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1. Introduction

1.1. Ras superfamily of small GTPase proteins

Comprised of over 150 human members, the Ras superfamily of small guanosine
trisphosphatases (GTPases) plays a crucial role in signal transduction and modulation of
various cellular processes. The superfamily members act as binary molecular switches that
bind and hydrolise guanosine tryphosphate (GTP) (Wennerberg, Rossman, and Der 2005).
The basic biochemical activity is reflected in a shared set of conserved "G box" GDP/GTP
binding motifs: G1 — (aaaaGxxxxGK(S/T), a = L/I/VIM, x = any amino acid) involved in
binding the purine nucleotide, G2 located in one of the segments that reorient upon nucleotide
binding, G3 — (blbbDxxGlI, | = hydrophilic, b = hydrophobic) involved in binding a Mg?* ion,
G4 — (bbbb(N/T)(K/Q)xD) that confers specificity to GTP by making a hydrogen bond with
the guanine ring and interacts with G1 box residues and G5 — (bbE(A/C/S/T)SA(K/L)) that is
less well conserved in the superfamily and makes indirect associations with the guanine
nucleotide (Colicelli 2004).

The GTPases cycle between GTP and GDP bound forms (Figure 1) which have
similar conformations (Wennerberg, Rossman, and Der 2005). Structural changes associated
with distinct nucleotide binding correspond to two dynamic loop regions called switch 1 and
switch 2 (Colicelli 2004; Karnoub and Weinberg 2014). When bound to GTP, they display a
high affinity for their downstream effector targets. This conformation is transient, and
downstream signaling is attentuated upon GTP hydrolysis (Brunsveld, Waldmann, and Huster
2009; Colicelli 2004). Since they exibit low intrinsic GTP hydrolysis and exchange activities,
they are regulated by two classes of proteins. Guanine-nucleotide-exchange factors (GEFs)
promote GTP loading and protein activation while GTPase-activating proteins (GAPS)
enhance the intrinsic GTPase activity favouring protein inactivation (Wennerberg, Rossman,
and Der 2005). A particular RAS protein may have several GEFs depending on the upstream
stimuli. In addition to GEFs and GAPs, guanine nucleotide dissociation inhibitors (GDIs) may
bind to GDP-bound GTPases to prolong the inactive state by inhibiting GDP release (Colicelli
2004).

Ras superfamily GTPases can be divided into five major (sub)families based on
protein sequence and functional similarities: Ras, Rho, Arf, Rab, and Ran (Wennerberg,

Rossman, and Der 2005). Ras (Rat sarcoma) family members, which the superfamily was
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named after, regulate intracellular signaling and processes such as cell growth, survival,
morphology and differentiation; Rho (Ras homologous) family is involed in cytoskeletal
remodeling (lamellipodia and stress fiber formation) and cell polarity; Arf (ADP ribosylation
factor) and Rab (Ras-like in brain) family proteins are crucial for vesicle trafficking, with Rab
proteins regulating the processes from vesicle budding to cargo release. Ran (Ras-like
nuclear) family comprises of only one protein, the most abundant cellular small GTPase
involved in nuclear transport of proteins and RNA (Colicelli 2004; Rojas et al. 2012;
Wennerberg, Rossman, and Der 2005).

Active ' PO,2- Inactive

RAS RAS

GTP ﬂ GDP

GTP  GDP

Effector @

Figure 1. The balance between GTP-bound "on"/active and GDP-bound "off"/inactive form.
GEFs promote GTPase activation and interaction with effector proteins, while GAPs promote
GTPase inactivation by GTP hydrolysis (adapted from Colicelli 2004).

1.2. Post-translational modifications of Ras family proteins

Most Ras family proteins are relatively small (20-29 kDa), and their proper function is
determined by adequate protein processing (Colicelli 2004; Karnoub and Weinberg 2014).
They are post-translationally modified by lipid addition which is a requirement for membrane
recruitment and biochemical activity (Brunsveld, Waldmann, and Huster 2009). Most Ras
family proteins terminate with a 'Caax’ (a = aliphatic, x = any amino acid) motif in the
hypervariable C-terminal domain (Khan et al. 2019) that is recognized by farnesyltransferase
and geranylgeranyltransferase | which catalyze the isoprenoid (farnesyl or geranylgeranyl)
lipid addition. The motif and the upstream residues make up the membrane-targeting

sequences that determine subcellular localization by targeting specific membrane
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compartments (Wennerberg, Rossman, and Der 2005). The 'aax’ sequence is further
proteolytically removed by RAS-converting enzyme 1 (RCE1) and the lipid-modified
cysteine residue is methylated by isoprenylcystein-carboxyl-methyltransferase (ICMT) (Khan
et al. 2019). Some Ras proteins require an additional palmitoylation step on the upstream
cysteine residues to stabilize their membrane anchoring (Karnoub and Weinberg 2014), while

some are not modified by lipids (Colicelli 2004; Wennerberg, Rossman, and Der 2005).

1.3. Ras signaling pathways

Ras family proteins regulate intracellular signaling by functioning as signaling nodes
and can be activated by various extracellular stimuli (Rojas et al. 2012). The growth factor or
mitogen stimulated receptor tyrosine kinase activates a RasGEF, which in turn activates RAS
by GTP loading. Once activated, RAS binds to downstream effectors in diverse signaling
pathways (Johnson and Chen 2012; Khan et al. 2019).

The RAF/MEK/ERK signaling cascade is the most studied RAS effector pathway and
is associated with proliferation, migration and differentiation (Khan et al. 2019).
Serine/threonine kinase RAF activates the dual-specificity protein kinase MEK1/2, which, in
turn, activates the mitogen-activated protein kinase ERK1/2. Activation is carried out by
phosphorylation and results in target gene promotor activation by transcription factors
(Wennerberg, Rossman, and Der 2005).

Activation of the PI3K pathway leads to increase in membrane-associated
phosphatidylinositol 3,4,5-triphosphate (PIP3) and recruitment of proteins with a PH domain,
such as AKT1 and PDK1 (Colicelli 2004). PDK1 is involved in protein kinase activation,
while AKT promotes cell survival by regulating survival and apoptotic genes (Khan et al.
2019).

RAS proteins affect RalGEFs which activate Ral signaling pathway, involved in
processes vital for cell homeostasis and survival; they activate phospholipase C involved in
calcium signaling and NORE1 implicated in growth inhibition and apoptosis (Khan et al.
2019).



1.4. Ras proteins and their role in disease development

Due to their role in signal transduction from the cell suroundings, such as growth
factors and mitogens, which results in transcription factor activation and ultimately a cellular
response (differentiation, proliferation, cell growth, survival) (Maffeis, Nicole, and
Cappellesso 2019), irregularities in the normal function of RAS proteins usually result in
malignant changes. Years of research have shown that RAS proteins are involved in

tumorigenesis, as well as developmental disorders (Karnoub and Weinberg 2014).

There are several RAS isoforms that act as cellular proto-oncogenes and have been
extensively studied due to their role in human cancer development (Karnoub and Weinberg
2014). Proteins KRAS, HRAS and NRAS are known for their mitogenic properties, and their
mutationally activated forms which are able to transform cells (in vivo and in vitro) (Colicelli
2004) arise mainly due to missense gain-of-function mutations in hotspot codons (codons 12,
13 and 61) which leads to constitutive RAS activation (Khan et al. 2019; Prior, Lewis, and
Mattos 2012). The isoforms have a nearly 85% sequence identity (Engin et al. 2017) and they
share activator and effector proteins, however certain oncogenic isoforms have been linked to
distinct cancer types (Nussinov, Tsai, and Jang 2018). KRAS mutations are commonly found
in pancreatic, lung and colon cancer, HRAS in dermatological and head and neck carcinomas,
while NRAS are most frequent in melanomas and hematological malignancies (Alcantara et al.
2019; Khan et al. 2019). While oncogenic mutations predominantly affect KRAS and are
detected in 25-30% of all tumors, mutations in NRAS and HRAS occur with lower frequency
(8% and 3%, respectively). Such a discrepancy can be explained by a higher physiological
relevance of KRAS, sugested by knock-out mice phenotypes, as it is essential for normal
mouse development, while NRAS and HRAS are dispensable (Fernandez-Medarde and
Santos 2011).

The reason for isoform differential signaling can be attributed to characteristic
combinations of post-translational modifications in the hypervariable C-terminal domain.
RAS isoforms prefer plasma membrane microdomains of distinct organization and
composition. This can affect RAS orientation and isoform accessibility, and consequently the
association with effector proteins, however the underlying cause of different isoform

prevalence in certain cancers still remains unknown (Nussinov, Tsai, and Jang 2018).



The three proteins are part of the RAS oncoprotein branch of the Ras family. A
member of the RRAS branch, MRAS (RRAS3) has been less extensively studied. Its
expression has been reported in the central nervous system and muscle cells, and in its
constitutively active form, it promotes cytoskelet reorganization, cell transformation, survival
and differentiation, however the physiological functions are largely unknown (Nunez
Rodriguez et al. 2006).

Expansion of cancer cells is mainly caused by uncontrolled cell proliferation. As RAS
has a central role on deciding the fate of mitogenic stimuli, constitutive activation enables the
proliferative potential of cancer cells. Oncogenic RAS was shown to be involved in bypassing
death signals, upregulation of hypoxia-inducible factor 1a (HIFla), and glucose transporter
GLUT1 involved in glycolytic pathways. It is linked to angiogenesis and cancer cell evasion

of the immune system, as well as cancer cell invasion and migration (Khan et al. 2019).

Aberrant RAS regulation due to mutations of RAS proteins or their regulators can also
lead to congenital developmental disorders (Karnoub and Weinberg 2014). RASopathies are
predominantly caused by mutations of the RAS/MAPK signaling pathway genes. They are a
set of syndromes that are inherited in an autosomal dominant manner. The syndromes share
some phenotypic features, such as a higher risk of cancer, craniofacial dysmorphisms,
congenital heart disease and short stature (Chinton et al. 2019).

Neurofibromatosis type-1 is caused by a mutation in the NF1 gene which encodes a
RasGAP neurofibromin-1. It is a familial cancer syndrome characterized by build-up of
pigmented lesions in the skin and eye and the tendency to develop sporadic malignant
outgrowths (Karnoub and Weinberg 2014). A milder form of neurofibromatosis type-1 is
Legius syndrome where loss-of-function mutations occur in SPRED1, a supressor of
RAS/MAPK signaling essential for interaction of NF1 and RAS in the plasma membrane
(Shimanshu, Nissley, and McCormick 2017).

Noonan Syndrome and Noonan Syndrome with Multiple Lentigines (previously
Leopard) are mainly caused by mutations of the PTPN11 gene (50% and 90%, respectively)
(Chinton et al. 2019) that encodes a receptor tyrosine kinase phosphatase. Its product, SHP2,
acts as a mediator in conveying upstream signals to downstream targets, mostly the
RAS/MAPK pathway. Apart from PTPN11, gene mutation connected to Noonan syndrome
include SOS1, KRAS, NRAS, BRAF, CRAF etc. Mutations in RasGEF SOS1 and RAS protein

genes lead to higher RAS-GTP levels and stronger pathway activation (Fernandez-Medarde
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and Santos 2011). Costello Syndrome is predominatnly caused by HRAS gene mutations,
leading to higher pathway activation and increase in proliferation, while BRAF mutations are
the most common in Cardiofaciocutaneous Syndrome (Fernandez-Medarde and Santos 2011).

Due to RAS importance in disease development, continuous effort has been invested
in finding effective drug therapies. As association with the plasma membrane is crucial for
oncogenic activity, RAS membrane localization was initially targeted by using
farnesyltranferase inhibitors (FTIs), and later other enzymes that process RAS. Different
activation stages of RAS, RAS effector binding and nucleotide exchange have also been
targeted. While some approaches have been proved effective in model cell systems, direct

RAS inhibitors for clinical use have yet to be developed (O’Bryan 2019).

Studying protein-protein interactions (PPIs) of RAS proteins, and other proteins in
general is vital in understanding disease pathophysiology (Petschnigg, Snider, and Stagljar
2011). Discovering interactions between RAS and its effectors is therefore crucial for
determining new potential targets for theurapeutic purposes (Gysin et al. 2011).

1.5. Protein-protein interactions and methods for their analysis

Protein interactions are essential in maintaining cellular functions. Disruptions in the
formation or crosstalk of protein complexes can affect fundamental processes, such as cell
cycle control, gene transription and signal transduction, often leading to cellular dysfunction
and ultimately disease (Petschnigg, Snider, and Stagljar 2011). Protein-protein interactions are
essential for elucidating protein function in the context of cellular physiology and have

become attractive as drug targets (Machleidt et al. 2015).

PPIs can be discovered using biochemical methods, where complex composition is
determined by directly working with proteins, or using genetic methods based on reporter
reconstruction upon protein interaction (Petschnigg, Snider, and Stagljar 2011).

Y2H (Yeast two-hybrid) is a genetic approach that utilizes bait and prey proteins fused
to the DNA binding (BD) and activation domain (AD) of a transription factor, respectively.
Physical interaction leads to transcription factor reconstitution and reporter gene activation
which can be measured (Suter, Kittanakom, and Stagljar 2008). Membrane yeast two-hybrid

(MYTH) allowed the use of full length membrane proteins in their natural environment. It is a
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Y2H variant based on split-ubiquitin where the membrane bait protein is fused to the
ubiquitin C-terminal fragment (Cub) and an artificial transcription factor at its cytosolic
terminus while the prey is fused to the N-terminal fragment. Protein interaction leads to
pseudo-ubiquitin reconstitution, recognition and cleavage of the transcription factor by
deubiquitinating enzymes and reporter gene expression (Petschnigg, Snider, and Stagljar
2011). Mammalian-membrane two-hybrid (MaMTH) was further derived from MYTH,
allowing protein interaction testing in virtually any mammalian cell line (Petschnigg et al.
2014). Y2H and MYTH became popular for binary interactions detection due to their
simplicity, low cost, and the ability to test interactions in vivo. As the tested proteins are not
native to yeast cells, disadvantages include problems associated with the protein expression,
modification and interaction (Snider et al. 2015).

Resonance-energy transfer techniques use fluorescent (FRET) or bioluminescent
(BRET) proteins fused to interacting proteins and detect non-radiative energy transfer
between an excited donor and an acceptor protein (Petschnigg, Snider, and Stagljar 2011).
Both methods allow instantaneous, real-time interaction detection in live cells. They also
require fusion protein generation and close spatial proximity between donor and acceptor.
BRET has lower background and greater sensitivity than FRET, but also tends to give a

weaker signal (Snider et al. 2015).

Co-immunoprecipitation is a biochemical method that enables isolation of proteins
bound in a complex. Upon cell lysate generation, an antigen is precipitated using a specific
antibody. After washing, the bound proteins are eluted and analyzed (Phizicky and Fields
1995). LUMIER (Luminescence-based mammalian interactome mapping) is based on co-
immunoprecipitation. It features one protein fused to Renilla luciferase and another to an
affinity tag. The tagged proteins are co-expressed, the cells are lysed and the proteins are
immunoprecipitated using an antibody against the affinity tag. The measured luciferase
activity is used to assess protein interaction. LUMIER can be used in different cell lines and
in high-throughout screens, but is not appropriate for measuring weak and transient PPIs, as
they can be disrupted during cell lysis and can introduce potential artefacts (Snider et al.
2015).

Computational methods can be used for the prediction of PPIs. FpClass is an in silico
method used to predict proteome-wide high confidence PPIs, albeit with a 60% percent false

discovery rate. Prediction for low-degree proteins (with few known partners) and protein



orphans (with no known partners) remains challenging due to their poor annotation (Kotlyar
et al. 2014).

All PPI detection methods have their advantages and limitations. The choice of
method depends on the class of proteins, and the scale, time and cost of the study. Some PPIs
are stable while others are transient, and can only be detected by a small number of methods.
The cellular location the interaction takes place must also be taken into consideration (Snider
et al. 2015).

A novel PPI detection method, Split Intein-Mediated Protein Ligation (SIMPL) was
recently developed in Igor Stagljar's laboratory. This method utilizes a split intein as a protein
interaction sensor. The method's advantages are high sensitivity and specificity and it can be
used for PPI detection in various cellular compartments, as well as tracking of Kinetic
interactions (Yao et al. 2020).

1.5.1. Inteins and Split Intein-Mediated Protein Ligation

An intein (internal protein) is an intervening protein sequence, and through the process
called protein splicing, is able to autocatalitically excise itself from the parental peptide while
simultaniously ligating the flanking protein sequences called exteins (external proteins). Upon
petide bond formation, the parental protein proceeds with folding and assumes its normal
function (Aranko, Wlodawer, and Iwai 2014; Gogarten et al. 2002). Most inteins consist of a
self-splicing and an endonuclease domain, deletion of which has no effect on protein splicing.
Considered to be parasitic genetic elements, as some inteins can spread through homing
events that result in intein duplication (Gogarten et al. 2002), inteins are found in proteins
involved in DNA metabolism (replication, transcription and maintenance) as well as other
housekeeping genes of unicellular organisms of all three domains of life (Shah and Muir
2014).

Intein-mediated protein splicing occurs spontaneously, the only requisite being the
folding of the intein domain, and has a variety of applications in biotechnology, including
tagless protein purification, in vitro and in vivo protein semi-synthesis, peptide and protein

cyclization etc. (reviewed in: Shah and Muir 2014; Wood and Camarero 2014).



Split inteins occur naturally, or can be split artificially, and allow protein trans-splicing
(Wood and Camarero 2014) (Figure 2). SIMPL utilizes a re-engineered version of GP41-1, a
naturally occurring split intein, with minimal fragment association. In this method, a bait
protein is C-terminally fused to a V5 tag and an 88 amino acids long intein N-terminal
fragment (IN), while a prey protein is N-terminally fused to a FLAG tag and a 37 amino acids
long intein C-terminal fragment (IC) (Figure 3). IN and IC are brought into close proximity
upon bait and prey association, resulting in the reconstitution of a fully functional intein, its
excision and ligation of tagged bait and prey peptides into an intact protein that can be
detected, visualized and purified (Yao et al. 2020).

Standard Inteins
(protein cis-splicing)
A A ALY AN N N N N N N Nl N-E xtein (R ——>

One Gene One Transcript One Translated Polypeptide Excised Spliced
Intein Product

Split Inteins
(protein trans-splicing)

FUIVUIRIU —— IS AINS A A A A VI ol N-Extein oy ——

Two Genes Two Transcripts Two Translated Polypeptides Excised Spliced
Split Intein Product

Figure 2. Protein cis-splicing by contiguous inteins and protein trans-splicing by split inteins
(adapted from Shah and Muir 2014).

As the presence of termini-specific tags may impair protein function, or they may be
reciprocally inaccessible due to their spacial conformation, two alternative arrangements have
been designed (Figure 4). One features a prey with a C-terminally fused IC moiety and a
downstream FLAG tag (CIC design), while the other features a bait with an N-terminally
fused IN moiety and an upstram V5 tag (NIN design). In the first case, interaction with bait-
IN results in the formation of a bait-V5-FLAG peptide, while in the other, interaction with IC-
prey results in a V5-FLAG-prey peptide (Yao et al. 2020).

All three formats are complatible with ELISA which allows high-throughput analyses
and protein-protein interaction quantification. To utilize the ELISA format, hemaglutinin and
c-myc tags were introduced into bait and prey constructs, respectively. This allows protein
capture using a-V5 and a-FLAG antibody and detection using a-HA and a-c-myc coupled
horseradish peroxidase (HRP). SIMPL signal can similarly be measured by bait tag capture
and prey tag detection and the measured interaction can be normalized to bait and/or prey
expression (Yao et al. 2020).
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Figure 3. Schematic representation of SIMPL. Interaction of bait and prey results in intein

reconstitution and protein splicing. The intein is excised and bait and prey proteins (as well as
the tags) are ligated. The altered mobility allows detection by Western blotting, while tags
allow visualization by biochemical techniques (e.g. ELISA) (adapted from Yao et al. 2020).
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Figure 4. SIMPL formats. The IC moiety is fused C-terminally to prey with a downstream
FLAG in the CIC design, while the IN moiety is fused N-terminally to bait with an upstream
V5 in the NIN design. Interaction between bait and prey results in splicing where tags remain
fused to bait and prey in CIC and NIN format, respectively (adapted from Yao et al. 2020).
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1.6. Research aim

The aim of this research was to map interactions of three members of the Ras family
of small GTPase proteins, HRAS, NRAS and MRAS, and their potential interactors using the
newly developed Split Intein-Mediated Protein Ligation (SIMPL) assay. The newly
discovered interactions may help in understanding the complex cellular processes, and
interactions that play a part in disease development may serve as a target of future

therapeutics.
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2. Materials and methods

2.1. Cell culture

T-REx HEK 293 cells which stably express tetracycline repressor protein were used
for the transient protein expression experiments. Cells were grown at 37 °C, 5% COz in a cell
culture incubator (Hera cell 1501, Thermo Fisher Scientific) in tissue culture plates containing
Dulbecco's Modified Eagle Medium (DMEM) (Multicell, Wiesent Bio Products) with 4.5 g/L
D-glucose, L-glutamine and sodium pyruvate, supplemented with 10% (v/v) fetal bovine
serum (FBS) (Multicell, Wiesent Bio Products) and 1% (v/v) penicillin/streptomycin (10 000
ug/ml, Gibco). The cells were passaged after reaching high confluency (90-100%).

2.2. Cell passaging

The medium was aspirated and the cells were washed with 5-10 ml of room
temperature Dulbecco's Phosphate Buffered Saline (1x PBS) (Multicell, Wisent Bio Products)
to remove dead cells and leftover medium. PBS was then aspirated and the cells were covered
with 1 ml of 0.25% trypsin-EDTA (1x) (Gibco). The plate was placed in the incubator for 5
minutes, or until the cells were detached from the plate bottom. To inactivate trypsin, 1 ml of
DMEM was added, the cells were resuspended and 200 pl were added to a new culture plate
containing 10 ml of DMEM. When seeding cells for experiment purposes, 5 pl of the cell
suspension were diluted in 495 ul of the medium and counted with Scepter™ 2.0 Handheld
Automated Cell Counter (Millipore).

2.3. cDNA library preparation

2.3.1. Heat-shock transformation of bacterial cells

Chemically competent E.coli DH5a cells (prepared by Inoue method) stored at -80 °C
were thawed on ice and 20-30 ul were placed in sterile 8-strip PCR tubes. The Gateway
cloning reaction mixure (2 pl) was added to the cells. The cells and DNA were mixed by

flicking the tubes several times and then placed on ice for 20-30 minutes. The tubes were
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heated at 42 °C for 45-50 seconds in a water bath (VWR), then placed on ice for 2 minutes to
allow the bacteria to recover. To grow the bacteria, the cells were plated on room temperature
10-cm plates containing the LB agar medium with the appropriate antibiotic and placed in the
bacteria incubator (VWR) at 37 °C overnight.

2.3.2. Colony picking and plasmid purification

Individual colonies were picked and inoculated in 3 ml of LB medium + 3 pl antibiotic
in 15 ml cell culture Falcon tubes. The tubes were placed in a bacteria incubator shaker
(Minitron, Infors HT) at 37 °C and 200 rpm for 16-20 hours. The plasmid DNA was then

isolated using the commercial Presto™ Mini Plasmid kit (Geneaid) as per manufacturer's

instructions.

2.3.3. Gateway cloning

2.3.3.1. Isolation of Entry clones

The FpClass tool (Jurisica lab, http://dcv.uhnres.utoronto.ca/FPCLASS/) was used to

predict potential protein interactors of the selected bait proteins. Prey cDNA in pDONR223
plasmid was obtained from the Human ORFeome collection v8.1 (Stagljar Lab). NRAS and
MRAS bait cDNA was obtained from Dr. Zhong Yao (Stagljar Lab) and HRAS from Dr.
Anna Lyakisheva (Stagljar Lab). Bacterial cells containing the DNA of interest were streaked
from frozen glycerol stocks onto agar plates with the appropriate antibiotic, then grown in a
bacteria incubator at 37 °C overnight. Colonies were picked for liquid bacterial culture and
the DNA was isolated as described above. As the only DNA not originally in pDONR223,
HRAS cDNA was cloned into pDONR223 plasmid by Gateway BP cloning: 3 ul of IxTE
(Tris HCI, EDTA) Buffer (Tekanova), 0.5 ul of Gateway BP Clonase Enzyme II mix
(Invitrogen), 0.5 pl of pPDONR223 donor vector (150 ng/ul) and 0.5 pl of cDNA (100 ng/ul)
were mixed and incubated at room temperature for 2-4 hours. The DNA was amplified and
purified as previously described.
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2.3.3.2. Generation of Expression clones

Given the fact that Ras proteins are C-terminally processed and any tagging on that
termini is likely to result in the tag being cleaved off, bait proteins were N-terminally fused to
IC (with FLAG and c-myc tags) and prey proteins were N- and C-terminally fused to IN (with
V5 and HA tags; NIN and IN formats). Gateway LR cloning was used to clone the desired
cDNA into SIMPL destination vectors of interest, designated 1C2 (Figure 5), IN4b (Figure 6)
and NIN4 (Figure 7). The reaction mixture containing 3 ul of 1XxTE Buffer (Tekanova), 0.5 ul
of LR Clonase Enzyme II mix (Invitrogen), 0.5 ul of destination vector (150 ng/ul) and 0.5 pl
of entry clone cDNA (100 ng/ul) was prepared. The expression clones were amplified and
purified as described above.
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Figure 5. N-tagged SIMPL bait vector (1C2)
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2.3.4. DNA concentration measurement

DNA concentration and purity (A260/A280 ratio) were measured by
spectrophotometry on CLARIOstar Microplate Reader (BGM Labtech).

2.3.5. Sequencing

All the bait proteins and around 12% of the total number of prey proteins at random
were sent for sequencing at The Centre for Applied Genomics, Sick Kids Hospital, Toronto,
using the CMV-forward primer and the sequencing results were analysed using the ApE

programme  (https://jorgensen.biology.utah.edu/wayned/ape/) and NCBI  BLAST

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4. ELISA

Day 1: Cell seeding and tranfection

HEK293 cells were seeded from a 10-cm plate to 96-well plates; 100 pl with 15 000
cells/well in the morning. Bait-prey DNA pair was transfected in the late afternoon. For each
sample, 0.2 ug DNA was added to 10 pl of PBS and 0.6 ul of PEI (Sigma-Aldrich) was added
to another 10 pl of PBS. The mixtures were combined and left at room temperature for 15-30

minutes, then 5 ul were added to each well.
Day 2: Induction of protein synthesis, ELISA plate preparation

To each well, 50 ul of media with 1.5 pg/ml tetracycline (for a final concentration of

0.5 pg/ml ) were added 24 hours after transfection.

a-FLAG (Sigma) and a-V5 (BioRad) antibodies were diluted 1:100 in PBS. 20 ul were
added to each well of the 384-well plates. The plates were incubated at 37 °C for 1 hour and

shaken occasionally.

80 ul of blocking buffer (2% BSA in PBST; PBST: 0.05% Tween20 in PBS) were

added to each well and the plates were incubated on a shaker at 4 °C overnight.
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Day 3: Cell lysis and ELISA reading

The media were aspirated and the cells were lysed with 100 ul of lysis buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5 % Triton X-100, protease inhibitors from stock
solutions: benzamidine (1000x) 1 M in ddH20, aprotinin (1000x) 10 mg/ml in ddH20,
leupeptin (1000x) 10 mg/ml in ddH20, pepstain A (500x) 1 mg/ml in EtOH ), sealed and
sonicated for 1 minute at 4 °C in a bath sonicator (Branson 8510). 20 ul of cell lysate were
added to each antibody coated well. The plates were rocked at room temperature for 2-3 hours
and the wells washed 3 times with 60 pl of PBST. Detection antibodies were diluted in
blocking buffer 1:2 000 for a-HA (GeneTex) and 1:5 000 for a-c-myc (Santa Cruz
Biotechnology). Antibodies (30 ul) were added to the wells as follows: a-c-myc for detection
of bait protein captured by a-FLAG, a-HA for detection of prey proteins interacting with a-
FLAG captured bait proteins and a-HA for detection of prey proteins captured by a-V5
antibody. The plates were further incubated on a rocker at room temperature for 1 hour. After
washing 3 times with 60 pl of PBST, 30 pl/well of substrate buffer prepared by mixing the
two SuperSignal™ ELISA Pico reagents (Thermo Scientific) and ddH,O 1:1:8 were added.
Luminescence was read on CLARIOstar Microplate Reader (BGM Labtech) for integration

time of 0.2 seconds/well.

2.5. Data analysis

The luminescence signal for all the readings (bait expression, prey expression, SIMPL
signal) was obtained after substracting the corresponding values of 'mock’ sample with no
transfected DNA. The average and standard deviation was calculated for each sample. To
normalize the data to prey expression, SIMPL signal for each sample was divided by the

corresponding prey luminescence value.
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2.6. Western blot

2.6.1. Transfection and sample preparation

The cells were seeded from a highly confluent 10-cm plate into 24-well plates in a
1:100 ratio with 0.5 ml media per well. For transfection, 12.5 ul of PBS with 0.25 ug DNA
and 12.5 pl PBS with 0.75 pl PEI were mixed and left to sit at room temperature for 15-30
minutes prior to adding to the cells. The following day, tetracycline was added in final
concentration of 1 pg/ml overnight. Keeping the plate on ice, the media were aspirated and 70
ul of H lysis buffer (50 mM B-glycerophosphate, 1.5 mM EGTA, 1 mM EDTA, 0.1 mM
ortho-vanadate, 1 mM DDT and 1% Triton-100 supplemented with protease inhibitors) were
added to each well. The samples were incubated for 10 minutes at 4 °C on the shaker and the
lysates were collected in PCR tubes on ice. They were further centrifuged for 5 minutes at 4
°C at 4 000 rpm (5810R, Eppendorf). 54 ul of each supernatant were added to 18 pl of 4x
Sample buffer (40% glycerol, 200 mM Tris/HCI pH 6.8, 8% SDS, 0.04% bromphenol blue,
0.1 M dithiothreitol) and heated at 95 °C for 3 minutes.

2.6.2. Gel electrophoresis and Western blotting

The sample proteins were separated by gel electrophoresis on 12% resolving gels. Per
8 ml, 2.7 ml of ddH20, 3.2 ml of 30% acrylamide/bisacrylamide solution, 2 ml of 4x Lower
buffer (1.5 M Tris, pH 8.8, 0.4% SDS), 80 ul of ammonium peroxydisulfate (APS) and 5 pl
of Tetramethylethylenediamine (TEMED) were added. Per 5 ml of 5% stacking gel, 2.8 ml of
ddH20, 0.83 ml of 30% acrylamide/bisacrylamide solution, 1.25 ml of 4x Upper buffer (0.5
M Tris, pH 6.8, 0.4% SDS), 50 ul of APS and 5 pl of TEMED were added. 15 pl of each
sample and 1 pl of PageRuler™ Plus Prestained Protein Ladder (Thermo Scientific) were
loaded onto the gel and run in 1x Running buffer (diluted from 10x Running buffer: 0.25 M
Tris, 1.92 M Glycine, 1% SDS and ddH-O to the final volume of 1 L) for 65-75 minutes in
Mini-PROTEAN Tetra Cell (BioRad) apparatus under the constant voltage of 150 V.

The proteins were transfered onto a nitrocellulose membrane by wet transfer in 1x
Transfer buffer (diluted from 10x Transfer buffer: 0.25 M Tris, 1.2 M Glycine and ddH20 for

the final volume of 1 L). The transfer was done using the Criterion™ Blotter (BioRad)
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apparatus for 90 minutes under the constant amperage of 300 mA. Following the transfer, the
membraines were stained with Ponceau S (Sigma Aldrich) and washed with 1% acetic acid
(BioShop) to verify transfer quality. They were further washed with water and 1x Tris
buffered saline/Tween-20 (TBST) buffer (diluted from 10x TBST buffer: 0.2 M Tris pH 7.5,
1.5 M NacCl, 0.5% Tween-20 and ddH.O for the final volume of 1 L) until all the dye had
been washed out. They were then blocked for 2 hours with ~10 ml of 2% Bovine Serum
Albumin (BSA, BioShop) in TBST. The membranes were incubated with 10 ml of the
primary antibody diluted 1: 10 000 in TBST overnight at 4 °C on the rocking platform. They
were washed three times for 15 minutes in TBST, then incubated in 10 ml of secondary
antibody diluted 1:10 000 in TBST for 2 hours at room temperature on the rocking platform.
After three more rounds of washing, the membranes were incubated with home-made
enchanced chemiluminescence (ECL) substrate (10 ml of 0.1 M Tris pH 8.5, 50 pl of
Luminol, 22.2 pl of p-Coumaric acid, 5.4 ul of 30% H>O2) for 1 minute. The film was
developed in the dark room with different exposure times.

19



3. Results

3.1. Transient bait protein expression

To test whether bait proteins express transiently, bait cDNA was transfected into T-
REx HEK 293 cells. Protein expression was induced by tetracycline addition (1 pg/ml) and
their total levels were measured using anti-FLAG antibodies. Anti-a-tubulin antibodies were
used to measure the loading control.

Bait protein expression was detected both in the presence and absence of Tet (Figure

8), with Tet induced samples having a stronger signal.

HRAS NRAS MRAS  Size (kDa)

anti-FLAG

nG-UOUN  — — — —— — 55

Tet (1 pg/ml) - + - + - +

Figure 8. Transient expression of HRAS, NRAS and MRAS. Bait proteins were detected with
and without Tet, a-tubulin was used as loading control. Detected protein sizes: HRAS ~ 38
kDA, NRAS ~ 38 kDA, MRAS ~ 40 kDa.

3.2. SIMPL assay for system validation using positive and negative protein interactors

To validate the SIMPL system, bait proteins were tested with positive and negative

protein interactors. TRE-x HEK 293 cells were co-transfected in biological duplicates with
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bait and prey protein cDNA. RAF-RBD-IN4b (Ras-binding domain) found in RAF proteins
(Terrell and Morrison 2019) was used as a positive control, LSM3-IN4b as negative control
and 'mock’ as a control sample without any transfected DNA. LSM2/LSM3 bait/prey pair was

additionally used as a positive control. Protein expression was induced using Tet (0.5 pg/ml).

Bait and prey protein expression, as well as SIMPL signal were measured using
ELISA. Bait proteins were captured by a-FLAG antibodies, and prey proteins were captured
using a-V5 antibodies. Bait proteins were detected by a-c-myc detection antibodies, prey
proteins and SIMPL signal were detected by o-HA detection antibodies. As detection
antibodies are conjugated with horse-radish peroxidase (HRP), luminescence was measured

upon substrate addition. The average and standard deviation were calculated for each sample.

Bait, prey and SIMPL signal luminescence were normalized by substracting the
corresponding luminescence values from the 'mock’ sample, as it had no DNA and the
measured values represent background luminescence signal. SIMPL signal was further
normalized to prey protein expression by dividing SIMPL signal luminescence values with

those of prey luminescence.

Bait and prey protein expression was detected in all samples (Figure 9). The strongest
SIMPL signal (Figure 10) corresponds to the LSM2/LSM3 positive control. When baits were
co-transfected with RAF-RBD, samples showed a higher SIMPL signal than with LSM3.
After normalization (Figure 11), the LSM2/3 pair showed the strongest, and bait/LSM3
showed the weakest interaction. Bait/RAF-RBD pairs showed higher interaction compared to
bait/LSM3 pairs.
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Figure 9. Bait and prey expression of positive and negative controls. a) Expression of bait
proteins HRAS, NRAS, MRAS and LSM2, b) expression of prey proteins RBD and LSM3.
Baits were captured with a-FLAG capture antibodies and detected with HRP-conjugated a-c-
myc detection antibodies. Preys were captured with a-V5 antibodies and detected with HRP-
conjugated a-HA detection antibodies. Error bars represent the standard deviation across

biological duplicates; b-bait, p-prey, RLU-relative luminescence units.
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Figure 10. SIMPL signal of positive and negative controls. Bait proteins were captured with
a-FLAG detection antibodies, and interacting prey proteins with HRP conjugated a-HA
detection antibodies. Error bars represent the standard deviation across biological duplicates;

b-bait, p-prey, RLU-relative luminescence units.
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Figure 11. Normalized luminescence data of SIMPL assay for positive and negative controls.

SIMPL signal luminescence was normalized to prey expression for all samples; b-bait, p-prey.
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3.3. Screening of prey libraries

To detect protein-protein interactions of the selected Ras family members, IN4b and
NIN4 prey libraries with potential protein interactors corresponding to each bait protein were
screened. The two prey libraries, each containing 89 proteins for HRAS, 84 for NRAS, and 28
for MRAS, were generated by Gateway cloning into the C-tagged and N-tagged SIMPL prey
vectors (designated IN4b and NIN4, respectively). The control prey proteins were in the IN4b
vector, and the bait proteins in the N-tagged SIMPL bait vector (designated 1C2). TRE-x HEK
293 cells were co-transfected in biological duplicates with bait and prey DNA, with RBD as a
positive, LSM3 as a negative and LSM2/LSM3 bait/prey pair as an independent positive
control. One day after transfection, protein expression was induced with 0.5 pg/ul Tet. The
luminescence corresponding to bait and prey expression, as well as the SIMPL signal, was
measured the following day. The background luminescence (from 'mock’ sample; bait, prey
and SIMPL signal) was substracted from the corresponding values for each sample. The
luminescence data was further normalized as described above and the samples were sorted
from lowest to highest value. The value 0.55 after SIMPL signal normalization to prey

expression was chosen as the cut-off point identifying positive interaction.

3.3.1. HRAS IN4b and NIN4 prey library screens

Bait expression was detected in all samples for both screens (Figure 12 a) and Figure
15 a)). Of the 89 C-terminally tagged prey proteins, 13 showed a negative expression, while 7
additional proteins showed a low expression. The controls and the rest of the prey proteins
showed a higher level of expression (Figure 12 b)). For 46 of the library proteins, SIMPL
signal luminescence value was negative (Figure 13). Preys that had a negative and very low
expression were removed from normalization to prey expression (Figure 14) to avoid

deceptively positive values.

All of the N-terminally tagged prey proteins showed a positive luminescence value
(Figure 15 b)), with one having a very low expression. Only one prey showed negative
SIMPL signal value, while additional 3 proteins showed a low signal (Figure 16). SIMPL
signal for all samples, with the exception of the one with the lowest prey expression

expression was normalized as above (Figure 17).
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Figure 12. Bait a) and prey b) expression from the screen of IN4b prey library against HRAS. Error bars represent the standard deviation across

biological duplicates, RLU-relative luminescence units.
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Figure 13. SIMPL signal from the screen of IN4b prey library against HRAS. Error bars represent the standard deviation across biological
26

duplicates, RLU-relative luminescence units.



HRAS [N4b prey library screen - SIMPL signal normalized to prey expression

0.5 —

0.0 —
0.5 —

JN[BA UONBZI[EULION

E/CNST-Od
[N
[AVA
ATA-Dd
dITHHAY
1D.LL
ENISDOVd
[AVD
Z2dd
144V
[LTY
¥1Dd
CTdY
CAVD
DVHMA
dVHLL
caeNId

I¥¥06dSH
1OVH
[MON
CdSSVHd
dI'TTOL
tLV.LS
JCAHN
VIvd
CHEHT
XXvd
1495

ddV

COWT
Ald
SAdVIN
HEOTIAVIN
EVirdld
1dV06dSH
[dISAdVIN
cdIBAdVIN
[ANY
IVdVd
CIOOHS
HIPNSD
ISHI
§20Xd
[dINTA9
SRAAN
AVl
£Sd0D
AT
NAA

AL
[d55VH
[VSVY
[HSHMND

Figure 14. Normalized luminescence data of SIMPL signal from IN4b prey library screen against HRAS. The red line represents the 0.55 cut-off

value.
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Figure 15. Bait a) and prey b) expression from the screen of NIN4 prey library against HRAS. Error bars represent the standard deviation across
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Figure 16. SIMPL signal from the screen of NIN4 prey library against HRAS. Error bars represent the standard deviation across biological
duplicates, RLU-relative luminescence units.
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HRAS NIN4 prey library screen - SIMPL signal normalized to prey expression
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Figure 17. Normalized luminescence data of SIMPL signal from NIN4 prey library screen against HRAS. The red line represents the 0.55 cut-off

value.
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3.3.2. NRAS IN4b and NIN4 prey library screens

The screened libraries contained 84 C- and N-terminally tagged prey proteins. All
samples showed a positive bait expression in both screens (Figure 18 a) and Figure 21 a)). In
the IN4b prey library screen, 7 preys showed negative, and 4 showed a low expression (Figure
18 b)). 7 proteins had a negative, and 6 had s low SIMPL signal luminescence value (Figure
19). The 7 proteins with negative and 4 with low expression were excluded from

normalization to prey expression (Figure 20).

In the NIN4 prey library screen against NRAS, all preys showed a positive expression
(Figure 21 b)). SIMPL signal was negative for 3 samples, and one sample showed a low

signal (Figure 22). The signal was normalized to prey expression for all samples (Figure 23).

3.3.3. MRAS IN4b and NIN4 prey library screens

The libraries screened against MRAS contained 28 prey proteins. All samples showed
a positive bait expression in both screens (Figure 24 a) and Figure 27 a)). In the IN4b prey
library screen, 2 proteins showed a negative and one a low expression (Figure 24 b)). 13
proteins had a negative, and 1 had a low SIMPL signal luminescence value (Figure 25). The

three preys with negative and low expression were excluded from normalization (Figure 26).

All preys in the NIN4 prey library screen showed a positive expression (Figure 27 b)).
Two samples had a negative and one had a low SIMPL signal luminescence value (Figure
28). SIMPL signal was normalized to prey expression for all samples (Figure 29).

3.4. RAS dimerization

Although previously considered a monomeric GTPase, RAS dimer formation has been
reported to occur on artificial membranes. Recent studies indicate RAS dimers may be critical
in RAS organization and signaling in vivo and in vitro (Chen et al. 2015). As results from the
screens indicated interaction between HRAS and NRAS, HRAS and MRAS and MRAS and
NRAS, to verify dimer formation via SIMPL, bait proteins were aditionally tested against
each other. HRAS, NRAS and MRAS used in the screen were N-terminally tagged (in NIN4
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vector) and LSM3 was used as a negative control. All samples showed a positive bait and
prey expression (Figure 30). SIMPL signal luminescence was low for the negative control. All
tested combinations of HRAS, NRAS and MRAS showed a high SIMPL signal (Figure 31).
When normalized to prey expression, all three RAS proteins showed higher values compared
to the LSM3 negative control (Figure 32).
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NRAS IN4b prey library screen - bait expression
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NRAS IN4b prey library screen - prey expression
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Figure 18. Bait a) and prey b) expression from the screen of IN4b prey library against NRAS. Error bars represent the standard deviation across

biological duplicates, RLU-relative luminescence units.
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NRAS IN4b prey library screen - SIMPL signal
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Figure 19. SIMPL signal from the screen of IN4b prey library against NRAS. Error bars represent the standard deviation across biological
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duplicates, RLU-relative luminescence units.



NRAS IN4b prey library screen - SIMPL signal normalized to prey expression
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Figure 20. Normalized luminescence data of SIMPL signal from IN4b prey library screen against NRAS. The red line represents the 0.55 cut-off

value.
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NRAS NIN4 prey library screen - bait expression
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NRAS NIN4 prey library screen - prey expression
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Figure 21. Bait a) and prey b) expression from the screen of NIN4 prey library against NRAS. Error bars represent the standard deviation across
36

biological duplicates, RLU-relative luminescence units.



NRAS NIN4 prey library screen - SIMPL signal
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Figure 22. SIMPL signal from the screen of NIN4 prey library against NRAS. Error bars represent the standard deviation across biological

duplicates, RLU-relative luminescence units.
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NRAS NIN4 prey library screen - SIMPL signal normalized to prey expression
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Figure 23. Normalized luminescence data of SIMPL signal from NIN4 prey library screen against NRAS. The red line represents the 0.55 cut-off

value.
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MRAS IN4b prey library screen - bait expression
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Figure 24. Bait a) and prey b) expression from the screen of IN4b prey library against MRAS. Error bars represent the standard deviation across

biological duplicates, RLU-relative luminescence units.
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MRAS IN4b prey library screen - SIMPL signal
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Figure 25. SIMPL signal from the screen of IN4b prey library against MRAS. Error bars represent the standard deviation across biological

duplicates, RLU-relative luminescence units.
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MRAS IN4b prey library screen - SIMPL signal normalized to prey expression

Normalization value

Figure 26. Normalized luminescence data of SIMPL signal from IN4b prey library screen against MRAS. The red line represents the 0.55 cut-off
value.
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MRAS NIN4 prey library screen - bait expression
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Figure 27. Bait a) and prey b) expression from the screen of NIN4 prey library against MRAS. Error bars represent the standard deviation across
biological duplicates, RLU-relative luminescence units.
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MRAS NIN4 prey library screen - SIMPL signal
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Figure 28. SIMPL signal from the screen of NIN4 prey library against MRAS. Error bars represent the standard deviation across biological

duplicates, RLU-relative luminescence units.
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MRAS NIN4 prey library screen - SIMPL signal normalized to prey expression

MNormalization value

Figure 29. Normalized luminescence data of SIMPL signal from NIN4 prey library screen against MRAS. The red line represents the 0.55 cut-off

value.
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Table 1. Identified positive interactors for all three bait proteins from IN4b and NIN4 prey
library screens. Known interactors are highlighted in green.

HRAS IN4b prey library

Normalization | Protein FpClass Normalization | Protein FpClass
Value score value score
0,9485 RIN1 0,8013 0,6543 VAV1 0,5389

HRAS NIN4 prey library
0,7244 RIN1 0,8013 0,6030 ARF1 0,7085
0,7232 MAP1LC3A | 0,4550 0,5706 ARAF 0,8826
0,6906 MRAS 0,7738

NRAS IN4b library screen
2,4303 TLR2 0,3339 1,0435 CDC25A 0,4410
1,5704 RASSF1 0,5644 0,8619 BAD 0,5194
1,4545 ARAF 0,8826 0,7332 SHOC2 0,8826
1,2009 CFLAR 0,3917 0,7313 PIK3CB 0,6824
1,1926 RIN1 0,2928 0,6226 SPRY4 0,4966
1,1057 AGTR1 0,4577 0,5835 GNAI3 0,3479
1,0957 PRKAA1 0,5166

NRAS NIN4 library screen
1,5729 ARAF 0,8826 0,8166 RIT1 0,6068
1,2751 RASGEF1B | 0,3220 0,8085 BAG1 0,4597
1,2282 RASSF1 0,5644 0,7885 CDCA42 0,2946
1,0677 RIN1 0,2928 0,7626 RGL4 0,4796
1,0207 PLD1 0,2766 0,7267 MAPK13 0,2727
1,0189 AGTR1 0,4577 0,7252 HRAS 0,8826
0,9923 TIMM50 0,4054 0,7048 DIRAS2 0,2557
0,9575 PRKCE 0,2604 0,6856 RALA 0,6850
0,9462 BAD 0,5194 0,6702 TLR2 0,3339
0,9288 DGKZ 0,8049 0,6005 RALB 0,3097
0,8725 RIT2 0,3295 0,5901 ERBB2IP 0,8826
0,8369 SHOC2 0,8826 0,5805 RAB5A 0,2882
0,8314 RASGEF1C | 0,3133 0,5634 PITPNB 0,2811

MRAS IN4b library screen
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0,6492 RIN1 0,2727
MRAS NIN4 library screen
1,3631 RIT2 0,4166 0,8886 PEN1 0,5184
1,3423 RALB 0,2715 0,7235 RASGEF1B | 0,3017
1,2735 NRAS 0,2647 0,7135 RIN1 0,2727
1,0333 PVRL3 0,6264 0,6872 DIRAS?2 0,2657
1,2064 RAC1 0,7358 0,6769 PVRL2 0,5194
1,0166 PVRL1 0,6414 0,6594 RASGEF1C | 0,3346
0,9862 RIT1 0,3731 0,6502 PVRL4 0,6025
0,9331 ARAF 0,3184 0,6474 YWHAG 0,3327
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RAS dimerization - prey expression
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Figure 30. Bait a) and prey b) expression from the mini-screen of RAS proteins against each
other. Error bars represent the standard deviation across biological duplicates; b-bait, p-prey,

RLU-relative luminescence units.
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Figure 31. SIMPL signal from the mini-screen of RAS proteins against each other. Error bars

represent the standard deviation across biological duplicates, RLU-relative luminescence
units.
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RAS dimerization - SIMPL signal normalized to prey expression
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Figure 32. Normalized luminescence data of SIMPL signal from the mini-screen of RAS
proteins against each other.
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4. Discussion

4.1. Transient bait expression and testing of positive and negative interactors

Prior to the screenings, transient bait protein expression was tested using Western blot.
The expression of RAS proteins was detected in both Tet induced and uninduced samples. As
TRE-x HEK?293 cells stably express Tet repressor, and bait protein expression is under
control of a Tet operator, such a result may have arisen due to a high transfection efficiency as
the amount of Tet repressor in the cells may have been deficient for proper repression. Design
and construction of stable cell lines, where bait expression can be better regulated could be

used to circumvent this issue.

To validate the SIMPL system, baits were tested against positive and negative
interactors. LSM3 was chosen as a negative control as it had not been previousy reported to
interact with any of the bait proteins. LSM2 and LSM3 pair were chosen as an independent
positive control as they are part of a complex involved in mRNA degradation and interact
with each other (Wu et al. 2014). RAF proteins are serine/threonine kinases and direct
effectors of activated RAS proteins, crucial in RAF/MEK/ERK signaling. RAF-RBD makes
initial contact with active RAS and binds with high affinity (Terrell and Morrison 2019) and
was used as a positive control. A difference in interaction between positive and negative
controls was observed. As prey expression was higher for LSM3 compared to RAF-RBD for
all tested baits, and SIMPL signal was higher for RAF-RBD compared to LSM3, they were

deemed suitable controls for prey library screens.

4.2. Screening results and RAS dimerization

Prey libraries for screening against the three bait proteins were generated by Gateway
cloning of the ORFeome genes into two destination vectors, in order to obtain both N- and C-
terminally tagged preys. The N-terminally tagged preys performed better in all screenings.
This could be either due to the tags interfering with post-translational modifications, folding
and protein function in C-terminally tagged preys, or due to a better spatial arrangement

which enables interaction in N-terminally tagged preys. SIMPL signal is a direct
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quantification of interaction between bait and prey proteins (Yao et al. 2020) and it can be
normalized to bait and/or prey expression. Determining where to draw the line between
positive and negative interactors presents a challenge due to the novelty of the technique and
the lack of a statistics framework for analyzing the data. For this reason, value of 0.55 after
normalization to prey expression was chosen as the cut-off value as it includes the RAF-RBD
positive controls and is higher than the LSM3 negative controls for all screenings. Since prey
expression largely differs between samples, normalization to prey expression is useful when

comparing interaction strength between different proteins.

Six interactors were identified for HRAS from the screenings, and two additionally
from the RAS dimerization experiment. Thirty-two were identified for NRAS, and sixteen for
MRAS, with two additions for each from the RAS dimerization experiment. The complete
lists of positive interactors identified from screenings for HRAS, NRAS and MRAS are in
Table 1. According to the BioGRID database (https://thebiogrid.org/), two of the interactors

are already known for HRAS and seven for NRAS, while none of the positive interactors for

MRAS are previously reported interactors.

The role of several interactors in the context of RAS signaling has already been
established. RIN1 (RAS and RAB interactor 1) binds to RAS with high affinity and competes
with that of RAF1 (Wang et al. 2002). It activates the ABL tyrosine kinases and mediates
actin remodeling involved in adhesion and migration of epithelial cells (Hu, Bliss, and Wang
2005). The effect of RIN1 activation is different in different tissues and tumour types. While
RIN1 expression is increased in gastric adenocarcinoma and linked with poor prognosis (Yu
et al. 2012), low levels in hepatocellular carcinoma are associated with tumour invasion (He
et al. 2013). RAS also binds RAF (including ARAF) proteins with high affinity. Kinase
activity of RAF leads to initiation of the MEK-ERK protein kinase cascade which affects
transcription (Colicelli 2004). RIN1 and ARAF were identified as positive interactors for all
three bait proteins.

RALA and RALB (Ras-like A and B) are activated by RalGEF, a major RAS effector
(Mishra et al. 2010). RALA is needed for anchorage-independent proliferation of tumour cells
while RALB is vital for tumour cell survival (Chien and White 2003). Both proteins have a
key role in various activities through interaction with their downstream effectors, such as
tumor formation, metastasis, vesicular trafficking and gene expression (Gentry et al. 2014).
RIT1 and RIT2 (RAS-like without CAAX 1 and 2) were identified as interactors for both
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NRAS and MRAS. They are crucial for neuronal cell survival (Colicelli 2004). RIT1 gain-of-
function mutations have also recently been found to cause Noonan syndrome (Aoki et al.
2013) and have been reported in a variety of human cancers, including hepatocellular
carcinoma, myeloid malignancies and breast cancer (Fang et al. 2016). DIRAS2 (Distinct
Subgroup of RAS 2) is downregulated in ovarian cancer. Its re-expression has been shown to
induce autophagy-mediated cell death by inhibition of the AKT1-mTOR and RAS-MAPK
signaling pathways (Sutton et al. 2018). CDC42 (Cell Division Cycle 42) is a Rho family
small GTPase that can regulate cell proliferation, polarity, vesicle trafficking and actin
remodeling and has been found to become activated upon oncogenic RAS expression (Stengel
and Zheng 2012). Another Rho GTPase, RAC1, has been linked to regulation of
lamellipodium formation and membrane ruffling (Zhang, Chernoff, and Zheng 1998). RAC1
gain-of-function mutations in cancer that confer resistance to targeted therapies and contribute
to tumour phenotype have been identified (De, Aske, and Dey 2019). BAD (BCL-2
Associated Agonist of Cell Death) is a BH3-only protein that inhibits antiapoptotic and
promotes proapoptotic signals. It is a substrate of various kinases, including AKT (Matsuura
et al. 2016) that functions downstream of RAS activated PI3K, a component in cell

transformation (Colicelli 2004).

For the majority of discovered interactors, their role in RAS signaling as well as the
functional effect of interactions with RAS proteins remains to be discovered. The proteins
tested in these screenings were predicted using FpClass. FpClass identifies most likely
interactors based on sets of compatible protein features that may act cooperatively (Kotlyar et
al. 2014). More than 400 proteins were predicted for HRAS and NRAS and more than 100 for
MRAS. Due to the entry clone availability in the ORFeome collection or due to a faulty DNA
sequence, only a portion of these proteins were screened against a certain bait. Additionally,
predicted protein interactors differed largely for all three bait proteins. An expanded, unbiased
screen with same preys for all baits should be considered to get a better picture of PPIs

involved with RAS proteins.

In the protein screens against HRAS, there were 24 known interactors, of which only 2
were identified as positive due to a high normalization cut-off value. Providing a proper
statistical method to analyze this data is established, other known interactors may prove to
also be identifiable using SIMPL. This also highlights the importance of using different
protein-protein interaction identification methods for validating positive hits, as not all

methods are equally successful.
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The RAS dimerization experiment showed that HRAS, NRAS and MRAS interact
with each other forming homo- and heterodimers. HRAS dimerization has been previously
reported (Lin et al. 2014). NRAS dimerization has also been established on an artificial POPC
membrane. The proteins may dimerize because it helps nanoclustering in the membrane
(Giildenhaupt et al. 2012). Although the possible function for RAS dimer formation and
potential mechanisms for the regulation of RAS dimer formation and signaling have been
suggested, further research is needed (Chen et al. 2015).

5. Conclusion
Eight interactors were identified for HRAS, thirty-four for NRAS and eighteen for

MRAS. The mapped interactions include homo- and heterodimerization of HRAS, NRAS and
MRAS with each other.
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