp-Pro bonds were employed here, before and between the peptide sequences, for cleavage
in dilute acid. The acid hydrolysis was found to be highly effective, as very little intact fusion
protein was present after the five-hour incubation, however some very low amounts of
incomplete hydrolysis products were observed. Regardless, the majority of peptides were
cleaved in this timescale and this method can be carried out on the benchtop, in contrast to
the CNBr method which requires a fumehood and specialist safety training, making this a far
preferable alternative. The cleaved peptides were isolated at high purity using Ni%*-NTA

affinity followed by size exclusion chromatography.

Modification with dibromo-m-xylene only induced very low levels of helicity in the peptides,
as indicated by circular dichroism analysis (see section 4.6). The resulting peptides displayed
a mostly random coil signature with an estimated 22% helicity, while the same sequences
produced synthetically with an all-hydrocarbon staple exhibited much greater levels of
helicity (~ 44% for HLR-sol). This loss of helicity may explain the drop in affinity for Ral GTPases
in the in vitro binding experiments (section 4.4), as several sources have reported a positive
correlation between peptide helical content and binding affinity (145, 151), due to a
decreased entropic cost on binding. Many other helix stabilization chemistries involving thiol-
reactive linkers have been identified (135) and could be investigated to produce more helical

peptides using recombinant production.

The cysteine cross-linked peptide, csHLR, was not able to inhibit Ral complexes in a
mammalian cell lysate at the concentrations tested (section 4.5), which was likely due to their
reduced affinity for Ral proteins. To progress this project, it was therefore decided to move
forwards with the all-hydrocarbon stapled peptides. Despite this, the robust method
developed here to produce peptides from E. coli has been established as a lab resource and

has already been useful in progressing other peptide projects.
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5 Conclusions and future directions

5.1 Conclusions

The overarching aim of this project was to improve the properties of a lead stapled peptide
based on RLIP76 to target the Ral GTPases. Specifically the project aimed to: identify sequence
changes within RLIP76 that can improve affinity for Ral proteins (Chapter 2); to use those
sequences to generate stapled peptides with higher affinity for Ral proteins (Chapter 3); to
measure the activity of the peptides, using biochemical and biophysical assays to determine
their binding affinities and ability to disrupt Ral-effector interactions (Chapter 3); and finally,
to assess whether the peptides can enter mammalian cells and disrupt Ral signalling (Chapter
3). In addition to the primary goals, a method to produce constrained helical peptides using a

recombinant system was also developed as part of this work (Chapter 4).

These aims have been addressed and discussed in detail within Chapters 2-4. Chapter 2
described how sequence substitutions within the RLIP76 RBD that can increase the affinity for
Ral proteins were identified using CIS display and how the effect of the substitutions on the
binding affinity was rigorously analyzed using multiple in vitro assays. X-ray crystal structures
of the mutants revealed the interactions responsible for high affinity binding. Work detailed
in Chapter 3 aimed to transfer the sequence substitutions identified in Chapter 2 to the lead
stapled peptide targeting the Ral proteins. Investigations using these peptides revealed
unexpected problems with non-specific binding, however the peptides were successfully
redesigned to improve their solubility and selectivity for the Ral GTPases. Affinities of these
second-generation peptides for Ral GTPases were measured and their binding site on RalB
was determined by NMR. CPPs were appended to the peptides to study their effects in
mammalian cells: the resulting peptides were able to enter cells and disrupt Ral-effector
interactions. Chapter 4 described an effective system for the recombinant production of

peptides that were cross-linked at cysteine residues.

This project has achieved its primary goal of using the RLIP76 RBD as a model to improve the
properties of stapled peptides targeting the Ral GTPases. The RBD was used to interrogate
vast numbers of possible sequences, the best of which were successfully transferred into

stapled peptides with greatly improved affinity for Ral proteins. Modifications to the peptide
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sequence to improve the physical properties without affecting binding were guided by the
structure of the RLIP76 RBD in complex with RalB, resulting in the design of peptides with far
superior solubility and selectivity compared to the previous lead peptide. For the peptides to
form the basis for an effective therapeutic however, their activity and cell-penetrating
properties will still need to be improved: further investigations that could be carried out to

address these issues are described in the following sections.

5.2 Future directions
5.2.1 Further improving the peptide activity

The peptides produced in this work displayed modest affinity for the Ral proteins, albeit with
excellent selectivity. As discussed in Chapter 2, their activity could be improved by maturing
the peptides into covalent inhibitors or PROTACs. A reactive tyrosine residue is available on
the surface of the Ral proteins, which lies close to the peptide binding site, therefore
installation of an electrophilic warhead, such as those identified by Meroueh and colleagues
(122), on this face of the peptide could transform the peptides into covalent inhibitors. This
approach would allow for effective inhibition without the requirement for nano- and
picomolar binding affinities, as the binding event would need only to occur once, with the

covalent modification that ensued then allowing the effect to be sustained.

Effective PROTACs have also been developed using inhibitors with micromolar affinities for
their target protein (214). Their mechanism of action involves catalytic degradation of the
target protein rather than requiring sustained engagement, enabling the PROTAC to be
effective at sub-stoichiometric quantities (204). For an efficient PROTAC to be developed,
target selectivity is critical to avoid off-target effects. The peptides developed in this work are
highly selective for active Ral proteins and therefore their activity may be enhanced using a

PROTAC approach.

5.2.2 Improving cellular permeability

The previous lead peptide (SP1) displayed cellular permeability, however once the changes

described in Chapter 3 were applied to improve the selectivity and solubility of the peptides,
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it was no longer cell-permeable. This is likely due to the addition of two Glu-Lys salt bridges
on the back face of the peptide. These salt bridges replaced hydrophobic residues and it has
been shown previously that hydrophobic stapled peptides and those with an amphipathic
helix enter cells more effectively (138, 164). It could be valuable to try more combinations of
residues on the back face of the peptides to see whether the cellular penetration could be
improved while maintaining solubility. For example, a single Glu-Lys salt bridge or substitution

with small polar residues could be investigated.

It was shown in Chapter 2 that appending an octa-Arg CPP to the peptides allowed the
peptides to be transported to the cytosol of mammalian cells, however only two CPP
sequences were assessed as part of this study. It would therefore be useful to test other CPP
sequences to see whether higher levels of the current peptides could be transported into the
cell. A helical CPP such as penetratin (166) may additionally be able to improve the peptide

affinity through stabilization of the helical secondary structure.

5.2.3 Coiled-coil peptides based on the RLIP76 RBD

The stapled peptides discussed in Chapter 2 were based on the a2 helix of the RLIP76 RBD. As
discussed in Chapter 2, the al helix of the RBD also contains key residues for binding to Ral
proteins, therefore a peptide including these residues may have a much greater affinity for
the Ral proteins. All of the key contacts made by the RLIP76 RBD are contained within residues
409-440, spanning both helices of the coiled-coil. Arora and colleagues have made good
progress in stabilizing miniature coiled-coils with as few as nine residues per helix (215, 216):
this approach could be used to produce coiled-coil peptides spanning residues 409-440 to

establish a minimal, higher affinity binding sequence.

5.2.4 Identification Ral-binding peptides from a naive selection

As discussed in the previous section, it became apparent throughout this work that the al
helix of the RLIP76 RBD plays a very important role in binding to the Ral proteins. In order to

include the critical residues of this helix, the resulting peptides may need to be much larger:
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this would be unfavourable for a therapeutic peptide, as longer sequences are more prone to

degradation and are less likely to be made cell-penetrant.

An alternative approach would be to carry out a peptide selection using a naive library.
Selection libraries encoding cyclic peptides have been very successful in producing high
affinity ligands for a range of protein targets, including the small GTPases K-Ras, Cdc42 and
Racl (42, 198, 217), suggesting that this approach could also be used to generate a high-
affinity peptide targeting the Ral GTPases.

5.3 Implications for therapeutic targeting of small GTPases

Intense efforts to inhibit Ras signalling over the last three decades have shown that these
proteins are incredibly challenging to target therapeutically. The Ras proteins are by far the
most targeted GTPases to date, yet these archetypal G proteins share many common features
with the entire Ras superfamily. Hence, any insights into targeting Ras could be translated to
generate inhibitors for a wide range of small GTPases, many of which constitute key targets

in a plethora of diseases.

Many attempts have been made to generate small molecules to target K-Ras (reviewed in
(218)), however the features of Ras proteins described in Chapter 1 including their smooth
surfaces and picomolar affinities for their nucleotide have eluded the identification of
effective small molecule inhibitors. There are also concerns regarding toxicity when targeting
K-Ras directly, as K-Ras has been shown to be an essential gene in mice (219) and is a master
regulator of numerous signalling pathways. As such, it is desirable that any inhibitor should

target only the mutated form of K-Ras.

The development of K-RasG12C-specific covalent inhibitors represents a huge leap forward in
the direct targeting of Ras proteins. These inhibitors occupy a novel binding pocket close to
the switches that is only present in the GDP-bound form of the protein (50). However, the
approach is not likely to be translatable for other Ras mutant forms or other small GTPases.
The G12C mutant is unusual in that it is able to cycle between GDP and GTP: most commonly-
occurring Ras mutations result in impaired intrinsic and GAP-mediated nucleotide hydrolysis,

leaving the proteins in a constitutively-activated GTP-bound state where the pocket identified
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by Shokat and colleagues would not be accessible. In contrast, the G12D mutant has shown
to have an elevated nucleotide exchange rate compared to wild-type Ras (220), meaning that
the GDP-bound state is short-lived and is therefore also not expected to be targetable via this
pocket. Additionally, this approach requires a reactive cysteine residue to be present close to
the desired site of inhibition, which is not the case for any other Ras mutants, or most other

small GTPases.

A group at Takeda have successfully used a phage display library of peptides to identify
peptide inhibitors with selectivity for the K-RasG12D mutant (42). This mutation accounts for
a third of all K-Ras mutations (COSMIC) and is therefore a highly desirable target. Their lead
cyclic peptide, KRpep-2d displayed around 25-fold selectivity for the G12D mutant over wild-
type K-Ras. The large surface area occupied by peptides compared to small molecules enables
exquisite target selectivity, allowing for mutant-specific inhibition. It is interesting to note that
from the random library used for phage display, the three main consensus sequences of the
peptides identified all contained two cysteine residues, resulting in cyclization of the peptide
products. Indeed, addition of DTT to reduce the disulphide bond resulted in a loss of the
peptide activity. Macrocycles can have superior binding affinities over linear peptides due to
a reduced entropic cost on binding, therefore it is often beneficial to design a peptide library
to include cyclization of all sequences (127); this approach has been used successfully to
generate cyclic peptides with nanomolar affinities for Cdc42 (198), another small GTPase.
Their rigid structures can also result in improved proteolytic stability and several cell-
permeable macrocycles exist in nature, albeit with additional modifications including N-

methylation required for cell permeability (221).

The RalGEF-Ral effector pathway downstream of Ras offers a promising avenue for targeting
Ras-driven cancers, as inhibition of this pathway circumvents the need for a mutant-specific
inhibitor. It has been shown that certain cancers become reliant on the Ral pathway for
survival, while non-transformed cells are not (115). Despite growing evidence of a reliance on
Ral signalling for tumour cell survival and metastasis, this pathway has been understudied to
date (77). Early studies in murine cells demonstrated the importance of the MAPK and PI3K
pathways downstream of Ras for cancer progression and survival, while it was not until
Counter et al. performed similar studies in human cells that the importance of the Ral

pathway became apparent (112). However the prevalence of mutations in BRaf (18%,
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COSMIC) and PI3K (12%, COSMIC) in human cancers also clearly demonstrates that these
proteins and their pathways are important cancer targets in their own right, while mutations

in the RalGEF-Ral pathway are relatively rare.

As the importance of the Ral pathway comes into focus, more attempts should be made to
generate inhibitors for this pathway. Several of the approaches that have been attempted for
Ras proteins could prove to be valuable for the inhibition of Ral proteins. For example, early
attempts to inhibit Ras membrane-association with farnesyl transferase inhibitors (FTls) failed
due to a compensatory prenylation by GGTase | (33). Ral proteins are normally modified by
GGTase | and cannot undergo alternative prenylation in the presence of GGTIs, leading to
their mislocalization (117). The first GGTI to enter clinical trials had no toxicity issues in Phase
I, however the drug was shown to be rapidly eliminated and was not progressed to Phase Il

(124). Further progress with GGTase | inhibitors could prove efficacious in Ral inhibition.

As discussed in Chapter 1, peptides based on a helical portion of SOS1 have been developed
to inhibit SOS1-mediated nucleotide exchange of Ras proteins. Patgiri et al. used a hydrogen
bond surrogate approach to stabilize a helical conformation of residues 929-944 of SOS1
(222): their peptide bound weakly to Ras-GDP with a K4 of 160 uM. SOS1 makes significant
contacts with Ras proteins other than those contained within residues 929-944 (Figure 5.1A),
therefore a peptide based solely on this region is unlikely to achieve an affinity comparable
to SOS1. The same is likely true for a peptide based on a RalGEF, as the RalA/Rgl2 structure
revealed a very similar mode of interaction to the Ras/SOS1 structure (Figure 5.1B) (223). In
Chapters 2 and 3 it was shown that both helices of the RLIP76 RBD were important for Ral-
binding and that a sequence based solely on one helix exhibited a great reduction in affinity
compared to the coiled-coil domain (~200-fold). In instances where the interaction interface
extends much further than a single helix, a selection using naive cyclic peptide libraries may
be more appropriate to identify high affinity binders, rather than attempting to make

improvements to a low-affinity template.
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Figure 5.1. Peptides to inhibit GTPase/GEF interactions. The H-Ras/SOS1 (A, PDB ID: 1INVW) and RalA/Rgl2 (B,
PDB ID: 5CM8) complex structures are shown. The GTPases are shown in blue and the GEFs are shown in green.
Residues 929-944 of SOS1 that have formed the basis for inhibitory peptides are shown in yellow. The equivalent
helix in Rgl2 (residues 431-447) is also shown in yellow.

In contrast, helical peptides based on p53 that mimic the Mdm2/Mdmx-binding helix have
been very successful (section 1.9.2.1) (147-151). The p53 helix sequence binds Mdm2 with a
Kq of 410 nM (149) and addition of a hydrocarbon staple further improved this affinity. This
demonstrates that interactions that are primarily made through a single helix can be an
excellent starting point for stapled peptide inhibitors. Structural information on the
complexes is an invaluable tool for the design of such peptides and information on the
energetic contributions made by individual residues would also be very beneficial to assist the
design of peptides based on native binding partners. This approach has also been used
successfully to target a small GTPase, Rab25, using stapled peptides encompassing all
interacting residues of the binding partners FIP1 and FIP3, which exhibited nanomolar

affinities for Rab25 (224).

Peptide selections involving vast libraries of sequences (up to 10**) can now be used to
generate high affinity ligands for almost any protein of interest. However, target affinity is not
the only requirement for a therapeutic molecule: peptides must be resistant to proteases, be
selective for the target and be able to cross the cell membrane if they are to be used for
intracellular targets. While the rule of five has long been used as a tool for the design of orally
bioavailable small molecules, no such rule book currently exists for peptides. As such, blunt
tools including CPPs have been relied upon for the transport of peptides into cells. While there

is not one strategy that can be applied to deliver all peptides into cells, there has been

167



remarkable success with individual peptides including the hydrocarbon-stapled p53 helices.
ALRN-6924 is intrinsically cell-penetrant, a feature which has been attributed to the stapling
method used in its production and is currently in Phase Il trials (153, 154). The Pei group have
designed cell-permeable cyclic scaffolds which form the basis for synthetic selection libraries
(49). As discussed in Chapter 1, our understanding of the cell-penetrating properties of
peptides continues to improve and with it so does the utility of peptides as therapeutic
molecules. The growing number of peptides entering clinical trials suggests that effective

inhibition of Ras and other small GTPases is soon to be realised.

5.4 Final remarks

As discussed in Chapter 1, the Ral GTPases are challenging drug targets and there are currently
no well-validated Ral inhibitors that can be used to study Ral activity or to be used as a
treatment for Ras-mutant cancers. Given the prevalence of Ras mutations in human cancer,
blockades of Ras signalling are desperately needed and inhibition of the Ral proteins offers a
promising avenue that has not yet been sufficiently investigated. Through this work, progress
has been made towards establishing a tool for the inhibition of Ral proteins. The insights
gained here for the design of peptides based on a native binding partner can also be applied
to the inhibition of other small GTPases, many of which interact with helical effectors (13),

representing key targets in a wide range of diseases.
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6 Materials and methods

6.1 Materials

6.1.1 Chemicals

General chemicals were obtained from Sigma-Aldrich, Melford laboratories, ThermoFisher,

VWR, Formedium, New England Biolabs, Agilent and Cytiva. *>N-Ammonium Chloride (98%)

was obtained from Sigma-Aldrich.

6.1.2 Commercial enzymes

Restriction enzymes were obtained from New England Biolabs, restriction grade Thrombin

from Merck and T4 DNA Ligase and Calf intestinal Alkaline Phosphatase from Sigma-Aldrich.

6.1.3 Expression vectors

Table 6.1. Vectors used for recombinant protein expression.

. Protease Antibiotic
Vector Fusion tag ] ) Source
cleavage site resistance
. GST (N) D. Owen et al.
pGEX-HisP Hiss (C) HRV-3C Amp (225)
pPGEX2T GST (N) Thrombin Amp Cytiva
MAT10 Hiss-MBP (N Thrombi A M. Hyvonen et
p iSe- (N) rombin mp al. (226)
pET16b Hisio (N) Factor Xa Amp Novagen
N/A - Asp-Pro
pET31b K.SI (N) for acid Amp Novagen
Hiss (C) )
hydrolysis
Hiss-GB1 (N) M. Hyvonen,
POPSEP AviTag (C) HRV-3C Amp unpublished
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Table 6.2. Vectors for expression in mammalian cells.

Vector Fusion tag An',"bmt'c Source
resistance
pDEST 12.2 Flag (N) Amp ThermoFisher
pcDNA3.1/nV5- .
Th Fish
DEST V5 (N) Amp ermoFisher
E. Manser,
PXJ-GFP i Amp unpublished
6.1.4 Expression constructs
Table 6.3. Constructs for expression in mammalian cells.
Protein Gene Residues Mutations Vector
source
RLIP76 Human 1-655 - pDEST 12.1
pcDNA3.1/nV5-
RalB Human 1-206 Q72L DEST
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Table 6.4. Expression constructs for recombinant protein production.

Protein

Gene
source

Residues

Mutations

Vector

RalA

Simian

1-184

Q72L

pMAT10

RalB

Human

1-185

Q72L

pMAT10

pET16b

RhoA

Human

1-186

F25N, Q63L

pGEX2T

Cdc42

Human

1-184

Q61L

pGEX2T

RLIP76

Human

RBD: 393-
446

C411S

CA11S, Q433L

C411S, E427H, Q433L

C411S, EA27H, Q433L, K440R

C411S, E4A27H, K440R

C411S, Q433L, K440R

C411S, E426W, E427D, L4A29A,
Q433S, R434Q, T437S, KA40R

C411S, E426L, E427T, Q433T, R434L,
T437R

The following constructs contain a
stop codon before the C-terminal
His-tag:

C411S

C411S, E427H, Q433L, K440R

C411S, E427S, L429M, Q433L, K440R

C411S, E427D, L429V, Q433L, K440R

C411S, E426N, Q433T, K440R

C411S, E426S, EA27D, Q433T

C411S, E426L, E427T, L429H, Q433T,
R434L, T437K, K440P

C411S, E426W, E427D, L429A,
Q433S, R434Q, T437S, K440R

C411S, E4A26W, E427D, L429A,
Q433S, R434T, T437A, K440Y

C411S, E4A26W, E427N, L429A,
Q433S, R434E, T437L, K440R

C411S, L409A, HA13A

C411S, L409A, H413A, E427H,
Q433L, K440R

pGEX-HisP
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6.1.5 Bacterial strains

Table 6.5. Bacterial strains used in this work.

Strain Genotype Phenotype Resistance
I§L21 F- ompT hsdSs (rs, ms") Deficient in Lon and OmpT None
(Invitrogen) proteases
Derived from BL21. Contain a
BL21(DE3) F~ompT hsdSg (rs”, mg™) gal A prophage carrying the T7 None
(Invitrogen) dcm (DE3) RNA polymerase gene and
lacl?
As BL21(DE3). Contains an
BL21(DE3 IPTG-inducible BirA
pBirA ((Ami)d F~ompT hsdSa (re”, r.nB_) go;l expression plasmid for Cam
Biosciences) dem (DE3) AhsdS pBIrA(Str) biotinylation of Avi-tagged
proteins.
recAl endA1 gyrA96 thi-1 The lacl? ZAM15 gene on the
XL1-Blue hsdR17 supE44 relAl lac [F’ F” episome allows Tet
(Agilent) proAB lacl? blue-white screening for
ZAM15 Tn10 (Tet")] recombinant plasmids.
The lacl? ZAM15 gene on the
TetrD(mcrA)183 D(mcrCB- F" episome allows
hsdSMR-mrr)173 endA1 blue-white screening for
XL10 Gold supE44 thi-1 recAl gyrA96 recombinant plasmids. The Tet Cam
(Agilent) relAl lac Hte [F* proAB lacl? strain is deficient in ’

ZAM15
Tni10 (Tet") Amy Cam'].

endonuclease A and
recombination and all known
restriction systems.
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6.1.6 Antibodies

Table 6.6. Antibodies used in this work.

Western blotting

Antibody (dilution)

Product no.

V5-HRP (1:5000)

R961-25 (Invitrogen)

Flag-HRP (1:5000)

A8592 (Sigma)

His-HRP (1:5000)

sc-8036 HRP (Santa Cruz)

Sec5 (1:5000)

ab140620 (Abcam)

Goat anti-mouse HRP (1:5000)

GTXMU-DHRPX (Newmarket Scientific)

Goat anti-rabbit HRP (1:5000)

GTXRB-DHRPX (Newmarket Scientific)

Co-immunoprecipitation

Antibody Product no.
V5 R960-25 (Invitrogen)
SPAs
Antibody Product no.
anti-polyhistidine H1029 (Sigma)
anti-GST G7781 (Sigma)

6.1.7 Synthetic peptides

The peptides described in section 3.2 were purchased from Eurogentec. The remaining

peptides used in this work were produced as described in section 6.2.7.

6.1.8 Antibiotic working concentrations

Antibiotics used in this work were prepared at the following concentrations (Table 6.7).

Table 6.7. Preparation of antibiotic solutions.

T Working
Antibiotic .
concentration
Ampicillin (Amp) 100 pg/mL
Chloramphenicol (Cam) 20 pg/mL
Tetracycline (Tet) 10 pg/mL
Kanamycin (Kan) 25 pg/mL
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6.2 Methods
6.2.1 General methods
6.2.1.1 SDS-PAGE

Table 6.8. Buffers for SDS-PAGE electrophoresis.

Name Composition
Buffer | 1.5 M Tris-HCI pH 8.8
Buffer Il 0.5 M Tris-HCl pH 6.8
2x SDS sample 6.7% SDS, 6 M Urea, 33 mM Tris-HCI pH 7.4, 0.066 M B-
buffer mercaptoethanol, bromophenol blue

5x Tris-glycine

running buffer
10x Tricine

running buffer

0.125 M Tris-HCl, 0.96 M glycine, 0.05% SDS

1 M Trizma base, 1 M tricine, SDS (1%)

Table 6.9. Laemmli gels.

10% 12% 15% 18% Stacking
Reagent separating | separating | separating | Separating
gel (uL)
gel (uL) gel (uL) gel (uL) gel (uL)
Buffer | 1500 1500 1500 1500 -
Buffer Il - - - - 500
30%
acrylamide:bisacrylamide 2000 2400 3000 3600 250
(29:1)
MQ H.0 2400 2000 1400 800 1200
10% SDS 60 60 60 60 20
10% ammonium 48 48 48 48 40
persulphate
TEMED 6 6 6 6 2

SDS-PAGE gels were prepared using the reagent quantities listed in Table 6.9. Samples were
mixed with an equivalent volume of 2x SDS sample buffer (Table 6.8), heated at 95 °C for 3
min and centrifuged before loading onto the gel. Gels were run in 1x Tris-glycine running

buffer (Table 6.8) at 200 V for 55 min and stained using InstantBlue (Expedeon).
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6.2.1.2 Tricine gel electrophoresis

Table 6.10. 14% Tris-tricine gels.

14% .
: Stacking gel
Reagent separating gel
(nL)
(n)
3M Tris-HCI pH 8.45
! 1330
0.3% SDS 2000
50% glycerol 1200 -
30%
acrylamide:bisacrylamide 2800 530
(29:1)
MQ - 2100
5 -
10% ammonium 48 30
persulphate
TEMED 6 4

14% Tricine gels were prepared using the reagent quantities listed in Table 6.10. Samples
were prepared as in section 6.2.1.1. Gels were run in 1x tricine running buffer (Table 6.8) at

125 V for 90 min and stained with InstantBlue (Expedeon).

6.2.1.3 Agarose gel electrophoresis

Table 6.11. Reagents for agarose gel electrophoresis.

Name Composition
50x TAE Buffer | 2 M Tris-base, 5% Acetic acid, 50 mM EDTA, pH 8.0
5x STOP Buffer 50% sucrose, 50 mM EDTA pH 7.5, 0.1%
Bromophenol blue

Agarose gels were prepared using TAE buffer (Table 6.11) with ethidium bromide (0.5 pg/mL)
at the desired percentage (1-2%). DNA samples were prepared in 5x STOP buffer (Table 6.11).
Gels were run in TAE buffer with ethidium bromide (0.5 pg/mL) at 80 V until the desired

separation was achieved.
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6.2.1.4 Preparation of E. coli chemically competent cells

Table 6.12. Reagents for bacterial cell growth.

Name Composition
2TY 16 g tryptone, 10 g yeast extract, 5 g NaCl (L)
Agar plates 16 g tryptone, 10 g yeast extract, 5 g NaCl, 16 g Agar (L)
M9 minimal 47 mM Naz;HPOg4, 22 mM KH;PO4, 8.6 mM NaCl, 4 uM
media ZnS04,1 pM MnSQg4, 0.7 uM H3B04,0.7 uM CuSOg4, 0.4%
(w/v) glucose, 2 nM FeCls, 2 uM MgS04, 20 mM NHa4Cl, 0.1
UM CaCl,

Cultures of E. coli were grown at 37 °C with shaking overnight. To 100 mL 2TY (Table 6.12),
0.5—1.0 mL overnight culture was added and incubated at 37 °C with shaking until Asgo of 0.4
was reached. Cultures were incubated onice for 5 min and pelleted by centrifugation at 2,000
x g for 5 min at 4 °C prior to resuspension in 25 mL cold MgCl, (100 mM). Samples were
centrifuged as before, resuspended in 5 mL cold CaCl, (100 mM) and incubated on ice for 90
min. Cells were pelleted once more and resuspended in 1 mL cold 85 mM CaCl; with 17%

glycerol. Competent cells were flash frozen on dry ice in 100 uL aliquots and stored at -80 °C.

6.2.1.5 DNA purification

Plasmid purifications from E.coli were performed using a GenElute Plasmid Miniprep Kit

(Sigma-Aldrich) following the manufacturer’s instructions.

6.2.1.6 Transformations into chemically competent E. coli

100-200 ng plasmid DNA was added to 50 pL thawed competent cells and incubated on ice
for 5 min. The cells were heat shocked in a pre-warmed waterbath at 42 °C for 45 s, followed
by incubation on ice for 2 min. 2TY (350 puL) was added to the cells before incubation at 37 °C
for 1 h. Cells were plated on 2TY agar plates containing the appropriate antibiotic(s) and

incubated at 37 °C for at least 16 h.
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6.2.2 Cloning of peptide sequences
6.2.2.1 Peptide insert construction

Overlapping oligonucleotides (Sigma) were prepared at 100 ng puL™ in sterile analytical water
(SAW). 10 pL of each oligonucleotide was added to an Eppendorf and heated to 100 °C for 5
min before being cooled slowly by turning off the heat block. This mixture was diluted to 1

ng/uL in SAW. The inserts listed in Table 6.13 were constructed using this method.
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Table 6.13. Peptide inserts constructed using complementary oligos.

Construct
name

Vector

Restriction
sites

Insert sequence

Oligonucleotides®

pOP5BP-
peptide

pOP5SBP

BamHlI
Xhol

LCKEHCLWEVLRILTALRRKLREA

Forward-
pPGATCCCTGTGCAAAGAACACTGCCTGTGGGAAGTTCTGCGTATCCTGA
CCGCGCTGCGTCGTAAACTGCGTGAAGCC
Reverse -
pTCGAGGCTTCACGCAGTTTACGACGCAGCGCGGTCAGGATACGCAGA
ACTTCCCACAGGCAGTGTTCTTTGCACAGG

pPET31b-
peptide

pET31b

AlwNI

DPLCKEHCLWEVLRILTALRRKLR
EA

Forward-
pPCTGGATCCGCTGTGCAAAGAACACTGCCTGTGGGAAGTTCTGCGTAT
CCTGACCGCGCTGCGTCGTAAACTGCGTGAAGCGCAGATG
Reverse-
pCTGCGCTTCACGCAGTTTACGACGCAGCGCGGTCAGGATACGCAGAA
CTTCCCACAGGCAGTGTTCTTTGCACAGCGGATCCAGCAT

pET31b-
double
peptide

pET31b

AlwNI

DPLCKEHCLWEVLRILTALRRKLR
EADPLCKEHCLWEVLRILTALRRK
LRE

F1-
pPGATCCGCTCTGCAAAGAGCAC
F2 - TGCCTGTGGGAGGTTCTCCGCATCCTCACCGCGCTCCGTCGTAAA
F3 - CTGCGCGAAGCGGACCCGCTGTGCAAGGAACATTGCCTCTGGGAA
F4 - GTTCTGCGTATCCTGACGGCGCTGCGCCGTAAGCTGCGTGAGATG
R1-
pCTCACGCAGCTTACGGCGCAG
R2 - CGCCGTCAGGATACGCAGAACTTCCCAGAGGCAATGTTCCTTGCA
R3 -
CAGCGGGTCCGCTTCGCGCAGTTTACGACGGAGCGCGGTGAGGAT
R4 - GCGGAGAACCTCCCACAGGCAGTGCTCTTTGCAGAGCGGATCCAT

2 Sequences complementary to the overhangs generated by digestion of the vector are shown in red. The Asp-Pro motif added for
cleavage with acid is underlined.




6.2.2.2 Vector preparation

The vector (5 pg) was digested with AIwNI (50 units, pET31b) or BamHI and Xhol (100 units
each, pOP5BP) in CutSmart buffer in a total reaction volume of 100 uL made up with SAW.
The digest was incubated at 37 °C for 4 h. 10 pL of the digest was resolved using agarose gel

electrophoresis (section 6.2.1.3) to confirm that the digestion was successful.

Tris-HCI pH 8.0 (100 mM), MgCl, (10 mM), alkaline phosphatase (5 units) and SAW to give a
final volume of 150 puL were added to the digestion mixture and incubated at 37 °C for 45 min,

then at 65 °C for 20 min.

6.2.2.3 Ligation

The alkaline phosphatase-treated vector (60 ng) was combined with the peptide insert in 1:2
and 1:5 molar ratios, with 10x ligase buffer (2 uL) and T4 ligase (1 unit) in a total reaction
volume of 20 pL. The ligation mixture was centrifuged briefly and incubated at 16 °C
overnight. The entire ligation reaction was transformed into competent E.coli XL1 cells and

plated on 2TY Agar plates containing the appropriate selective antibiotics.

6.2.2.4 Analysis of colonies

Colonies obtained from transforming the ligation mixture were grown overnight and the DNA
extracted. Test digests were carried out with BamHI/Xhol (pOP5BP) or Ndel/Xhol (pET31b) in
the following quantities: 16 pL miniprep DNA, 2 pL CutSmart buffer (10X), 20 units each
restriction enzyme. Digestion mixtures were incubated at 37 °C for 1-3 h and the analysed
using agarose gel electrophoresis (section 6.2.1.3) to check for an insert of the appropriate
size. Positive colonies were confirmed by sequencing (Department of Biochemistry, DNA

sequencing facility).
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6.2.3 Site-directed mutagenesis

Site-directed mutagenesis was performed using a QuikChange Lightning Multi site-directed
mutagenesis kit (Agilent). Reaction mixtures were set up following manufacturer’s

instructions. The cycling parameters used are listed in Table 6.14.

Table 6.14. Mutagenesis cycling parameters.

Stage Temperature (°C) Time (min)
Denaturation 95 2:00
Annealing and 95 0:20
extension (repeat x 55 0:30
30) 65 0:30 per kb of template
Final extension 65 5:00
Final hold 4 hold

Dpn1 (20 units) was added to PCR reaction mixtures and incubated at 37 °C for 1 h. 1.5 pL of
digested DNA was transformed into an aliquot of chemically competent XL10 GOLD cells
following manufacturer’s instructions. Plasmids were sequenced (Department of

Biochemistry, DNA sequencing facility) to check for successful mutagenesis.

The constructs listed in Table 6.15 were available in the lab and acted as templates for site-
directed mutagenesis, and the constructs listed in Table 6.16 were prepared by site-directed

mutagenesis.

Table 6.15. RLIP76 RBD expression constructs available in the lab.

Protein Clc.mlng Construct Mutations
sites name
Wild-type - C411s
His
, C411S, E426L, E427T, Q433T,
RLIP76 RBD 393-446in | BamH|, | LTTLRP-His RA34L T437R. KA40P
PGEX-HisP Xho! LR -His C411S, Q433L, K440R
WDASR _Hi C411S, E426W, E427D, L429A,
“His Q433S, K440R
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Table 6.16. Constructs prepared by site-directed mutagenesis.

RLIP76 RBD His-tagged constructs

Construct Mutations Template Primer?
name
L -His Ca11s, Q433L LR-His | CTGAGAATTTTGACAGCCCTCA
HL -His C411S, E427H, Q433L HLR -His | AAAGAAAACTGAGAGAAGC
. _ GGATTTGTCTAAAGAACATAGA
HLR-His | C411S, E427H, Q433L, K440R | LR -His A TOGOANCTACTOA
, | CATAGATTATGGGAAGTACAAA
HR -His C411S, E427H, KA40R HLR -His A TTTTCACAGCECTE
WDASQSR - | G115 E426W, E427D, | GGGACAGAGCATGGGAAGTAT
His L429A, Q4335,R434Q, | WDASR -His | - p A pATTTTGTCAGCCCTCCGE
TA37S, KA40R
. Ca11S, EA26L, EA2TT, | GATTTTGCGCGCCCTCAAAAGA
LTTLRK -His Q433T, R434L, T437R LTTLRP -His AAACTGAGAGAAGC

RLIP76 RBDs with a STOP codon after Ala446 to remove the C-terminal His-tag

Construct

Mutations Template Primer
name
Wild-type C411S, STOP W"dk'ltizpe ]
C411S, E427H, Q433L, .
LR K440R, STOP LR -His CTGAGAGAAGCTTAGTCGAGCG
C411S, E426W, E427D, . GCCGCC
WDASR || 420a, 433, KaaoR, sTop | VDASR -His
C411S, E426L, E427T,
LTTLRP Q433T, R434L, T437R, LTTLRP -His
K440P, STOP
Constructs lacking a C-terminal His-tag
Construct Mutations Template Primer
name
4115, E426W, E427D, GGGACAGAGCATGGGAAGTAT
WDASQSR L429A, Q433S, R434Q, WDASR CACAAATTTTGTCAGCCCTCCGC
T437S, K440R, STOP
C411S, E426W, E427D, GGGAAGTATCAACAATTTTGGC
WDASTAY L429A, Q433S, R434T, WDASR AGCCCTCTACAGAAAACTGAGA
T437A, K440Y, STOP GAAGC
C411S, E4A26W, E427N, GTCTAAATGGAACAGAGCATGG
WNASELR L429A, Q433S, R434E, WDASR GAAGTATCAGAAATTTTGTTAG
T437L, K440R, STOP CCCTCCGC
GGGATAAAGGATTTGTCTAAAG
SMLR C4115, 4275, L429M HLR AATCTAGAATGTGGGAAGTACT

Q433L, K440R, STOP

GAG
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C411S, EA27D, LA29V,

GGATTTGTCTAAAGAAGATAGA

DVLR Q433L, K440R, STOP HLR GTATGGGAAGTACTGAG
GGATTTGTCTAAATCATCAAGAT
SST C41§A§§T2 GSST ;:1)275, Wild-type | TATGGGAAGTAACAAGAATTTT
‘ GACAGCCC
C411S, E426S, E427D, GGGATAAAGGATTTGTCTAAAT
>bT Q433T, STOP SST CAGATAGATTATGGGAAG
GGGATAAAGGATTTGTCTAAAA
NTR C411§A§3§62{_ (()1 : 33T, HLR ACGAAAGATTATGGGAAGTAAC
’ GAGAATTTTGACAGCC
C411S, EA26L, E427T, L429H CTAAACTGACAAGACATTGGGA
LTHTLKP ’ ’ ! ’ LTTLRP AGTAACACTGATTTTGAAAGCC
Q433T, R434L, T437K, K440P CTCCCAAG
Wild-type . GGAGACAGGAGTTTCTTGCGAA
L409A/HA13A C411S, L409A, H413A, STOP Wild-type TAGTITA@TCGAGATCECAG
HLR C411S, LA09A, HA13A, HLR GG
LA09A/H413A | E427H, Q433L, K440R, STOP
KSI (pET31b) DP - EP
Construct Mutations Template Primer
name
KSI (pET31b CCACGGTGGAAGAACCCGTGG
D|(>p9 - ) KSI:D38E pET31b GTTCC
Peptides in pET31b
Construct Mutations Template Primer
name
Peptide pET31b- CGCCGTAAGCTGCGTGAGGCG
linker (vector)MLLE - AGSG double GGGAGCGGGCACCACCACCACC
mutagenesis peptide ACC
Primer 1 -
GCCTGTGGGAGGAACTCCGCAT
] CAAGACCGCGGAGCGTCGTAAA
Peptide salt | V432E, L436K, L439E, L443K Pﬁ:ﬁ;"f AAGCGCGAAGCGG
bridges X2 peptide sequences Primer 2 -

mutagenesis

CCTCTGGGAAGAACTGCGTATC
AAGACGGCGGAGCGCCGTAAG
AAGCGTGAGGCG

2 Nucleotides that differ from the template are underlined.
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6.2.4 Preparation of recombinant proteins from E. coli

Table 6.17. Buffers for protein purification.

Lysis buffers
Name Composition
RLIP76 RBD 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 1 mM MgCl,
RhoA 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 5 mM MgCl
Cdc42
Ni2* affinity 50 mM Tris-HCl pH 7.9, 500 mM NaCl, 1 mM MgCl,
Purification buffers
Name Composition
RLIP76 RBD 50 mM Tris-HCl pH 7.5, 250 mM NacCl, 1 mM MgCl;, 0.05% NaN3
RalB 50 mM Tris-HCl pH 7.5, 150 mM NacCl, 1 mM MgCl;, 0.05% NaN3
RalA 20 mM Tris-HCl pH 7.5, 150 mM NacCl, 1 mM MgCl;, 5 mM DTT,
0.05% NaNs3
RhoA 50 mM Tris-HCl pH 7.5, 150 mM NacCl, 5 mM MgCl;, 5 mM DTT,
Cdc42 0.05% NaNj3
Cleavage buffers
Name Composition
HRV-3C 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM MgCl;, 1 mM DTT
] 50 mM Tris-HCl pH 8.4, 150 mM NacCl, 2.5 mM CaCl;, 5 mM
Thrombin MgCl
Ni2* Affinity purification buffers
Name Composition
Buffer A 20 mM Tris-HCl pH 7.9, 100 mM NacCl, 0.05% NaN3s
Buffer B 20 mM Tris-HCl pH 7.9, 100 mM NacCl, 1 M imidazole pH 7.9,
0.05% NaN3

6.2.4.1 Small-scale expression trials

Cultures of E.coli transformed with the desired construct were grown in 2TY for at least 16 h.
1 mL of the overnight culture was added to 3 x 10 mL 2TY and incubated at 37 °C until an Asoo
= 0.8 was reached. 2 out of the 3 samples were induced with 0.1 mM IPTG (BL21) or 1 mM
IPTG (BL21(DE3)), while the final sample was not induced. One induced sample and the
uninduced sample were incubated at 37 °C with shaking for 5 h, and the other induced sample
was incubated at 20 °C overnight. The Asgo of each sample was measured and 1-2 mL each
was centrifuged at 13,000 x g for 1 min. The samples were resuspended in a volume of water

related to the Asoo of the sample by the following equation;
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1000
(volume = - X Agoo X mL culture)

to give a minimum volume of 200 pL for sonication, and a small volume of each was mixed
with 2x SDS sample buffer. Lysozyme (2 pL, 20 mg/mL) was added to the induced samples,
which were sonicated for 3 x 10 s at 70% intensity (Fisher Scientific™ Model 120 Sonic
Dismembrator). The lysed samples were pelleted at 13,000 x g for 1 min and the supernatant
was then mixed with an equal volume of 2x SDS sample buffer. The pellets were resuspended
in the calculated volume of SAW and an equivalent volume of 2x SDS sample buffer was
added. The samples were analysed by SDS-PAGE and the best expression conditions were

taken forward into larger-scale preparations.

6.2.4.2 Large-scale protein expression

50 mL overnight cultures of E.coli (strains listed in Table 6.18) were diluted into 500 mL fresh
2TY (3 L total for GTPases, 1.5 L total for RLIP76 RBDs). Flasks were incubated with shaking at
37°Cuntil an Asoo = 0.8 was reached. Flasks were induced with 0.1 or 1 mM IPTG and incubated

at 20 °C overnight or at 37°C for 5 h as indicated (Table 6.18).
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Table 6.18. Protein expression constructs.

GST-, -Hisg fusion proteins from pGEX-HisP
Protein Strain [IPTG] (mM) Tem;()fé)ature Time (h) Antibiotic
RLIP(;GI)RBD BL21 0.1 20 20 Amp
Hise-MBP- fusion proteins from pMAT10
Protein Strain [IPTG] (mM) Temr()fé;:\ture Time (h) Antibiotic
Ralil(;”) BL21(DE3) 1 20 20 Amp
His1o- fusion proteins from pET16b
Protein Strain [IPTG] (mM) Tem?fé;\ture Time (h) Antibiotic
RalB BL21(DE3) 1 20 20 Amp
GST- fusion proteins from pGEX2T
Protein Strain [IPTG] (mM) Tem?:eé;\ture Time (h) Antibiotic
Cdc42 BL21 0.1 37 5 Amp
RhoA BL21 0.1 20 20 Amp

6.2.4.3 Expression of °N-labelled RalB for NMR studies

Small-scale expression trials for RalB in pET16b in M9 minimal media (Table 6.12) were carried

out as follows. Overnight cultures in 2TY (10 mL) were pelleted by centrifugation at 3,000 x g

for 20 min and resuspended in 1 mL 1 x M9 salts prior to inoculation of 3 x 9 mL M9 minimal

media. Growth and analysis of small-scale expression cultures was carried out as described

previously.

Overnight cultures for the large-scale preparation were set up in 6 x 50 mL 2TY. Cultures were

pelleted at 3,000 x g for 20 min and resuspended in 1 mL 1 x M9 salts each prior to inoculation

into 6 x 500 mL flasks M9 minimal media supplemented with 0.5g °>NH4Cl. Cultures were

grown until an Asgo = 0.8 was reached and then cooled prior to induction with 1 mM IPTG and

overnight incubation at 20 °C with shaking.
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6.2.4.4 Preparation of cell lysates for subsequent purification

Large scale cultures were pelleted at 8,000 x g for 15 min and the cell pellet then resuspended
in 30 mL lysis buffer or Ni?* lysis buffer (pMAT10 and pET16b) with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and a SIGMAFAST™ protease inhibitor cocktail tablet
(EDTA-Free) added. Cells were lysed by passing through an Emulsiflex 3 times under pressure
and an additional 1 mM PMSF and 0.1% triton was added to the lysate. Insoluble material was

pelleted by centrifugation at 45,000 x g for 30 min.

6.2.4.5 GST affinity purification

Lysates containing GST-fusion proteins (pGEX2T and pGEX-HisP) were added to glutathione
agarose beads (Sigma) pre-equilibrated in purification buffer (Table 6.17) and incubated at 4
°C with rotation for 2 h. Beads were washed with 3 x 40 mL ice cold purification buffer with
0.1% Triton, and 10 mL HRV-3C cleavage buffer (pGEX-HisP) or 3 x 20 mL thrombin cleavage
buffer (pGEX2T) (Table 6.17). HRV-3C (50 uL, 4.8 mg/mL) or thrombin (Novagen, 25 units)
protease was added to each set of beads and incubated at 4 °C overnight with rotation to
cleave the fusion protein from the GST tag. The beads were pelleted at 1000 x g for 10 min
and the supernatant retained. Remaining protein was eluted from the beads with 3 x 10 mL
cold purification buffer and all elutions were retained on ice. The presence of the cleaved

protein in the eluted fractions was confirmed by SDS-PAGE analysis.

6.2.4.6 Ni**-NTA affinity purification (bead slurry)

Lysates containing His-tagged Ral proteins from pMAT10 were added to charged Ni-NTA
agarose beads (2 x 5 mL, Qiagen) equilibrated with Buffer A (Table 6.17) and incubated at 4
°C for 2 h with rotation. The beads were washed with 3 x 45 mL cold Buffer A + 0.1% Triton,
followed by 3 x 20 mL thrombin cleavage buffer. Thrombin (Novagen, 25 units) was added to
each bead set and incubated at 4 °C for at least 16 h. The thrombin cleavage step was omitted
to produce MBP-RalA. For cleaved Ral proteins, beads were pelleted at 1,000 x g and the

supernatant was retained. Remaining cleaved Ral protein was eluted by washing the beads
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with 3 x 10 mL cold Buffer A. MBP-RalA was eluted with 4 x 10 mL cold Buffer A + 300 mM

imidazole. SDS-PAGE analysis confirmed the presence of Ral proteins in the eluted fractions.

6.2.4.7 Ni**-NTA affinity purification (column)

Cleared lysate containing His-tagged RalB was loaded onto a charged Ni-NTA column.
Unbound proteins were removed from the column by washing with Buffer A and loosely
bound proteins were then eluted with 6% Buffer B (60 mM imidazole) (Table 6.17). The His-
tagged RalB was eluted using an increasing gradient of imidazole (60-500 mM). SDS-PAGE

analysis was used to identify the fractions containing RalB.

6.2.4.8 Concentration of purified proteins

Following affinity purification, protein solutions were concentrated in a 4 or 15 mL Amicon®
centrifugal filter unit (Merck-Millipore) with a 10,000 (GTPases) or 3,000 (RLIP76 RBDs)
molecular weight cut off. Proteins were concentrated again after size exclusion

chromatography.

6.2.4.9 Size exclusion purification

Superdex S30 (RLIP76 RBDs), S75 (cleaved GTPases) and S200 (MBP-RalA) columns (Cytiva,
120 mL bed volume) were used for size exclusion purification. Columns were equilibrated in
1.5 column volumes purification buffer prior to loading up to 2 mL sample. Columns were
eluted with 1.5 column volumes purification buffer at 1 mL/min and collected in 2 mL
fractions. Fractions were analysed using SDS-PAGE and those containing the desired protein

were pooled and concentrated as described in the previous section.

6.2.4.10 Measuring protein concentration

The Azgo values of the purified proteins were measured using a NanoDrop™ One using the
eluate from the concentration unit as a blank. The protein concentrations were estimated

according to the Beer-Lambert law (A = &cl), where A = absorbance at 280 nm, € = extinction
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coefficient, c = molar concentration, and | = path length in cm. Extinction coefficients for
proteins were estimated using EMBOSS Pepstats and the extinction coefficient for a guanine

nucleotide (g = 7950) was included for the GTPase measurements.

6.2.5 Nucleotide exchange

Table 6.19. Nucleotide exchange and HPLC analysis buffers.

Name Composition
Exchange buffer 1 10 mM Tris-HCl pH 7.5, 0.1 mM ZnCl,
Exchange buffer 2 3M (NH4)2S04, 10 mM Tris-HCl pH 7.5
Exchange buffer 3 50 mM Tris-HCl pH 7.4, 150 mM NaCl
HPLC buffer 0.6 M monobasic ammonium phosphate pH 4.0

6.2.5.1 Exchange of bound nucleotides for GMPPNP

Purified GTPase (500 pL, up to 1 mM), 333 uL 20 mM GMPPNP and 91 pL Exchange buffer 2
(Table 6.19) were added to 80 units alkaline phosphatase beads (Sigma) equilibrated in
Exchange buffer 1 (Table 6.19). The mixture was incubated at 37 °C for 4.5 h with rotation
and then separated on G25 Sephadex (Sigma) spin columns. Approximately 50 pug exchanged
protein was mixed with 3 puL 0.9 M perchloric acid to precipitate the protein and release the
nucleotide. Samples were made up to 100 pL in 0.6 M ammonium phosphate pH 4 and
centrifuged at 13,000 x g for 1 min. The supernatant was analysed by HPLC to check the

exchange efficiency (section 6.2.5.3).

6.2.5.2 Preparation of GDP-RalA

Following purification, the bound nucleotide of wild-type RalA was analysed by HPLC and was
found to contain some GTP. The protein was incubated at room temperature for at least 16
h, after which time all of the bound nucleotide had been hydrolysed to GDP as confirmed by
HPLC (section 6.2.5.3).
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6.2.5.3 Analysis of bound nucleotides

Approximately 50 ug GTPase was precipitated with 3 uL 0.9 M perchloric acid to release the
bound nucleotide, and HPLC buffer (Table 6.19) was added up to 100 ulL. Samples were
centrifuged at 13,000 x g for 5 min prior to loading onto a 1.5 mL Partisphere SAX column
(Whatman) equilibrated in HPLC buffer. Nucleotides were eluted in the same buffer at 1.5
mL/min. Standards of nucleotides prepared at 0.1 mM in SAW were also run for comparison

of retention times.

6.2.5.4 Radiolabelling proteins for scintillation proximity assays

GTPases were loaded with [8,5-3H]GTP (0.15 mCi, Cytiva) as described previously (227).
Excess nucleotide was removed using a 1 mL G25 Sephadex (Superfine, Sigma) column, pre-

equilibrated with Exchange buffer 3 (Table 6.19).

6.2.6 Production of cysteine-crosslinked peptides from E.coli

Table 6.20. Buffers for purification of recombinant peptides.

Name Composition
Peptide lysis 50 mM Tris-HCl pH 7.9, 500 mM NaCl
Buffer A 20 mM Tris-HCl pH 7.9, 500 mM NacCl, 0.05% NaN3s
Buffer B 20 mM Tris-HCl pH 7.9, 500 mM NaCl, 1 M imidazole pH 7.9,
0.05% NaN3
Peptide buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl
Inclusion body 6M Gdn-HCl, 50 mM Tris-HCI pH 7.9, 500 mM NaCl
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Table 6.21. Growth and induction conditions for peptide expression.

Peptides from pOP5BP

Peptide . Temperature . .
Antibiotic
fusion Strain [IPTG] (mM) °C) Time (h)
HissGB1-
peptide-Avi BLzBli(riE?’) 0.4 20 20 Amp, Cam
tag
Peptides from pET31b
Peptide Strain [IPTG] (mM) Temperature Time (h) Antibiotic
fusion (°c)
KS"E’:IBt'de BL21(DE3) 1 37 5 Amp

6.2.6.1 Large scale peptide expression

50 mL cultures of E. coli (strains listed in Table 6.21) were diluted into 500 mL 2TY. Flasks were
incubated with shaking at 37 °C until an Asoo = 0.8 was reached. Flasks were induced with 0.4
or 1 mM IPTG and incubated at 20 °C for at least 16 h or at 37 °C for 5 h as indicated in Table
6.21.

6.2.6.2 Preparation of soluble peptides from pOP5BP

Cultures were pelleted at 8,000 x g for 15 min and resuspended in Peptide lysis buffer
supplemented with 1 mM PMSF and an EDTA-free protease inhibitor cocktail tablet and lysed
by passing the culture through an Emulsiflex under pressure (x3). The lysate was centrifuged
at 45,000 x g for 30 min to remove insoluble debris and the supernatant was loaded onto a
pre-charged 20 mL Ni-NTA column equilibrated in Buffer A (Table 6.20). The column was
washed with Buffer A and then again with 3% Buffer B (30 mM imidazole). The protein was
eluted with an imidazole gradient (30 — 500 mM) over 10 column volumes. Following
concentration to <2.5 mL, A PD10 desalting column (Cytiva) was used to buffer exchange the
GB1-peptide fusion into Buffer A. For cleavage of the peptide from the GB1 fusion protein, 1
mM EDTA, 1 mM DTT and HRV-3C protease (100 L, 4.8 m/mL) were added to the solution

and incubated at 4 °C for a minimum of 16 h with rotation.
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6.2.6.3 Inclusion body preparation of KSl-peptide fusions

Cultures were centrifuged at 12,000 x g for 10 min and resuspended in Peptide lysis buffer
(Table 6.20) supplemented with 1 mM PMSF and an EDTA-free protease inhibitor cocktail
tablet and lysed by passing the culture through an Emulsiflex under pressure (x3). The lysate
was centrifuged at 12,000 x g for 10 min. The supernatant was removed and the pellet
containing the KSl-peptide fusion was resuspended in 20 mL Peptide lysis buffer, using
sonication to aid resuspension. The centrifugation and washing steps were repeated to
remove soluble proteins from the inclusion body pellet. Finally, the inclusion bodies were

resuspended in a small volume of Inclusion body buffer (Table 6.20).

Solubilized inclusion bodies centrifuged at 45,000 x g to remove debris. The supernatant was
loaded onto a Ni-NTA column and washed with Inclusion body buffer until a stable baseline
was observed. This was followed by washing with Inclusion body buffer + 20 mM imidazole
to remove weakly bound proteins. The purified KSl-peptide fusion was eluted from the

column using Inclusion body buffer + 300 mM imidazole.

6.2.6.4 Cysteine cross-linking with dibromo-m-xylene

The KSl-peptide fusion was concentrated to approximately 1 mM. TCEP (4mM) and 10
equivalents of dibromo-m-xylene (10 mM, from 1 M stock in DMF) were added to the KSI-
peptide fusion and the reaction was sealed and stirred at room temperature overnight. The
reaction was stopped by adding 1 M HCI dropwise until pH <1.0 was reached. The extent of
cross-linking was assessed using MALDI-ToF mass spectrometry (Cambridge Centre for
Proteomics, University of Cambridge) and samples were typically found to contain 100%

cross-linked product with no side products visible.

6.2.6.5 Cleavage and purification of cross-linked peptides

The acidified peptide mixture was heated to 85 °C for 5 h to release the free peptide and His-
tagged peptide products. This hydrolysed mixture was dialysed overnight into Peptide buffer
using benzoylated tubing (D7884, Sigma). The peptide mixture was loaded onto a 5 mL Ni-

NTA column, and the His-tagged peptide was separated from the non-tagged peptide by
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elution with an imidazole gradient (20 - 300 mM). Finally, the peptides were purified by size
exclusion chromatography using a 24 mL Superdex peptide column equilibrated with Peptide
buffer. Peptide concentrations were quantified using the absorbance at 280 nm and then

stored at -80 °C.

6.2.7 Peptide synthesis

Table 6.22. Peptide synthesis reagent preparations.

Reagent Preparation
HCTU 32 gin 200 mL DMF
DIPEA 70 mLin 130 mL NMP
Capping 40 mL acetic anhydride, 390 mL DMF, 70 mL pyridine
20% piperidine 100 mL piperidine, 400 mL DMF
., 89% TFA, 5% TIPS, 1.5% EDT, 1.5% H.0, 1.5% thioanisole, 1.5%
King’s reagent phenol

6.2.7.1 Automated peptide synthesis

Rink amide MBHA resin (0.15 mmol) was swollen in DCM in a synthesis vessel and washed
with DMF. Fmoc-protected natural amino acids and Fmoc-AEEP were coupled using a Prelude
automated peptide synthesizer (Gyros) using an HCTU activator, 0.3 M amino acid solutions
and DIPEA solutions, followed addition of capping solution (Table 6.22). Resin was washed
thoroughly between amino acid coupling and deprotections. Deprotections were carried out
using 20% piperidine (Table 6.22, 2 x 10 min). Amino acids were single or double-coupled,

except for residues immediately following (S)-pentenylalanine, which were triple-coupled.

6.2.7.2 Manual coupling of (S)-pentenylalanine

Resin was deprotected using 20% piperidine (2 x 10 min) with shaking and washed extensively
with DCM and DMF. Fmoc-(S)-pentenylalanine (4 eq), HATU (4 eq) and DIPEA (8 eq) in DMF
were added to the deprotected resin and incubated at room temperature for 1 h with

horizontal shaking.
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6.2.7.3 Peptide stapling with Grubbs metathesis

The resin containing the linear peptide was dried using ether under vacuum and transferred
to a reaction vessel. The resin was washed with DCE (2 x 10 mL). Grubbs first generation
catalyst (6 mM, 5 mL) in DCE was added and the mixture was sparged with nitrogen for 2 h.
The vessel was drained, replaced with fresh catalyst (6 mM, 5 mL) and sparged with nitrogen
for 2 h. The resin was washed extensively with DCM and DMF. Finally, the resin was dried with
ether under vacuum, and transferred into Prelude reaction vessels for further couplings.
Small-scale test cleavages (section 6.2.7.5) were carried out to ensure the stapling reaction

had achieved completion.

6.2.7.4 Fluorescent labelling of peptides

The resin was deprotected using 20% piperidine (2 x 10 min) with shaking and washed
extensively with DCM and DMF (DMF final washes). 5-carboxyfluorescein (5 eq), HOBt (10 eq)
and DIC (10 eq) in DMF were added to the resin. Reaction vessels were covered with foil and
incubated at room temperature with horizontal shaking for a minimum of 40 h. Following
extensive washes with DCM and DMF, resin colour was used to confirm that the reaction had

been successful.

6.2.7.5 Cleavage from resin

Small-scale test cleavage: Approximately 10 mg resin was added to a small syringe with 1 mL
King’s reagent (Table 6.22) was added to the syringe and incubated at room temperature for
4 h with shaking. TFA was evaporated under a flow of air and the peptide was precipitated
with ether (10 mL). The pellet was washed with ether (2 x 10 mL), with centrifugation after

addition of ether to re-form the pellet. The pellet was air-dried in a fumehood.

Cleavage of peptides from resin following complete synthesis: King’s reagent (12 mL) was
added to each resin in a foil-covered syringe and incubated for 4-6 h at room temperature
with shaking. TFA was removed by rotary evaporation and the peptide was precipitated with
ether (25 mL). The pellet was washed with ether (2 x 25 mL), with centrifugation after addition

of ether to re-form the pellet. The pellet was air-dried in a fumehood.
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6.2.7.6 Purification by RP-HPLC

Peptides were purified by reversed-phase preparative HPLC (Waters X-Bridge, 19 x 250 mm,
C18 OBD) and analyzed by LC/MS (Agilent Polaris C8A, 2.1 x 50 mm); both systems eluting
gradients of acetonitrile (0.1% v/v TFA) against water (0.1% v/v TFA).

6.2.8 Invitro binding assays

Table 6.23. Buffers for biophysical assays.

Name Composition
FP buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM MgCl,
50 mM Tris-HCl pH 7.5, 0.2 mg/mL BSA, 2 mM DTT, 1 mM
SPA reaction MgCl,, 0.6% anti-His or 0.7% uL anti-GST, 29% SPA
mix polyvinyltoluene protein A binding beads (Perkin Elmer) in 50
mM Tris-HCl pH 7.5
SPA dilution 50 mM Tris-HCl pH 7.5, 0.2 mg/mL BSA, 2 mM DTT, 1 mM
buffer MgCl,
CD buffer 20mM Na;HPO4/NaH;PO4 pH 7.4, 150 mM NaF
ITC buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM MgCl,

6.2.8.1 Fluorescence polarization measurements

All experiments were recorded using a BMG Labtech PHERAstar plate reader, with an
excitation wavelength of 485 nm and emission wavelength of 520 nm at 298K. Fluorescent
peptides (20 nM) and GTPase (at concentrations indicated in the results) were mixed in a 384-
well black flat-bottomed plate with a 30 pL well volume in FP buffer (Table 6.23). Plates were
spun at 2,000 x g for 1 min and read after 30 min incubation at room temperature. Data were
fitted to a single-site binding model using GraphPad Prism 7 to calculate the Ky values and

errors.

6.2.8.2 Scintillation proximity assays (SPAs)

Direct measurements: RLIP76 RBD-His (80 nM) was added to SPA reaction mix (Table 6.23).

RalA-[*H]GTP or RalB-[*H]GTP was serially diluted in SPA dilution buffer (doubling dilutions
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from 16 uM, Table 6.23) in low protein-binding eppendorfs. 175 pL reaction mix and 25 plL
[*H]GTP-labelled Ral protein at each concentration were mixed in a 96-well plate and
incubated at 18 °C with shaking for 30 min. Plates were centrifuged at 1,000 x g for 2 min
before reading. Each well was counted for 5 min in a MicroBeta Scintillation counter
(PerkinElmer). Control experiments lacking the effector protein were measured and
subtracted from the experimental data. Binding curves were fitted to obtain Ky values and

standard errors using GraFit5 as described previously (228).

Competitions: RLIP76 RBD-His (80 nM), GST-Sec5 RBD (20 nM) or GST-Raf RBD (30 nM) were
added to SPA reaction mix with [2H]GTP-labelled GTPase at a concentration equivalent to the
measured Ky value for the immobilised effector. Protein competitors were diluted in SPA
dilution buffer to give final concentrations as indicated in the results. Peptide competitors
were diluted in SAW or 2% Tween20 to aid solubility as indicated in the results. Plates were
prepared and counted as in the direct binding assays, with 175 pL reaction mix and 25 plL
competitor in each well. Competitive binding isotherms were fitted using GraFit5 as described

previously (182).

6.2.8.3 Isothermal titration calorimetry (ITC)

ITC data were collected using a MicroCal iTC200 calorimeter at 298 K in ITC buffer (Table 6.23).
RalB (40 - 200 uM, 8-10x cell concentration) was titrated into RLIP76 RBD variants (5-20 uM)
in 19 x 2 plL additions with 120 s between injections. Control experiments were performed by
titrating RalB (200 uM) into buffer. Data were fitted using MicroCal Origin 7.0 software using

a single-site binding model.

6.2.9 Circular dichroism measurements
6.2.9.1 Sample preparation

Proteins were buffer exchanged into CD buffer (Table 6.23) using 3.5 mL PD10 desalting
columns (Cytiva) and prepared at 0.2 mg/mL. Peptide samples were prepared in SAW at 0.2

mg/mL.
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6.2.9.2 Secondary structure analyses

Measurements were recorded on an AVIV Biomedical circular dichroism spectrometer model
430 with a quartz cuvette (path length 0.1 cm). Wavelength scans were recorded at 1 nm
intervals with a 5 s averaging time from 260 nm to as low a wavelength as possible before the
signal quality decreased too far (typically 185 nm). Three scans were recorded for each sample

and blank background measurements were subtracted. The machine units (in millidegrees, 0)

6x100XM,-

where 0 is the
cxXlxn

were converted to mean residue ellipticity using the equation [0] =

ellipticity in degrees, M. is the molecular weight of the sample, cis concentration in mg/mL, |
is the path length (cm) and n is the number of residues in the sample. The percentage of alpha
helicity was estimated by the CDSSTR method and reference set 3 using Dichroweb (183—
185). For the stapled peptides, the fluorescein label and PEG linker were included in the

residue counts.

6.2.10 X-ray crystallography
6.2.10.1 Preparation of RalB/RLIP76 RBD mutant complexes for crystallisation

RalB was added to an excess of RLIP76 RBD (HLR or SMLR) and incubated at room temperature
with rotation. The complex mixture was purified by gel filtration on a Superdex S75 column
in RalB purification buffer (Table 6.17). SDS-PAGE analysis was used to identify fractions

containing the complex and these fractions were pooled and concentrated.

6.2.10.2 Crystallization trials

Samples containing 10 and 5 mg/mL complex were prepared in RalB purification buffer (Table
6.17). Crystallization trials were set up using the Mosquito robotics system (SPT Labtech).
Drops were set up with 0.2 uL protein solution and 0.2 pL screen solution using the sitting
drop vapour-diffusion method with pHClear Suite | (Qiagen), ProPlex and JCSG+ HTS
commercial plates. Plates were stored at 20 °C in a Rock Imager 1000 (Formulatrix) with

regular images automatically taken to monitor crystal formation.

196



High quality crystals formed in the pHClear Suite | condition containing 0.1 M Bicine, pH 9.0
and 30% w/v polyethylene glycol 6000 at 20 °C. The crystals were frozen in liquid nitrogen

prior to data collection.

6.2.10.3 X-ray crystallography measurements

X-ray diffraction data was collected at the Diamond Light Source on beamlines 103 and 104
and processed using the pipedream package (Global Phasing Ltd). The structures were
determined by molecular replacement using Phaser (229) from the CCP4 package (230) and
were iteratively built and refined using Coot (231) and PHENIX (232). Co-ordinates have been
deposited to the protein data bank under the accession codes 6ZQT (HLR mutant) and 6ZRN

(SMLR mutant).

6.2.11 'H,> N HSQC NMR Spectroscopy

Experiments were recorded on a Bruker AV800 at 298 K using 100 uM *°N-labeled
RalB-GMPPNP in 50mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM MgCl,, 10% D;0. For the titration
experiments, 0.25, 0.5, 1.0, 1.25 and 2.0 equivalents of HLR-sol were added to the protein

solution and spectra recorded after each peptide addition. Chemical shift perturbations (&)

were calculated using the following equation; § = /8%, + (0.158,5y), where 8'H and 55N
are the chemical shift changes for the *H and °N dimensions, respectively. NMR data were
processed using the AZARA package (Wayne Boucher, University of Cambridge) and analyzed
using CCPN ANALYSIS (233).
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6.2.12 Cell culture methods

Table 6.24. Cell culture reagents.

Name Ingredients
50 mM Tris-HCl pH 7.8, 150 mM NacCl, 1% Triton, 1 mM
EDTA, 1 mM sodium orthovanadate, 1 mM B-
glycerophosphate and protease inhibitor cocktail (Sigma-

Lysis buffer

Aldrich
PBS 150 mM NaCl, 16 mM Na;HPQs, 4 mM NaH,PO4 (pH 7.3)
PBS-T PBS + 0.1% Tween20
) Pimethyl 200 mM in 0.2 M triethanolamine pH 8.2
pimelimidate (DMP)
2x LDS sample 4x LDS sample buffer (ThermoFisher, 50%), H20 (35%), B-
buffer mercaptoethanol (15%)
Luminol Solution 100 mM Tris-HCl pH 8.6, 1.25 mM Sodium Luminol Salt
Enhancer Solution 1.1 mg/mL p-Coumaric acid in DMSO
Enhanced

5 mL Luminol Solution, 1.5 pL 30% H203, 50 uL Enhancer

Chemiluminescence .
Solution

Solution (ECL)

6.2.12.1 DNA purification for transfection of mammalian cells

An EndoFree Plasmid Maxi Kit (Qiagen) was used to purify DNA for use in mammalian cell

transfections following the manufacturer’s instructions.

6.2.12.2 Transfections with PEI

3 x 108 HEK293T cells were seeded in 10 cm dishes 24 h prior to transfection. For each 10 cm
dish, 1 mL DMEM with the DNA amounts listed in Table 6.25 and PEI (30 pL, 1 mg/mL) was
prepared and incubated at room temperature for 10 min. The mixture was added dropwise

onto the dishes. The cells were incubated for 24 h before lysis.
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Table 6.25. DNA amounts for transfections of HEK293T cells.

RalB/RLIP76 transfections
Condition ug
GFP 11
GFP 1
V5-RalB Q72L 5
Flag-RLIP76 5

RalB transfections

Condition Mg
GFP 6
GFP 1
V5-RalB 5

6.2.12.3 Preparation of Dynabeads for co-immunoprecipitation experiments

Protein G Dynabeads (30 uL, ThermoFisher) were washed with 500 uL PBS-T and resuspended
in 200 pL PBS-T with anti-V5 (1 ug). The antibody was incubated on the beads for 30 min at
room temperature with rotation. The beads were washed with 0.2 M triethanolamine pH 8.2
(2 x 500 pL) and incubated with 500 uL DMP (Table 6.24) at room temperature with rotation
for 20 min. The beads were resuspended in 50 mM Tris-HCI pH 7.4 and incubated at room

temperature with rotation for 15 min. Finally, the beads were washed with PBS-T (3 x 500 pL).

6.2.12.4 Co-immunoprecipitation of Ral-effector complexes

Dishes were lysed in 1 mL lysis buffer (Table 6.24). Lysates (1 mL) were centrifuged at 17,000
x g for 20 min and added to Protein G Dynabeads (30 uL, Invitrogen) that had been cross-
linked with anti-V5 (section 6.2.12.3) Peptides, at the concentrations indicated in the results,
were added and incubated with rotation for 1 h at 4 °C. Precipitated complexes were washed
with lysis buffer (3 x 500 uL), and resuspended in equal volumes of PBS and 2x LDS sample
buffer (Table 6.24).
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6.2.12.5 Preparation of lysate samples for western blot analysis

Cells were lysed in an appropriate volume of sample buffer (1 mL — 10 cm dish, 160 pL — 6-
well plate) and were centrifuged at 17,000 x g for 20 min. Clarified lysates were added to an

equal volume of 2 x LDS sample buffer (Table 6.24).

6.2.12.6 Western blotting

Samples in LDS sample buffer were boiled at 100 °C and centrifuged at 17,000 x g for 1 min
prior to loading (10 uL each) onto an SDS-PAGE gel. Samples were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Immobilon-P) using a semi-dry transfer
module (Hoefer). Membranes were blocked in 10% milk for 1 h and incubated with the
antibodies listed in Table 6.6 for at least 16 h. Membranes were washed with PBS-T (3 x 15
min, 10 mL) and then incubated with an appropriate secondary antibody (Table 6.6) in 10%
milk for 2 h if required. Membranes were washed again with PBS-T (3 x 15 min, 10 mL) prior

to visualization with ECL (Table 6.6).

6.2.13 Confocal microscopy

Live cells: HEK293T cells were seeded in micro-inserts in 35 mm p-dishes (Ibidi). Prior to
imaging, the cells were washed three times with PBS and the media was replaced with
FluoroBrite™ DMEM (Gibco) supplemented with 20 mM HEPES (Sigma). Confocal images were
acquired on an inverted Ti-E microscope (Nikon) using a 100x 1.40 oil objective lens (Plan Apo
VC,Nikon). Images were collected with an EMCCD camera (Evolve Delta, Photometrics) with

Metamorph software (version 7.8.2.0). Images were processed with Fiji (234, 235).

Fixed cells: HEK293T cells (150,000) were seeded on 13 mm coverslips in 12-well plates 24 h
prior to fixing. The wells were washed with PBS and fixed with 4% paraformaldehyde in PBS-
T (1 mL) for 15 min. Wells were aspirated and 1% triton (1 mL) was added to each well for 10
min. Following aspiration, 4% BSA in PBS-T (1 mL) was added for 10 min. The coverslips were
transferred to a parafilm-coated block and were incubated with 4% BSA in PBS-T with
Alexa647-phalloidin conjugate (1:500, 20 uL) in darkness. The coverslips were finally washed

with 3 x PBS-T and mounted onto slides using SouthernBlot DAPI-fluoromount G. Confocal
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images were acquired on a Zeiss LSM 700 laser scanning confocal microscope using a 40x oil-

immersion objective. Images were processed with Fiji (234, 235).
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