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Abstract

During infection some pathogenic gram-negative bacteria, such as Salmonella, manipulate the
host ubiquitination system through the delivery of secreted effectors known as novel E3
ubiquitin ligases (NELs). Despite the presence of NELs amongst these well-studied bacterial
species, their unique structure has limited the tools that are available to probe their molecular
mechanisms and explore their therapeutic potential. In this work, we report the identification of
two engineered ubiquitin variants that can modulate the activity of the Salmonella enterica
serovar Typhimurium encoded NEL, SspH1. We show that these ubiquitin variants suppress
SspH1-mediated toxicity phenotypes in Saccharomyces cerevisiae. Additionally, we provide
microscopic and flow cytometric evidence that SspH1-mediated toxicity is caused by
interference with S. cerevisiae cell cycle progression that can be suppressed in the presence of
ubiquitin variants. In vitro ubiquitination assays revealed that these ubiquitin variants increased
the amount of SspH1-mediated ubiquitin chain formation. Interestingly, despite the increase in
ubiquitin chains, we observe a relative decrease in the formation of SspH1’s preferred K48-
linked ubiquitin chains on its substrate, PKN1. Taken together our findings suggest that SspH]1
toxicity in S. cerevisiae occurs through cell cycle interference and that an engineered ubiquitin
variant approach can be used to identify probes that modulate the activity of bacterially encoded

ubiquitin ligases.
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Chapter 1: Introduction

1.1 Overview of the Ubiquitination Cascade in Eukaryotic Cells

Ubiquitin is a small, 76 amino acid (7.8 kDa) protein which has an indispensable role in
intracellular signaling within eukaryotic cells. It has remained highly conserved throughout
eukaryotic evolution with there being only 3 amino acid (Pro19, Glu24, Ala28 in human are
found as Ser19, Asp24, Ser28 in yeast) differences between yeast and human ubiquitin. (3) The
covalent attachment of ubiquitin onto its intended target occurs post-translationally and is
mediated by the ubiquitin cascade, a sequential enzymatic pathway made up of three families:
the E1 ubiquitin activating enzymes, the E2 ubiquitin conjugating enzymes and the E3 ubiquitin
ligases. (4) Through this pathway, the C-terminal glycine residue (G76) of ubiquitin forms a
covalent bond with the e-amino group of a lysine residue on the substrate. (5) Attachment of
ubiquitin is also reversible through the activity of deubiquitylating enzymes (DUBs), providing

another layer of complexity into how ubiquitin signaling can affect cellular processes. (6)

The ubiquitin cascade begins with the E1 activating enzymes which catalyze an adenylation
reaction of the C-terminal -COOH of free ubiquitin that then allows a thioester linkage between
the diglycine tail of free ubiquitin and the catalytic cysteine of the E1 enzyme to be formed,
creating a conjugate that is abbreviated as E1~Ub. (7-10) Once the first Ub molecule has been
transferred to the catalytic cysteine of the E1, a second Ub can be recruited to the open
adenylation site to generate a “double loaded” E1 that is preferentially recognized by the E2. (11)
The E1~Ub: conjugate then interfaces with a free E2 conjugating enzyme where the active site
Ub will be transferred onto the catalytic cysteine of an E2, forming a conjugate that is
abbreviated as E2~Ub. (12—-14) This E2~Ub conjugate can then interact with an E3 ubiquitin
ligase to facilitate the transfer of Ub onto the catalytic site of the E3 or directly onto the substrate
using the E3 as a scaffold to coordinate the transfer. (15—17) The diversity of these enzymes
increases with progression through the cascade with only 2 known eukaryotic Els, ~30 known
E2s and over 600 known E3 ligases. (18) The low diversity of E1 and E2 enzymes is likely owed
to the fact that they only interact with the highly conserved ubiquitin or other components of the

enzymatic cascade, conversely, the greater diversity of E3 ligases is likely due to their role in



determining the substrate specificity for ubiquitin attachment which requires them to be able to
target a variety of host and non-host proteins. Included in this diversity is the existence of two
distinct mechanisms of E3-mediated ubiquitin transfer. E3s belonging to the Really Interesting
New Gene (RING) family, lack a catalytic residue and do not directly bind to ubiquitin but rather
coordinate the transfer from the E2~Ub conjugate directly to the substrate. (19) Conversely, E3s
which belong to the Homologous to E6AP C-terminus (HECT) or the RING-between-RING
(RBR) family of ligases form direct thioester bonds with ubiquitin providing an intermediate

between E2 and substrate. (20,21) (Fig. 1.1.1)

The diversity of ubiquitin signaling is also influenced by the amount and topology of the
ubiquitin chains which are conjugated onto the substrate. Chains of multiple ubiquitin residues
can be formed through conjugation of the C-terminal glycine residue of an incoming ubiquitin
onto one of seven lysine residues (K6, K11, K27, K29, K33, K48, K63) or the N-terminal
methionine residue (M1). (22-24) (Fig. 1.1.2) These chains can be homotypic, which contain
only a single type of linkage, or heterotypic, which contain a multitude of linkage types,
including the possibility of branched ubiquitination. Of the 8 potential ubiquitin linkage sites,
K48 and K63 are considered typical and have a much larger body of research behind them. (25)
Recent innovations in technology have allowed for the study of the remaining atypical chains
(M1, K6, K11, K27, K29, K33) leading to an increased understanding of the role these linkages
play in cellular signaling. (18,26) Details of the role of the atypical ubiquitin linkages are found
in Fig. 1.1.3. Ubiquitin chains containing K48-linkages have been shown to target substrates for
proteasomal degradation and is often considered the canonical ubiquitin linkage. (17,27,28)
Conversely, ubiquitin chains containing K63-linkages have been shown to have multiple non-
proteolytic properties, including roles in protein trafficking, inflammatory signaling and DNA
repair. (22,29) In addition to different linkages, ubiquitin chains can be modified by the presence
of ubiquitin-like molecules, such as SUMO or NEDDS, or other post-translational modification
such as acetylation, or phosphorylation. (28,30,31) Ultimately, ubiquitin chains are recognized
by a variety of proteins which contain ubiquitin binding domains (UBDs) which interpret the

chain conformation and convert the ubiquitin signal into cellular activity. (32-35)

In addition to the process of labelling proteins through ubiquitination, it has also been shown

that deubiquitination, accomplished by deubiquitinating enzymes (DUBs), plays a necessary role



in controlling intracellular signaling. (36) Accordingly, there are over 100 human encoded DUBs
belonging to seven structural families: the ubiquitin specific proteases (USP), the ubiquitin C-
terminal hydrolases (UCH), the Josephin domain proteases, the ovarian tumor (OTU) proteases,
the JAB1/MPN"/Mov34 domain (JAMM) metallo-enzyme proteases, the motif interacting with
Ub-containing novel DUB family (MINDY) of proteases and the zinc finger-containing ubiquitin
peptidase (ZUP). (6,37-39) The enzymatic activity of these molecules results in the cleavage of
the isopeptide bond formed between the C-terminal tail of a ubiquitin molecule and the
corresponding lysine residue. Although each family of DUB shares a similar mechanism of
action they have unique targets, both in terms of substrate and lysine-linkage specificity. (40)
Additionally, dysregulation of DUBs is associated with the development of a variety of diseases
further underlying their essential role in maintaining homeostasis. (41) This further underscores
the complex and intricate nature of the ubiquitin network that not only regulates cellular
homeostasis but also provides an origin for disease biogenesis and a target for pathogens.

(15,16,18,40,42)
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Fig. 1.1.1 Simplified Depiction of the Ubiquitination Cascade

The formation of ubiquitin chains occurs through multiple sequential reactions. Free ubiquitin
(Ub) is first conjugated onto the E1 activating enzyme forming an E1~Ub conjugate. The E1
enzyme than transfers the activated Ub to the E2 conjugating enzyme forming an E2~Ub
conjugate. The E2~UDb conjugate than coordinates with an E3 enzyme to facilitate the transfer of
Ub onto the substrate. In the case of the Really Interesting New Gene (RING) E3 ligases, Ub is
not directly transferred onto the E3 enzyme which instead coordinates the transfer of the Ub
from the E2 directly to the substrate. Conversely, in the case of RING-between-RING (RBR) or
homologous to E6AP C-terminus (HECT) the Ub is directly conjugated to a catalytic residue

which is then transferred directly from the E3 to the substrate. Created with Biorender.com.



Fig. 1.1.2 Structure of Ubiquitin

Human ubiquitin visualized in ChimeraX V1.2.5 (PDB: 1UBQ) Lysine residues (K6, K11,
K27, K29, K33, K48, K63) are highlighted in teal. Methionine (M1) is highlighted in blue. C-
terminal diglycine (DiGly) is highlighted in green.
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Fig. 1.1.3 Function and Structure of Ubiquitin Chains

(A) Description of the function of ubiquitin chains linked through M1 or the 7 internal lysines.
(B) Overview of the different potential composition of ubiquitin chains. Adapted from (43).
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1.2 Overview of Salmonella Epidemiology & Pathogenesis

Salmonella is a genus of facultatively anaerobic, rod-shaped, Gram-negative bacteria
composed of a diverse array of serotypes. It was first identified and cultured by Daniel Salmon
and Theobald Smith in 1885, who named the bacterium “Salmonella” in honor of Dr. Salmon.
(44) The specifics of Salmonella nomenclature were long an issue of debate before a ruling by
the Judicial Commission of the International Committee on the Systematics of Prokaryotes
(ICSP) divided the genus into two species, S. bongori and S. enterica. (45) S. bongori is mainly
associated with infection of cold-blooded animals, although some human infections have been
previously reported. (46,47) Conversely, S. enterica is mainly associated with the infection
warm-blooded animals, including humans, and is currently comprised of 6 subspecies (enterica,
salamae, arizonae, diarizonae, houtenae, indica), however, with the rise of whole genome
sequence availability, 5 additional subspecies have been postulated (londinensis, brasiliensis,
hibernicus, essexiensis, reptilium) as well as the elevation of S. enterica subsp. arizonae to being
its own species. (48-50) S. enterica subsp. enterica, contributes to approximately 99% of all
Salmonella infections in warm-blooded animals, leading to it being the most well studied of the

Salmonella subspecies. (51)

S. enterica serovars are further divided into typhoidal or non-typhoidal, depending on the
type of disease they cause. (52) Typhoidal serovars, including S. Typhi and S. Paratyphi, are
adapted specifically to the human host where invasive infection leads to development of life-
threatening enteric fever. (53,54) In 2019 there were 13 million reported cases of typhoid fever
worldwide which resulted in 133 000 deaths; India and the surrounding regions were particularly
affected by a high typhoidal Salmonella disease burden. (55) In contrast to the invasive, human-
restricted nature of typhoidal Sa/monella, Non-typhoidal Sa/monella (NTS), such as S.
Typhimurium, S. Enteritidis, S. Heidelberg or S. Newport, are found in a broad range of hosts
and primarily cause self-limiting gastroenteritis. (52) In 2010 it was estimated that 93.8 million
cases of gastroenteritis linked to NTS infection occur annually worldwide, leading to an
estimated 155 000 deaths. (56) Notably, within Canada, the United States and Europe, where
NTS infections are consistently reported, Sa/monella is a leading cause of foodborne illness.
(57,58) Transmission of NTS occurs through the fecal-oral route, with many infections stemming

from the consumption of contaminated animal products, fresh produce, or water. (57)



Asymptomatic infections in domesticated animals are also relatively common, providing a
reservoir for Salmonella and contributing to zoonotic transmission through contamination or
direct host-host transmission. (58,59) Additionally, certain serovars of NTS, such as S.
Typhimurium, S. Enteritidis or S. Dublin, possess to the ability to enter the bloodstream leading
to an invasive NTS disease (iNTS). (60) iNTS disease presents with similar clinical outcomes to
typhoid fever, including febrile illness alongside respiratory symptoms, and possesses a much
higher fatality rate than NTS. (61) An estimated 535 000 incidences of iNTS occurred in 2017
leading to 77 000 deaths amongst all infected individuals. (62) The burden of iNTS has been on
the rise in recent years leading to an increase in the pressure to develop novel treatments or

vaccines as many of the iNTS-associated strains are multi-drug resistant. (63—65)

Regardless of the origin, the most common route of entry into the human host is through the
gastrointestinal tract where Salmonella must cross the intestinal epithelium to colonize the host
since it is a facultative intracellular pathogen. (66) Sa/monella accomplishes this goal by
exploiting phagocytic intestinal cells, such as microfold (M) cells or dendritic cells (DC), or by
inducing non-phagocytic cells to uptake the bacterium. (67,68) Additionally, Sa/monella
outcompetes the host commensal microbiota using a variety of virulence factors. (69) (Fig.

1.2.1)

M-cells are a specialized antigen sampling cell type found within the Peyer’s patch, where
they are a component of the follicle-associated epithelium (FAE). (70) These cells play an
important role in the mucosal immune response by establishing a close connection to the
underlying lymphocytes which allows them to easily present mucosal antigens. This close
connection to the immune system makes M-cells an attractive target for bacterial pathogens. (71)
Salmonella interaction with M-cells induces significant cytoskeletal rearrangements leading to
micropinocytosis which prompts an increase in internalization of both bacteria and antigens as
well as increased M-cell maturation. (70—73) These cytoskeletal rearrangements are detrimental
to the integrity of M-cells causing a breakdown in the architecture of the FAE, further increasing
Salmonella invasion. (72) CX3CR1" DCs, which can form trans-epithelial dendrites allowing for
direct access to luminal antigens, are also exploited for Sa/monella invasion. (74) These trans-
epithelial protrusions can be targeted by Salmonella in a manner that leads to bacterial uptake

into the DC thereby crossing the epithelial barrier. (74)



Uptake into non-phagocytic cells is mediated by virulence factors which are encoded on
pathogenicity islands (PAIs). PAIs are cluster of genes, 10-100kb in length, found on the
chromosome, plasmids or bacteriophages which can be acquired through horizontal gene transfer
and are found exclusively in pathogenic strains of bacteria. (75) 24 Salmonella-encoded
pathogenicity islands (SPIs) have been described with SPIs 1-5 existing in all serovars of
Salmonella enterica. (76) (Table 1.2.1) SPI-1 and SPI-2 are unique because they each encode the
necessary structural and regulatory components of a type III secretion system (T3SS) known as
T3SS-1 and T3SS-2, respectively. SPI-1 contains the necessary virulence factors to facilitate
Salmonella uptake into non-phagocytic cells, whereas SPI-2 contains important factors which
facilitate intracellular survival. (77,78) (Table 1.2.2) Expression of SPI-1 encoded genes occurs
prior to host cell invasion and is triggered by environmental cues which relay when Salmonella
adhesion to the host cell has occurred. This leads to the assembly of the T3SS-1 and the release
of its associated effectors into the host cell. (79) It is important to note that not all effectors
secreted by the T3SS-1 are encoded within the corresponding SPI. Effectors may be encoded on
a different SPI or other mobile genetic elements such as prophages or Salmonella-associated
virulence plasmids (pSLT). (80) The combinatorial activity of T3SS-1 secreted effectors alters
the host cytoskeletal prompting the formation of membrane extensions, known as ruffles, which

engulf the bacteria. (81)

Following internalization, Salmonella will express the SPI-2 encoded T3SS and its associated
effectors leading to the establishment of an intracellular compartment known as the Salmonella-
containing vacuole (SCV). (82,83) SCVs in epithelial cells are translocated to the basolateral
membrane where bacteria can be released into the submucosal layer of the gastrointestinal tract.
They also act as sites for bacterial replication. (84) Once Sal/monella has crossed the epithelial
barrier, either through the exploitation of a phagocytic cell or inducing uptake and passage
through non-phagocytic cells, they are engulfed by phagocytes, notably macrophages, through a
macropinocytotic process that utilizes both SPI-1 dependent and independent endocytic
pathways. (85) Upon entering a macrophage, Salmonella will again establish an SCV, which
provides a niche for bacterial survival and replication. (86,87) One consequence of this invasion
is the production of IL-8 alongside other pro-inflammatory cytokines, generating an environment
that conveys a growth advantage to Salmonella when compared to other members of the host

microbiota. (88)



Salmonella is a thoroughly researched pathogen with a vastly more complicated pathogenic
repertoire than I have presented here, these details have been discussed at great length elsewhere

and the reader is referred to these reviews. (49,51,80,89-92)
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i. Salmonella can be directly phagocytosed by transepithelial CX3CR1+ dendritic cells, directly
bypassing the epithelial barrier ii. Sa/monella adhere to the surface of M cells and induce
cytoskeletal rearrangements leading to micropinocytosis. Micropinocytosed Salmonella are then
able to invade the underlying M cell-associated phagocytes where they can establish a
Salmonella-containing vacuole (SCV) and begin replicating. iii. Salmonella adhere to non-
phagocytic epithelial cells within the lumen. Attachment to the epithelial cell induces the
expression of the SPI-1 encoded genes, including T3SS-1. iv. T3SS-1 associated effectors are
secreted into the epithelial cell, inducing cytoskeletal rearrangement leading to membrane
ruffling and Salmonella engulfment. v. Salmonella which have been engulfed began to express
SPI-2 encoded genes, including T3SS-2 and the associated effectors, to establish an SCV. vi. The

SCV translocates to the basolateral membrane where Salmonella are released into the
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submucosal layer. vii. Salmonella adhere to macrophages in the submucosal layer and are
phagocytosed. viii. Phagocytosed Salmonella express SPI-2 encoded genes, including T3SS-2
and the associated effectors, leading to the establishment of an SCV. Adapted from (80) Created

with Biorender.com.
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Table 1.2.1 Size & Function of Conserved Salmonella Pathogenicity Islands

SPI Size (kb) Function
SPI-1 39.8 Invasion, Encodes T3SS-1
SPI-2 39.7 Intracellular survival & replication, Encodes T3SS-2
SPI-3 34 Survival in macrophages during low Mg>*
SPI-4 27 Adhesion to epithelial cells, Encodes T1SS
SPI-5 7.6 Stimulate pro-inflammatory cytokines

Adapted from (76). Overview of conserved Salmonella pathogenicity islands (SPI). Size is

provided in kilobases (kb). Function indicates role of associated effectors during infection.

13



Table 1.2.2 Representative Salmonella Secreted Effector Proteins

Effector Encoded on T3SS Function Reference
SPI-1 Associated
AVEA SPL1 1 Inhibit 1pﬂammat10n & (93-95)
apoptosis
Reset host cytoskeleton, (93-95)
SptP SPI-1 1 Dampen proinflammatory
response
SipA SPL1 1 Incrgase internalization (93-95)
efficiency
SipB SPI-1 1 Phagocytotic apoptosis (93-95)
SipC SPI-1 Induce membrane ruffling (93-95)
Promote membrane fission, (76,94,95)
SopB SPI-5 1 macropinocytosis &
epithelial cell survival
SopD Chromosome 12 Promote rpembran§ fission  (94-96)
& macropinocytosis
SopE2 Chromosome 1 Promqte membrane ruffling  (94-96)
& proinflammatory response
SPI-2 Associated
Formation of microtubule (93,97)
SseF SPI-2 2 bundles surrounding SCV
3seG SPL2 ) Contrll?ute to filament (93,97)
formation
) Facilitate interaction of SCV  (97,98)
PipB SPI-3 2 With ER membrane
SteA Chromosome 1/2 Formation O.f jcubples & ©7)
vacuole partitioning
SifA Chromosome ) Malntal.n SCV & Filament (95,97)
Formation
SteD Chromosome ) Preyent T cell act‘lvatlon & (97
antigen presentation
PipB2 Chromosome 12 MOV§ment of mature SCV (95,97,99)
within host cell
Ssel Chromosome ) Prevent autophag}{ & lipid (95,97)
droplet accumulation
SifB Chromosome 2 Stabilize SCV (95,97,100)
SopD2 Chromosome ) Negessgry for bacterial (95,97)
replication in macrophages
Ssel Chromosome 2 Stabilize SCV (95,97)
SteB Chromosome 1/2 Unknown (97,101)
Necessary for vacuole- (95,97)
SteC Chromosome 2 associated actin

polymerization
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SIrP Chromosome 1/2  Inhibits release of IL-1 (97)
SseK2 Chromosome ) Ipterfgre with NF-xB (95,97)
signaling
Accessory
SspHI G1fsy-3 12 Downregulate (95,97)
Bacteriophage proinflammatory response
SspH2 SPI-12 2 Enhance NODI1 signaling (97,102)

Overview of SPI-1- and SPI-2-associated Salmonella secreted effector proteins. Encoded on

indicates genetic location of indicated effector. T3SS indicates T3SS responsible for

translocation of indicated effector. [1 = T3SS encoded by SPI-1; 2 = T3SS encoded by SPI-2]

Function indicates role of indicated effector during infection.
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1.3 Structure & Function of Type III Secretion Systems

T3SS are a conserved molecular apparatus to facilitate invasion and survival found in many
gram-negative bacteria. (103,104) These syringe-like structures cross both the bacterial and host
cell membranes and allow the bacterium to inject bacterial-encoded proteins, known as effectors,
into the cytosol of host cells in an ATP-dependent manner. (105-107) (Fig. 1.3.1) These effectors
contribute to infection by modulating host cell processes such as immune signaling, cytoskeletal
rearrangement and membrane transport supporting bacterial invasion and the establishment of
infection. (80,108) The T3SS itself is a macromolecular structure comprised of an ATPase
complex, cytoplasmic ring, basal body, translocators, and export apparatus. (92,109) Salmonella
encodes two T3SS, T3SS-1, found on SPI-1, and T3SS-2, found on SPI-2. The proteins that
constitute these complexes, and their nomenclature, are detailed in Table 1.3.1. (92) Evolutionary
analyses indicate that the molecular machinery responsible for the T3SS originated from the
molecular machinery used to transport extracellular components of the flagellum. (110,111)
T3SS have been the subject of extensive research and details regarding their structure, assembly

and function can be found thoroughly described elsewhere. (92,103,109,112)
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Graphical depiction of the major structural components of the Salmonella T3SS. Adapted from
(105,109). Created with Biorender.com.
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Table 1.3.1 Nomenclature of T3SS of Salmonella enterica serovar Typhimurium

Unified

Function T3SS-1 T3SS-2
Nomenclature

Basal Body
Outer Membrane Ring SctC InvG SsaC
Secretin - InvH -
Inner Membrane Ring SctD PrgH SsaD
Inner Membrane Ring SctJ PrgK Ssal
Needle SctF Prgl SsaG
Inner Rod Sctl PrgJ Ssal
Export Apparatus
Autoprotease SctU SpaS SsaU
Export Gate SctV InvA SsaV
Inner Membrane Component | SctR SpaP SsaR
Inner Membrane Component II SctS SpaQ SsaS
Inner Membrane Component 111 SctT SpaR SsaT
Cytoplasmic Ring SctQ SpaO SsaQ
ATPase Complex
ATPase SctN InvC SsaN
Stator SctL OrgB SsaK
Regulators
Needle-length Regulator SctP Inv] SsaP
Switch Regulator SctW InvE SsaLlL / SpiC
Translocators
Translocation Pore SctB SipC SseD
Translocation Pore SctE SipB SseC
Needle Tip SctA SipD SseB

18



Adapted from (92). Overview of the components of the Sa/monella-encoded T3SSs. Includes
specific nomenclature of indicated component for both Salmonella T3SS encoded on SPI-1 and

SPI-2 as well as the unified nomenclature for bacterial T3SS components.
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1.4 The Role of Novel E3 Ligases in Pathogenic Ubiquitination

One class of effectors that are secreted through the T3SS of gram-negative bacteria are Novel
E3 ubiquitin ligases (NELs). (113) NELs represent a unique architecture of E3 ubiquitin ligase as
they do not share any sequence or structural similarity to the previously described eukaryotic E3
ligases, although they are known to form a thioester bond with the C-terminal diglycine motif in
a mechanism similar to HECT eukaryotic E3 ligases. (114) Interestingly, they have evolved this
architecture in the context of a prokaryotic cell, where there is an absence of ubiquitin encoding
genes, indicating their function is uniquely suited to alter the ubiquitome of host cells during
infection. (115) These effectors are found in pathogenic bacteria which target a variety of
eukaryotic hosts such as Salmonella enterica, Shigella flexneri, Sinorhizobium fredii, Ralstonia
solanacearum. (Table 1.4.1) (116,117) NELs share a common structural pattern with 2 major
domains separated by a flexible linker to facilitate different spatial conformations as well as a
short signaling sequence. The signaling domain is a variable sequence found at the N-terminal of
the protein which is indispensable for secretion by the T3SS. (114,118) The N-terminal leucine
rich repeat (LRR; LxxLPxxLxxLxxxxx VxLxxNPL) domain mediates substrate recognition and
plays a role in controlling NEL activity by preventing access to the catalytic cysteine through the
adoption of an autoinhibitory conformation. (119,120) The C-terminal globular NEL domain
harbors a catalytic cysteine and mediates the interaction with the incoming E2~Ub conjugate.
(113) Structural comparison of the four Salmonella encoded NELs are depicted in fig. 1.4.1.
(116) Interaction of the LRR domain with a substrate leads to a conformational change that
exposes the catalytic NEL domain and promotes ubiquitin transfer. The ability to undergo
conformational changes is essential in mediating ubiquitin transfer to a substrate, mutations
which affect the flexibility between the N-terminal and C-terminal domains abrogate
ubiquitination activity. (121,122) NELs have been previously described to preferentially interact
with E2s from the promiscuous UBE2D family of conjugating enzymes which are used by all
families of eukaryotic E3s. (123) However, due to their differential architecture relative to
eukaryotic E3 ligases, the interaction between NELs and E2~Ub conjugates occurs through

unique interfaces. (124)
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Table 1.4.1 Representative Members of the Novel E3 Ligase Family

Effector Domains Catalytic Residue # of LRR Ref
Salmonella enterica
SirP LRR + NEL C546 11 (125-127)
SspH1 LRR + NEL C492 8 (120)
SspH2 LRR + NEL C580 12 (118)
SspH3 LRR + NEL C603 o* (128)
Shigella flexneri
IpaH 1.4 LRR + NEL C368 8 (129)
IpaH 2.5 LRR + NEL C368 8 (130)
IpaH 4.5 LRR + NEL C379 10 (130)
IpaH 7.8 LRR + NEL C357 9 (130)
IpaH 9.8 LRR + NEL C337 8 (129)
Sinorhizobium fredii
NopM LRR + NEL C338 7 (131)
Ralstonia solanacearum
RipAR NEL C322 0 (132)
RipAW NEL C177 0 (132)
RipV1 NEL C401 0 (132)
RipV2 NEL C403 0 (133)

*Determined using InterPro by EMBL-EBI (134,135).

Adapted from (116). Overview of select members of the novel E3 ligase family of effectors. The

presence of a leucine rich repeat (LRR) or novel E3 ligase (NEL) domain is indicated alongside

the position of the catalytic cysteine residue and the number of leucine rich repeats.
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Fig. 1.4.1 Domain Structure of the Novel E3 Ligases Encoded by Salmonella

Graphical comparison of the domains found in Salmonella leucine-rich repeat protein (SIrP) and

Salmonella secreted proteins H1-3 (SspH1-3). Adapted from (116).
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1.5 Introduction to Salmonella Secreted Protein H1 (SspH1)

Salmonella secreted protein H1 (SspH1) was identified by Miao et al in 1999 and was one of
the first members of the SspH family of NELs. (127) SspH]1 is 700 amino acids in length, giving
it a molecular weight of ~77 kDa. The catalytic cysteine, C492, is found within the NEL domain;
mutation of this cysteine to an alanine (C492A) abrogates SspH1 catalytic activity. (118,129) It
has been shown to be encoded on the Gifsy-3 prophage. (136) Recent screening of the
Salmonella Foodborne Syst-OMICS (SalFos) by Herod et al revealed that SspH1 was present in
~12% of available whole-genome sequences where it is most commonly found in the serovar
Typhimurium with ~22% of isolates encoding SspH1. (137) SspH]1 is known to be secreted
during infection of intestinal epithelial cells as well as macrophages by both the T3SS-1 and
T3SS-2. (127,138) After SspH1 is translocated into a host cell it localizes to the nucleus through
unknown mechanisms. (139,140) SspH1 has a known role in downregulating NF-«xB activity
which contributes to lowered pro-inflammatory cytokine secretion. (138,139) Additionally,
SspH1 has been shown to interact with the HR 1b domain of PKN1 causing it to be ubiquitinated
and subsequently degraded. (120) Previous research has indicated that SspH1-mediated
degradation of PKN1 can interfere with the androgen receptor potentiating role of PKN1.
(120,141) Despite the connection between PKN1 and AKT, work by Herod et al indicates that
SspH1-dependent effects on PKN1 levels were insufficient to alter the outcome of AKT
signaling likely owed to the complex nature and interconnected activities of the other Salmonella
secreted effectors. (137) Some research indicates that the ability of SspH1 to lower NF-xkB
activity is independent of E3 ligase activity which suggests an alternate non-catalytic mechanism
of action. (120) Additionally, recent research suggests that SspH1 is responsible for improving
Salmonella survival during acute gut inflammation, possibly by through the downregulating the
NLRC4 inflammasome.(142) Of particular importance for my work, it has been demonstrated
that SspH1 expression is detrimental to the growth of yeast in a catalytic activity-dependent

manner. (120)
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1.6 Structure & Function of PKN1

The known substrate of SspH1 is the protein kinase C-related kinase (PRK) family member
protein kinase N1 (PKNT1). (143) The PRK family is a three-member group of serine/threonine
kinases consisting of PKN1 (PRK1/PKN/PKNa), PKN2 (PRK2/PKNy) and PKN3
(PRK3/PKNB); all of which are ubiquitously distributed amongst human tissue, although PKN3
is found at very low levels. (144) They all share a common, multi-domain architecture containing
three N-terminal homology regions (HR1), a C2-like domain, a kinase domain, which belongs to
the AGC kinase superfamily, as well as a C-terminal tail which contains important motifs that
mediate protein-protein interactions during PKN activation. (145) Additionally, PKN2 and PKN3
have proline-rich regions found between the C2-like and kinase domains, which are recognized
by the SH3 domain of other adaptor proteins. (144) (Fig. 1.6.1) The PRKSs are found downstream
of the Rho family of GTPases which situate them as important regulators for a diverse number of
cellular processes. (146) Despite their importance, our understanding of their structure and
function remains incomplete. Given that PKNI1 is the known substrate of SspH1, this
introduction will mainly focus on the structure, function, and consequences of PKN1 signaling. A

comprehensive view of the PRK family as a whole has been described in detail elsewhere. (144)

Prior to the initiation of the signaling cascade PKNI1 exists in an autoinhibitory dimer
conformation in the cytosol. (147,148) The interaction of lipids, such as arachidonic acid, PIP»,
or PIP3, with the C2-like domain disrupts the dimer, alleviating autoinhibition and leading to
membrane recruitment. (149,150) Phosphoinositide-dependent kinase 1 (PDK1) is then recruited
to the exposed hydrophobic motif (HM) in the C-terminal tail of PKN1 where it will
phosphorylate the T774 residue found in the activation loop. Following T774 phosphorylation,
mTOR2 or CDK1 will phosphorylate the S916 residue found in the turn motif of the C-terminal
tail leading to the dissociation of PDK1. The HM of the T774/S916 diphosphorylated C-terminal
tail interacts with the PDK1-interacting fragment (PIF) pocket leading to a structural change that
places the kinase domain in an allosterically active conformation. (144) However, despite the
kinase domain being in an active conformation, research indicates that PKN1 itself is not fully
active due to what is speculated to be a pseudosubstrate inhibition motif found in the HR1a
domain. (151) Regulation by the pseudosubstrate motif is thought to be alleviated through the
binding of RhoA to the HR1a domain, which can also contribute to PKN1 activation by
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increasing PDK1-mediated phosphorylation. (152) This signaling cascade is depicted in Fig.
1.6.2. In addition to the activation through the phosphorylation cascade described above, PKN1
can also be activated through a proteolytic mechanism as seen during apoptosis where caspase-3
induced cleavage leads to the generation of constitutively active PKN1 fragments. (153) The
complexity of PKN1 activation underscores its role as a key mediator in multiple signaling

pathways that are induced by a variety of cellular cues.

One prominent role for PKN1 signaling in the context of the immune response is to
inhibit pyrin inflammasome formation. (154,155) Under homeostatic conditions, PKNT1 is
activated through an interaction with RhoA which leads to PKN-mediated phosphorylation of
pyrin. Phosphorylated pyrin is then bound by 14-3-3 chaperone proteins to maintain it in an
inactive state. When RhoA is inactivated, a common strategy employed during bacterial infection
to disrupt the host cytoskeleton, PKN1 activation is abrogated which prevents pyrin
phosphorylation and sequestration. Unphosphorylated pyrin can then oligomerize alongside ASC
and pro-caspase-1 to form the functional pyrin inflammasome leading to an increase in IL-1f3

secretion and potentiating the innate immune response. (155) (Fig. 1.6.3)

Another role of PKN1 signaling that has been implicated in the context of Sa/monella
infection, and SspH1 activity in particular, is androgen receptor (AR) signaling. In canonical AR
signaling the AR is found associated with chaperones in the cytoplasm in the absence of ligands.
In the presence of a ligand, such as the biologically active form of testosterone,
dihydrotestosterone (DHT), AR dissociates from its chaperone proteins. (156) PKN1 can bind to
the transactivation domain of AR before the PKN1-AR complex is translocated to the nucleus
and targeted to the androgen-responsive elements (ARE). (157) After recruitment to the ARE,
PKNT phosphorylates T11 on Histone 3 which recruits a demethylase leading to increased gene
transcription. (157) Additionally, activation of the thromboxane receptors TPa and TP by
thromboxane Az (TXA?) can directly induce PKN1 phosphorylation of the T11 residue on

Histone 3 to enhance AR recruitment and increase gene transcription. (158) (Fig. 1.6.3)
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Fig. 1.6.1 Domain Structure of Protein-Kinase C Related (PRK) Kinases

Graphical comparison of the PRK family of serine/threonine kinases, PKN1-3, and protein

kinase C (PKC), the only PRK family member encoded in Saccharomyces cerevisiae.
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Fig. 1.6.2 Activation of PKN1

i. Prior to activation cytosolic PKN1 adopts an autoinhibited dimeric conformation ii. Lipid
interaction disrupts the PKN1 dimer, leading to membrane localization and allowing PDK1 to be
recruited to the C-terminal hydrophobic motif of PKN1. iii. PDK1 phosphorylates T774 in the
PKNT activation loop iv. mMTOR2 or CDK1 are recruited to PKN1 post-T774 phosphorylation
leading to the phosphorylation of S916 in the PKN1 turn motif and causing the dissociation of
PDKI1. v. The T774 and S916 diphosphorylated C-terminal tail of PKN1 undergoes a
conformational change to interact with the PDK 1-interacting fragment (PIF) domain which
allosterically activates kinase activity. RhoA is recruited to the HR1a domain of PKNI to
alleviate a speculated pseudosubstrate inhibition motif. vi. Complete activation of PKNT1 kinase
activity allows for self-phosphorylation and phosphorylation of downstream targets. Adapted
from (144).
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Fig. 1.6.3 Different Role of PRK Signaling

(A) PKNI1 has a prominent role in regulating the immune response. During homeostatic
conditions PKNI is activated through the interaction with RhoA, activating its kinase activity
and allowing it to phosphorylate pyrin. Phosphorylated pyrin is then sequestered by 14-3-3
proteins preventing the formation of inflammasomes. (B) PKN1 plays a role in regulating
androgen receptor (AR) signaling. PKNT interacts with activated AR, which is bound to the
activated from of testosterone, to form a PKN1-AR complex. The PKN1-AR complex is then
translocated to the nucleus where it targets androgen response elements. PKN1 phosphorylates
T11 on Histone 3 which leads to demethylase recruitment and increased gene transcription.

Activation of TPa/B by Thromboxane A, (TXA,) can directly induce nuclear localization of

PKNT1 leading to phosphorylation of T11 on Histone 3 leading to demethylase recruitment and

increased gene transcription. (C) PKC1 plays a vital role in maintaining yeast cell wall integrity.
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Cell wall stress is detected through the sensor proteins Mid2 and SLG1 which triggers Rhol-
dependent activation of Pkcl. Pkcl phosphorylation induces signaling through the yeast
MAPKKK signaling cascade, which consists of Bck1, Mkk1/2, and Sit2. Phosphorylated SIt2
translocates to the nucleus where it will phosphorylate the transcription factor factors Rlm1 or

SBF, leading to cell wall synthesis or cell cycle regulation, respectively. (159,160)
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1.7.1 Inhibition of the Ubiquitination Cascade

Given the key role ubiquitination plays throughout multiple cellular processes and disease
states, it has been an attractive target for the development of novel therapeutics. (161) The
sequential nature of the ubiquitin cascade provides multiple, discrete steps which can become the
target of inhibitors. During Ub activation there are three interactions which can be biochemically
targeted: 1) binding of ATP to El, ii) formation of the covalent bond in the E1~Ub conjugate and
ii1) binding of E1~Ub to the E2. (161-164) However, since there is a limited number of Els,
their inhibition effects ubiquitination non-specifically which is often detrimental to indispensable
cellular processes. (165) The transfer of the ubiquitin molecule from the E2~Ub to the E3 can
also be targeted, but this retains the issue of non-specific effects as a single E2 can interact with a
diverse array of E3s. (166—168) Finally, the formation of the E3~Ub conjugate and the
interaction between the E3 and the substrate are the most specific steps of the cascade and may
prove the best target for biochemical inhibition. (161,169) Unfortunately the specific interaction
pockets are often shallow and difficult to target using small molecules. (161,170) Nonetheless,
many inhibitors of the ubiquitin cascade, primarily cell permeable small molecules, have been
developed and their therapeutic potential has been examined in both preclinical and clinical

settings. (Table 1.7.1)
1.7.2 Engineered Ubiquitin Variants as Ubiquitination Inhibitors

Despite the structural and mechanistic diversity amongst the enzymes within the ubiquitin
signaling network they all share a common substrate in ubiquitin. Interestingly, most of these
proteins recognize a common surface on ubiquitin through a low affinity, high specificity
interaction. (171,172) This knowledge was leveraged by Dr. Sachdev S. Sidhu to design and
construct a phage-displayed ubiquitin variant (Ubv) library that contains over ten billion unique
variants (Fig. 1.7.1). (173,174) Ubiquitin-interacting proteins can then be screened against this
library using phage display selection to identify Ubv which bind with high-affinity to the protein
of interest (Fig. 1.7.2). (175—178) Ubvs can act as competitive inhibitors, preventing the enzyme
for which they were selected against from interacting with ubiquitin, or, somewhat surprisingly,
act as activators. (169,174) There are many advantages to the Ubv approach; they can be
produced rapidly and in a cost-effective manner, they can target unique sites which may not be

accessible to other small molecules, they can be optimized on a systematic scale for increased
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efficacy, they don’t require previous structural knowledge of the interaction between ubiquitin
and the protein of interest, they are specific in nature as the sequence found in ubiquitin-binding
domains varies between enzymes and they can provide structural details that can be used to steer

the design of traditional small molecule inhibitors. (173)

The initial intention of this Ubv library was to identify high-affinity binders for the USP
family of DUBs. (174) Not only was there efficient Ubv inhibitors identified for three individual
USPs, Ernst et al. also identified inhibitors for an OTU and JAMM deubiquitinases as well as an
enhancer of NEDD4 E3 ligases activity. (174) Given this success, a Ubv approach has been
pursued and employed to identify modulators for all major families of the human encoded E3
ligases. (169,179) While many of the identified Ubvs were inhibitors that bound to the known
ubiquitin binding pocket of the E3 ligases some interesting cases existed where ubiquitination
was massively increased, or inhibition occurred through binding to a previously undescribed
allosteric site. In addition to targeting human E3 ligases, an Ubv approach has also been utilized
to identify modulators for some human E2 enzymes as well as proteins containing an ubiquitin-

interacting motif (UIM) from both human and yeast. (167,180—183)

Outside of targeting eukaryotic ubiquitin enzymes, Ubvs have also been demonstrated to be
effective inhibitors of viral deubiquitinating enzymes (vDUBs). (184) vDUBs play an important
role in viral replication and immune suppression for many viruses, including coronaviruses
(CoV) and the Crimean-Congo hemorrhagic fever virus (CCHFV), making them attractive
pharmacological targets. (185,186) However, their similarity to the human OTU DUB family has
complicated the development of selective inhibitors to these viral enzymes. The use of the Ubv
platform was able to identify selective inhibitors which were detrimental to viral replication
without cross-reacting to human DUBs. (184) This demonstrates the wide-spanning therapeutic
potential of an Ubv-based approach that extends beyond the eukaryotic realm of ubiquitin-
interacting proteins. Despite the replicable success of inhibiting ubiquitin-interacting proteins
with Ubv in vitro, it remains a challenge to pursue the therapeutic potential of these molecules
due to practical limitations in the efficient delivery of proteins and the immunogenicity of said

proteins in vivo. (184,187,188)
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Table 1.7.1 Representative Examples of Inhibitors of Ubiquitination

Clinical Stage Reference

Compound Target Mechanism

Proteasome Inhibitors

Bortezomib 20S Subunit Reverslbly ‘bmds FDA Approved (189)
active site
) . Irreversibly
Carfilzomib 20S Subunit binds active site FDA Approved (190)
Inhibits

Ixazomib 20S Subunit chymotrypsin-
like activity

FDA Approved (191)

E1 Inhibitors

PYR-41  Non-Specific EI  COVAISHUIMAIBIL g o yiical (192)
active cysteine
. Forms a TAK- .
TAK-243 Non-Specific E1 243~Ub adduct Preclinical (193,194)
Non-specific El Inh1b1j[s E.l ATP Preclinical (195)
activation

E2 Inhibitors

Allosteric
binding leading ..
CCO0651 hCdc34 Preclinical (196)
to structural
displacement
Impedes
Ubc13~Ub Preclinical
conjugation

Inhibit Ubc13-
UevlA Preclinical

Compound I

NSC697923 Ubc-UevlA (197)

(198)

Ubcl13-UevlA

Leucettamol A
interaction

RING E3 Inhibitors

Downregulates
SKP2 SKP? Phase 3 (199)

IAPs SMAC mimetic

Curcumin

AT-406 Phase 3 (200)

RBR E3 Inhibitors

Covalently bind
active cysteine .
BAY 11-7082 LUBAC of Ubcl3 and Preclinincal (201)
UbcH7
Inhibits HOIP FDA Approved

(202)

Bendamustine LUBAC

HECT E3 Inhibitors

33



Reversibly block

HS-152 SMURF1 RHOB Preclinical (203)
ubiquitination
. Non-specific Induce inhibitor N
Heclin conformational Preclinical (204)
HECT
change
DUBs Inhibitors
Irreversibly bind
P50429 USP7 catalytic Preclinical (205)
cysteine
Thiolutin Non-specific Non-specifically Preclinical (206)
inhibit JAMM
Pimozide USPI/UAPL — Non-competitive Preclinical (207)
Complex inhibition

Adapted from (164,208). Overview of previously described inhibitors of the ubiquitin cascade.

Where available a brief description of the target, mechanism of action and current clinical

approval is provided.
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Fig. 1.7.1 Identification of High-Affinity Ubiquitin Variants by Phage Display

ii. Binding Selection
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i. 6.8x10" unique ubiquitin variant were generated through soft-randomization of 24 positions
within the ubiquitin sequence. These sequences were than fused to the gene encoding the gene-3
mirror coat protein of the M13 bacteriophage to create a stable phage display library. (Leung et
al. 2017) ii. All Ubv-displaying phage were allowed to attempt to bind to the immobilized
protein of interest. iii. Non-binding phage are washed away. iv. Binding phage are amplified in
the host bacteria and steps i-iv are repeated to further enrich for high-affinity Ubv binders to the
protein of interest. v. Individual clones of high-affinity binders are subjected to DNA sequencing

to identify the sequence of the encoded Ubv. Adapted from (173,176).
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Fig. 1.7.2 Regions Mutated in the Ubiquitin Variant Phage Display Library

(A) Structure of human ubiquitin (PDB Entry: 1UBQ) is shown in grey with the three distinct
mutation regions colored as followed: Region 1 — Yellow, Region 2 — Purple, Region 3 — Green.
(B) Sequence of human ubiquitin with the residues that were subjected to mutation colored

according to mutation region: Region 1 — Yellow, Region 2 — Purple, Region 3 — Green.
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1.8 Saccharomyces cerevisiae as a Versatile Eukaryotic Model System

Saccharomyces cerevisiae, also known as budding yeast or baker’s yeast, is a single-celled
eukaryote belonging to the fungi kingdom of microorganisms. It is one of the best studied
eukaryotic organisms on a molecular and genetic level and has a long history of being
successfully implemented as a model research organism owing to its short doubling time, ease of
culturing and relatively uncomplicated genome architecture while still containing the complex
internal structures and conserved cellular processes that are found in many higher-level
eukaryotes. (209,210) Additionally, S. cerevisiae maintains the ability to be transformed by
homologous recombination allowing for facile heterologous gene expression, such as T3SS
effectors, through plasmid transformation. (211) Expression of T3SS effectors introduced by
transformation is often driven by the GAL1/10 promoter in yeast, this promoter system is
induced in the presence of galactose and repressed in the presence of glucose. (212,213) The
inducible nature of this promoter provides valuable control over when the potentially toxic
effectors are expressed and allows phenotypic comparisons to be made between the non-induced
and induced conditions to elucidate the effect of effector expression. S. cerevisiae has been
employed as a heterologous model organism for the study of bacterial effectors for nearly 20
years, aiding in the study a variety of invasive or adherent pathogens such as Shigella flexneri,

Yersinia pestis, and Salmonella enterica. (214,215)

An advantage of S. cerevisiae as a model system is the easily monitored cell cycle, as they
undergo distinct morphological changes that are coupled with readily assessable fluctuations in
genetic content. (216-218) In short, yeast first undergo the G1 phase of the cell cycle where cells
grow and prepare for cell division if the environmental conditions are appropriate. Since S.
cerevisiae are diploid in nutrient-rich conditions, cells within the G1 phase contain a IN
chromosomal count. If the environmental conditions are deemed favorable by the yeast they will
progress into the synthesis (S) phase where new genetic material is synthesized, leaving the yeast
with a 2N chromosomal count, and a daughter cell will begin to bud out from the mother cell.
After the genetic material has been doubled, S. cerevisiae enter the G2 phase where the
emergence of the daughter cell will continue and nuclear migration towards the bud neck occurs.
Once the daughter cell has reached a sufficient size the yeast will enter Mitosis (M), which is

comprised of metaphase, anaphase, telophase, and cytokinesis. During this phase the nuclear
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content is divided between the mother and daughter cells by microtubular contraction followed
by complete separation of the cytoplasm leaving two distinct cells, each with a 1N chromosomal

count, thereby completing a single trip through the cell cycle. (216,217) (Fig. 1.8.1)

S. cerevisiae encodes a single isoform of a serine/threonine kinase of the PKC super-family,
PKC1. (124,219) Much like the previously described PKN1, PKC1 contains multiple domains
including two N-terminal HR1 domains (HR1a and HR1b), a C2 domain, a C1 domain, and a C-
terminal kinase domain. (Fig. 1.6.1) (220) PKC1 has been demonstrated to play a vital role in the
cell wall integrity (CWI) pathway which controls cell wall synthesis and cell cycle progression.
(159,221) This pathway is initiated at the cell surface through stress detection by the SLG1 and
Mid2 sensor proteins, triggering Rhol-dependent activation of PKC1. (222) Activated PKC1
prompts signaling through a conserved MAPK cascade. The cascade begins with PKCI-
mediated phosphorylation of Bck1, which is followed by Bck1-mediated phosphorylation of the
Mkk1 or Mkk2, a redundant pair of MAPKKSs, then Mkk1/Mkk2-mediated phosphorylation of
Sit2. (222,223) Phosphorylated S1t2 will then translocate to the nucleus where it phosphorylates
the transcription factors Rlm1, which induces the transcription of genes responsible for cell wall
synthesis, or the transcription factor complex SBF, which is a heterodimeric complex consisting
of Swi4 and Swi6 that regulates the expression of genes involved in cell cycle control. (224,225)
(Fig. 1.6.3) Since SspH1 has been previously shown to interact with PKNT1 it is possible the
effect of SspH1 expression may be mediated through the disruption of PKC1 signaling in S.
cerevisiae. (120,138)
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Fig. 1.8.1 Cell Cycle of Saccharomyces cerevisiae

S. cerevisae begin their cell cycle in the first gap (G1) phase where they exist as diploids with a
IN genomic content. They will then progress into the synthesis (S) phase where DNA replication
occurs leaving the yeast with a 2N genomic content. Yeast then enter the second gap phase (G2)
where daughter cell budding occurs and the nucleus moves towards the bud neck. Finally, the
mitosis (M) phase occurs which separates the single 2N nucleus into two 1N nuclei and the

mother and daughter cell separate along the bud neck.
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1.9 Rationale

This thesis investigates whether a ubiquitin variant inhibitor approach can be used to mitigate
the function of the bacterially encoded Novel E3 Ligase, SspH1. Despite the prevalence of NELs
in pathogenic bacteria there has been little research demonstrating effective ways of targeting
these proteins for inhibition. This lack of inhibitors expands to E3 ligases as a whole with there
being only a single class of FDA-approved drugs which target an E3 ligase. (169) In an effort to
address the absence of inhibitors, a protein-based modulation approach was pursed by Dr.
Sachdev Sidhu, who developed a ubiquitin variant phage library and screening strategy to
identify Ubvs with enhanced affinity to a target protein. (161,176,179) While this Ubv-based
approach has led to effective modulation of the activity of HECT, RBR, RING, and Viral E3
ligases as well as DUB enzymes, it has not yet been successfully implemented in the modulation

of NEL ligases.
1.10 Hypothesis

Given the success of a Ubv-based modulation strategy with other classes of ubiquitin
interacting proteins, I hypothesized that Ubvs with an increased affinity for SspH1, a bacterially
encoded E3 ligase, would be effective inhibitors both in vitro and in vivo. This hypothesis was
tested by assessing the growth of yeast co-expressing SspH1 and Ubv on both liquid and solid
media. Additionally, the effect of SspH1 on the yeast cell cycle was assessed by both microscopy
and flow cytometry. Finally, the effect of Ubvs on SspH1 activity was assessed in vitro through
ubiquitination assays, including probing substrate-specific ubiquitin chain formation and

potential changes to the ubiquitin chain linkage conformations.
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Chapter 2: Methods

Chapter 2.1: SspH1 Toxicity in S. cerevisiae
2.1.1 Cloning & Transformation

Yeast Transformation: Saccharomyces cerevisiae (BY4742 a; APB 60) were grown overnight
in a shaker at 200 rpm and 30°C in complete supplement mixture (CSM) liquid media containing
6.7 g/L complete supplement media with appropriate auxotrophic selection, 50 g/l ammonium
sulfate, 17 g/L yeast nitrogen and 1% Glucose. Overnight liquid cultures were then spun down at
900 x g for 3 minutes to collect pellets. The pellets were washed with sterile ddH2O followed by
1 mL of 100 mM lithium acetate (LiAc), prior to being suspended in 400 pL of 100 mM LiAc.
Each transformation requires 50 pL of S. cerevisiae cell suspension. LiAc was then removed, and
reagents were added stepwise in the following order: 240 pL of 50% (W/V) PEG 3500 (or a final
W/V of 40% PEG 3500), 36 uL of 1 M LiAc (or 120 mM), 25 pL of boiled Salmon Sperm DNA
(SSDNA), then 1 pg (or 20 ng/pL) of SspH1, Ubv, PCR product or EV plasmid DNA. Reagents

and cell suspension were mixed vigorously to ensure homogenization and incubated at 30°C for

30 minutes, then heat shocked at 42°C for 20 minutes. The cells were then pelleted at 900 x g for
1 minute and resuspended in 100 pL of sterile ddH2O. Transformed cells were then plated on
CSM plates lacking the appropriate amino acids for auxotrophic selection and incubated at 30°C

for 48 hours. Through this process the BY4742 a strains APB 51, 52, 53, 173, 174, 175, 176, 185
were generated. (Table 2.1.1)

Ubv Drag & Drop Cloning: Yeast expression clones of ADiGly, Ubv A06 and Ubv D09 were
generated as described in Jansen et al. (226) In short, pPGREG515 (APB 4) was digested with
Sall, which removes the HIS3 stuffer fragment and exposes the recl and rec2 sites. Recl and
rec2 overhangs were added flanking the gene of interest using PCR amplification with
pDONR::Ubv A06 (APB 1), pDONR::Ubv D09 (APB 2), pPDONR::ADiGly (APB 3) serving as
templates. Primer sequences can be found in Table 2.2. Both the digested pPGREGS515 vector and
PCR product were co-transformed into S. cerevisiae for homologous recombination of the PCR

fragment into the open pGREGS515 backbone.
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Mutagenesis of SspH1¢4924; The active site (C492A) mutation of SspH1 was generated in the
pcDNA3::2xHA-SspH1 (AB 63) background using the Quikchange II site-directed mutagenesis
kit according to the manufacturer’s protocol (Agilent). Briefly, primers to mutate the cysteine to
alanine were generated using the Quikchange Primer Design tool (Agilent,

https://www.agilent.com/store/primerDesignProgram.jsp). Mutagenic primers were then mixed

with the pcDNA3::2xHA-SspH1 template and amplified by PCR using cycling conditions
suggested by the manufacturer. Completed amplification reactions were subjected to digestion
with Dpn 1 to remove parental dSDNA. All PCR products were sequence verified. The construct
was then propagated into DH10B E. coli using standard methods. Through this process the
DHI10B strains AB 240 and 242 were generated. (Table 1.1.1)

SspH1 Restriction Cloning: Yeast expression clones of SspH1 and SspH144 were generated
by digesting pcDNA3::2xHA-SspH1 or pcDNA::2xHA-SspH1%4** and p426GALL with Hindlll
and X#ol. The inserts were ligated into the digested vector and transformed into DH10B E. coli
using standard methods. Plasmid was purified from overnight cultures of single colony
inoculations and mapped by PstI-digestion. Through this process the DH10B strains AB 63 and
175 were generated. (Table 1.1.1)
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Table 2.1.1 Strains Used for Cloning in Yeast Expression Studies

Stock Name Organism Strain # | Description or Source
pcDNA3::2xHA-SspH1 DH10B AB 63 (227)
p426GALL::2xHA-SspH1 | DH10B AB 175 This work — Amit Bhavsar
pcDNA3::2xHA- DHI0B AB 240 This work — Amit Bhavsar
SspH 1424

P426GALL::2xHA- DH10B AB 242 This work - Amit Bhavsar
SspH 1424

pDONR::Ubv A06 DH5a APB 1 (174,176)

pDONR::Ubv D09 DH5a APB 2 (174,176)
pDONR::ADiGly DH5a APB 3 (174,176)

pGREGS515 DH5a APB 4 (226)

pGREG515::ADiGly BY4742 a APB 51 This work — Ashley Wagner
pGREGS515::Ubv A06 BY4742 a APB 52 This work - Ashley Wagner
pGREGS515::Ubv D09 BY4742 a APB 53 This work - Ashley Wagner
Saccharomyces cerevisiae | BY4742 o APB 60 Wild type BY4742 o yeast
[MATa his3A1 leu2A0 provided by Dr. Gary Eitzen.
lys2A0 ura3A0]

pAG426GALL::SspH1 BY4742 a APB 173 | This work - Ashley Wagner
+pGREGS515::ADiGly

pAG426GALL::SspH1 BY4742 a APB 174 | This work - Ashley Wagner
+pGREG515::Ubv A06

pAG426GALL::SspH1 BY4742 a APB 175 | This work - Ashley Wagner
+pGREG515::Ubv D09

pAG426GALL::SspH1“4*A | BY4742 o APB 176 | This work - Ashley Wagner
+pGREGS515::ADiGly

pAG426GALL::SspH1 BY4742 a APB 185 | This work - Ashley Wagner

+pGREG515
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Table 2.1.2 Primers Used In Cloning

Primer Name Nucleotide Sequence

pGREG515UbvFor 5’-gcgtgacataactaattacatgactcgaggtcgacccaactttgtacaagaaagetggg-3’
pGREG515UbvRev 5’-gcgtgacataactaattacatgactcgaggtcgacccaactttgtacaagaaagetggg-3’
SspH1C492AFor 5’-gcaacagaggcaacatcaactgcagaggaccgggtcacacatge-3’
SspH1C492ARev 5’-gcatgtgtgacccggtectetgcagttgatgttgectetgttge-3°

44




2.1.2 Saccharomyces cerevisiae growth on solid media

Co-transformed yeast were grown overnight in a shaker at 200 rpm and 30°C in CSM-LEU-URA
+ 1% Glucose liquid media. 1 mL of liquid culture for both the inducing and non-inducing
conditions was centrifuged at 17 000 x g for 2 min and then washed 3x with 500 uL sterile
ddH>0. Washed cells were then resuspended in 1 mL of CSM-LEU-URA supplemented with
either 1% Glucose (Non-inducing condition) or 1% Galactose (Inducing condition). Cell
suspension was diluted with sterile ddH»0 to obtain 1 mL of an ODsoo of 1. A 1:10 dilution series
was then created for each sample encompassing concentrations from 10°to 10”. Dilutions were

than spotted on plates containing CSM-LEU-URA + 1% Glucose solid media or CSM-LEU-
URA + 1% Galactose solid media and incubated at 30°C for 48 hours. After the 48 hour

incubation period the number of yeast was enumerated at the lowest concentration where growth

CFU (1% Glucose)
CFU (1% Galactose)

was seen and a toxicity index was generated using the following equation TI =

2.1.3 Saccharomyces cerevisiae growth in liquid media

Co-transformed yeast were grown overnight in a shaker at 200 rpm and 30°C in CSM-LEU-URA
+ 1% Glucose liquid media. 1 mL of liquid culture for both the inducing and non-inducing
conditions was centrifuged at 17 000 x g for 2 min and then washed 3x with 500 pL sterile
ddH20. Washed cells were then resuspended in 1 mL of CSM-LEU-URA supplemented with
either 1% Glucose (Non-inducing condition) or 1% Galactose (Inducing condition). Cell
suspension was diluted with sterile ddH20 to obtain 1 mL of an ODego of 1. This cell suspension
was then further diluted by adding 900 pl of the appropriate media with 100 pl of cell suspension
to achieve a final culture of 1 mL with an ODggo of 0.1. 200ul of each sample was then aliquoted
in triplet into a 96-well clear, flat-bottomed plate. The samples were incubated at 30°C and the
ODsoo of each sample was measured every 10 minutes over a period of 48 hours using a

Spectramax 13x Microplate Reader. Relative growth was calculated using the following equation:

AUC (Gal)
AUC (CtrlGal)

AUC (Glw)
AUC (Ctrl Glu)

2.1.4 Flow Cytometry

1.

Relative Growth =

Co-transformed yeast was grown overnight in a shaker at 200 rpm and 30°C in CSM-LEU-URA

+ 1% Glucose liquid media. 2 mL subcultures were made by diluting overnight cultures to 6 x
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10° cells per mL in CSM-LEU-URA + 1% Glucose liquid media. Subcultures were washed 3x in
500 pL sterile ddH20 before being resuspended in CSM-LEU-URA + 1% Galactose liquid media
with 15 pg per mL of nocodazole (Biotechne; Cat # 1228), which induces G2/M arrest through
microtubule depolymerization. Cultures were returned to the incubator and grown in a shaker at
200 rpm and at 30°C for 2 hours before being washed 3x in 500 pL sterile ddH»0 to remove
nocodazole. Washed pellets were resuspended in 2 mL CSM-LEU-URA + 1% Galactose liquid
media and a 400 pL. sample was taken at 0 min. Cultures were returned to the incubator and
grown in a shaker at 200 rpm and 30°C for 8 hour post-nocodazole wash. 400 pL samples were
centrifuged at 17 000 x g for 2 min., the supernatant was removed, and the pellet was
resuspended in 500 pL cold 70% EtOH. Cells suspended in 70% EtOH were stored at 4°C. To
process these cells 1.5 mL of 50 mM sodium citrate was added to the 0.5 mL 70% EtOH cell
suspension then centrifuged at 400 x g for 5 min before removing 1 mL of supernatant and
centrifuging again at 17 000 x g for 2 min. and removing the rest of the supernatant. Pellets were
then resuspended in 0.5 mL sodium citrate containing 0.1 mg per mL RNase A and incubated at
37°C for 2 hours. Following RNase A incubation, 0.5 mL of 50mM sodium citrate containing 8
ug per mL of propidium iodide (ThermoFisher Scientific; Cat # P3566) was added to achieve a
final concentration of 4 ug per mL of propidium iodide. Cells were processed by Attune NxT

which recorded 100 000 events per sample. Data was analyzed with FlowJo V10.6.0. Relative

: . . AUC
amount of 2N yeast was calculated using the following equation: A%2N = (—U ay 8 Hour
AUC,nN 0 Hour

AUC,n 0 Hour
AUC,n 0 Hour

) x 100,

2.1.5 Microscopy

Co-transformed yeast was grown overnight in a shaker at 200 rpm and 30°C in CSM-LEU-URA
+ 1% Glucose liquid media. Subcultures were made by taking 1.5 mL of overnight culture,
centrifuging at 17 000 x g for 2 min and then resuspended in CSM-LEU-URA supplemented
with either 1% Glucose (Non-inducing) or 1% Galactose (Inducing). Subcultures with fresh
media were returned to the incubator and grown for 8 hours at 30°C while shaking at 200 rpm.
After 8 hours 400 pl of culture was fixed with 600 pl of 4% Paraformaldehyde (PFA) for 30-45
minutes at room temperature. The fixed culture was centrifuged at 17 000 x g for 1 min before

500 pl was removed and centrifuged at 17 000 x g for 1 min. The remainder of the supernatant
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was removed, and the pellets were washed 3x in 200ul of PBS. The washed pellet is resuspended
in 250 pl of 0.2% Triton X-100 prior to the addition of 5 pl of Phalloidin 488 (ThermoFisher
Scientific; Cat # A123779) and overnight incubation at 4°C in the dark. Following the overnight
incubation 1 ul of DAPI was added and incubated for 1 hour in the dark at room temperature.
Stained cells were then centrifuged at 17 000 x g for 2 min the supernatant was removed, and
pellets were washed 3x in 200 ul PBS. Washed pellets were then suspended in 5-10 pl of
Vectashield (Vector Laboratories; Cat # H-1000), dependent on pellet size. 1l of cell suspension
in Vectashield was spotted onto a glass slide, covered with a round #1.5 glass coverslip, sealed
with Revlon nail polish, and allowed to dry in the dark for 15 minutes prior to imaging using an
EVOS FL Auto at 100x magnification. The 100x oil objective lens had a numerical aperture of
1.28. Micrographs were collected and analysis of yeast budding was performed as previously
described using FI1JI v.2.3.0 (60—62). Large-budded cells were defined as having a bud length
equal to, or greater than, 1/3 of the mother cell. Analysis was performed by a person blinded to

the protein expression plasmids but familiar with fluorescent microscopy acquisition methods.
2.1.6 Statistical Analysis

All statistical comparisons were performed using Graphpad Prism 9.5.1. Data is presented as the
mean with error bars representing SEM. Growth Reduction Co-efficient (GRC) for comparison
of yeast growth in liquid media was calculated as described in Lauman and Dennis. (228)
Statistical analyses were determined through one-way ANOVA with Tukey’s multiple
comparison test. Statistical significance is indicated as follows: P>0.05 = ns, P<0.05 = *, P<0.01

=** P<0.001 = *** P<0.0001 = ****
Chapter 2.2: Assessing SspH1 activity in vitro
2.2.1 Structure Preparation Using Homology Modelling

Swissmodel, a homology protein modelling program, was used to create protein models for
SspH1, Ubv A06, and Ubv D09. (229) Available structures of highly similar proteins, as
determined by basic local alignment search tool (BLAST), were used as templates onto which
the amino acid sequence of the proteins of interest were modelled. To identify highly
homologous proteins for SspH1, the LRR and NEL domains were separated to increase fidelity.

Since structure of the LRR domain of SspH1 has been previously determined it was not
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generated by homology modelling, instead the previously determined structure was used
(Uniprot ID: DOZVG2; PDB Entry: 4NKH). Although there is no previously determined
structure of the SspH1 NEL domain, the NEL domain of IpaH 9.8, a Shigella NEL, was
identified as having a high sequence similarity (56.3%). Therefore, the NEL domain was
modelled through Swissmodel individually using IpaH 9.8 (Uniprot ID: Q8VSC3; PDB Entry:
6LOL) as a template. In a similar manner, Ubv A06 and UbvD09, were modelled using human
ubiquitin (Uniprot ID: POCG48; PDB Entry: 1UBQ) as the template. Molecular graphics and
analyses were performed with UCSF Chimera V1.14, developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with

support from NIH P41-GM103311. (230)
2.2.2 In silico Protein-Protein Interaction Predictions

The interaction between SspH1 and the ubiquitin variants was predicted using the protein-protein
docking algorithms, HDOCK and LZERD. (231-235) In short, given the structure of SspH1, as
the receptor, and human ubiquitin (PDB Entry: 1UBQ), Ubv A06, or Ubv D09, as the ligand, a
fast, Fourier transform (FFT) based strategy was used to sample for possible binding modes
which were than evaluated through an iterative knowledge-based approach. The binding modes
were than ranked based on their binding energy score and the structures of the 10 highest scoring

binding modes were generated and visualized in Chimera V1.14.
2.2.3 Cloning

Bacterial protein expression clones were generated using the Gateway® recombinational cloning
system (Invitrogen, ThermoFisher Scientific). (236,237) In short, pPDONR::Ubv D09 and
pDONR::ADiGly served as entry clones, which were introduced into the destination vector
pDEST 527 (Addgene; Plasmid #11518, Kindly donated by Dominic Esposito) through the LR
reaction (LR Clonase II Enzyme Mix, ThermoFisher Scientific) and transformed into DH5a E.
coli for propagation and storage. pPDEST527::Ubv D09, and pDEST527::ADiGly were then
propagated into BL21(DE3) E. coli for protein expression by standard methods.
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Table 3.3.1 Strains Used for Cloning for Protein Purification Studies

Stock Name Organism | Strain # Description

pDONR::Ubv D09 DH5a APB 2 (174,176)

pDONR::ADiGly DH5a APB 3 (174,176)

pDESTS527 CB3.1 APB 293 | pDest-527 was a gift from
Dominic Esposito (Addgene
plasmid #11518)

pDEST527::Ubv D09 DH5a APB 295 | This Work - Bradley Dubrule

pDESTS527::ADiGly DH5a APB 296 | This Work - Bradley Dubrule

pDEST527::ADiGly BL21(DE3) | APB 300 | This Work - Bradley Dubrule

pDEST527::Ubv D09 BL21(DE3) | APB 302 | This Work - Bradley Dubrule

Escherichia coli BL21(DE3) | BL21(DE3) | APB 125 | NEB (Cat # C2527)

pGEX-PP-3xHA::SspH1 DH10B AB 286 This Work - Amit Bhavsar

pGEX-PP-3xHA::SspH1 BL21(DE3) | AB 287 This Work - Amit Bhavsar
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2.2.4 Protein Purification

A 100 mL culture of BL21 DE3 E. coli containing either pDEST527 + Ubv ADiGly or
pDEST527 + Ubv D09 was grown overnight with shaking at 200 rpm at 37°C in lysogeny broth
(LB) containing 10 g/L NaCl, 5 g/L yeast extract, 10 g/L tryptone, 15 g/L agar and 0.1 mg/mL
ampicillin (Amp). The overnight culture was then diluted in 900 mL of fresh LB for a total
volume of 1 L and incubated for 1 hour at 37°C. Protein expression was induced by the addition
of 400 uM of isopropyl B-D-1-thiogalactopyranoside (IPTG) and incubation for 4 hours at 37°C.
The culture was centrifuged for 15 min at 4°C at 7 000 x g in a JLA 10.5 rotor. Pellets were
pooled and resuspended in 20 mL of cold lysis buffer (200 mM NaPO4 pH 7.4, 500 mM NaCl,
25 mM Imidazole, 10 pg/mL DNase A, 1 pg/mL RNase, 2x Pierce Protease Inhibitor Tablets
(ThermoFisher Scientific; Cat #A32953)) prior to being lysed by three passages through a
French pressure cell (Thermofisher Scientific; Cat #FA-032) at 1100 PSI. Lysates were then

centrifuged for 15 min at 4°C at 8000 x g to remove cellular debris followed by a second

centrifugation of the previous supernatant 15 min at 4°C at 30 000 x g to remove inclusion
bodies. The supernatant was then filtered through a 0.45 pm filter. Nickel-NTA affinity
chromatography was performed using an AKTA GO and HisTrapFF 1 mL columns (Cytiva Life
Sciences; Cat # 17525501). Elution was performed using a 20 mL gradient of imidazole from 25
mM to 500 mM that also contained 500mM NacCl, and 20 mM NaPO4 pH 7.4 with 0.5 mL
fractions being collected. 1 mL Fractions were collected over 20 column volumes (CV)
containing Ubv D09 or ADiGly were identified by SDS-PAGE and pooled. Size exclusion
chromatography was performed on a Superdex 200 Increase 10/300 GL column (Cytiva Life
Sciences; Cat # 28990944) using a buffer which contained 50 mM Tris pH 8.0, 100 mM NaCl,
ImM EDTA, and ImM DTT over an elution length of 2 CV while 2 mL fractions were collected.
2 mL Fractions were collected over 1.2 CV containing His-D09 or His-DiGly were identified by
SDS-PAGE and pooled. Pooled fractions were concentrated using a 5 kDa molecular wight cut
off (MWCO) concentrator (Amicon Ultra; Cat #UFC900308) through centrifugation at 4 000 x g
for 45 min. Higher molecular weight species were then removed using a 30 kDa MWCO
concentrator (Amicon Ultra; Cat #UFC803002) by centrifugation at 4 000 x g for 45 min and the
flow-through was kept. The presence of concentrated Ubv D09 and ADiGly was confirmed by
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SDS-PAGE and western blot. Protein concentration was determined by Pierce BCA protein

assay. (ThermoFisher Scientific; Cat # 23225)

Recombinant SspH1 with tandem N-terminal GST and HA epitope tags was purified according
to the procedure outlined in (238) before precission protease digestion to remove the GST tag.
Briefly, 50 pg of purified GST-HA-SspH1 was mixed with 2 pg in-house purified GST-tagged
precission protease and pre-equilibrated Glutathione Sepharose 4B beads (GE Healthcare) in
precission protease buffer (50 mM Tris pH 7.5, 300 mM NaCl, ]| mM EDTA, 1 mM DTT).
Reactions were incubated overnight to allow for protease cleavage between the GST and HA tags
of SspH1 before beads were precipitated. Cleaved HA-SspH1 was recovered from the

supernatant.
2.2.5 Mass Spectrometry

Mass spectrometry work was performed by the Alberta Proteomics and Mass Spectrometry
Facility in the Faculty of Medicine and Dentistry at the University of Alberta. Purified protein
was separated on 4-20% polyacrylamide gradient gels (Bio-Rad; Cat #4561094) by
electrophoresis at 175 V for 45 min. The gel was washed 3x with ddH>O and subsequently
stained with Imperial protein stain (ThermoFisher Scientific; Cat #24615) for 2 hours at room
temperature with shaking at 70 rpm. Staining solution was then removed and replaced with
ddH2O and the gel was destained overnight at room temperature with shaking at 70 rpm. Protein
bands of interest were identified and excised for further processing. Samples were reduced (10
mM B-mercaptoethanol in 100 mM ammonium bicarbonate) and alkylated (55 mM
iodoacetamide in 100 mM ammonium bicarbonate). After dehydration, enough trypsin (6ng/uL,
Promega Sequencing grade) was added to just cover the gel pieces and the digestion was allowed

to proceed overnight (~16 hrs.) at 37°C. Tryptic peptides were first extracted from the gel using

97% H20, 2% acetonitrile, 1% formic acid followed by a second extraction using 50% of the

first extraction buffer and 50% acetonitrile.

The tryptic peptides were resolved using nano flow HPLC (Easy-nLC 1000, Thermo Scientific)
coupled to an Orbitrap Q Exactive mass spectrometer (Thermo Scientific) with an EASY-Spray
capillary HPLC column (ES902A, 75 um x 25 cm, 100 A, 2 um, Thermo Scientific). The mass

spectrometer was operated in data-dependent acquisition mode with a resolution of 35,000 and
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m/z range of 300—1700. The twelve most intense multiply charged ions were sequentially
fragmented by using HCD dissociation, and spectra of their fragments were recorded in the
orbitrap at a resolution of 17,500. After fragmentation all precursors selected for dissociation
were dynamically excluded for 30 s. Data was processed using Proteome Discoverer 1.4
(Thermo Scientific) and the database was searched using SEQUEST (Thermo Scientific). Search
parameters included a strict false discovery rate (FDR) of .01, a relaxed FDR of .05, a precursor
mass tolerance of 10 ppm and a fragment mass tolerance of 0.01 Da. Peptides were searched
with carbamidomethyl cysteine as a static modification and oxidized methionine and deamidated

glutamine and asparagine as dynamic modifications.
2.2.6 SspH1 Ubiquitination Assays

0.15 pg of purified HA-SspH1 was incubated with 0.22 pg of recombinant human UBE1 (R&D
Systems; Cat #E-305-025), 4.0 ug of human UBE2D2 (R&D Systems; Cat #E2-622-100 ), 1.8
ng of HA-ubiquitin (R&D Systems; Cat #U-110-01M), His-ADiGly, His-Ubv D09, and/or 0.41
png GST-PKNT1 (ThermoFischer Scientific; Cat #PV3790) in ubiquitination reaction buffer (80
mM Tris-HCI, 50 mM NacCl, 10 mM MgCl,, 0.1 mM DTT) before 2 mM ATP was added to

initiate in vitro SspH1 activity. All samples were incubated for 3 hours at 37°C prior to being

quenched by addition of SDS-PAGE sample buffer and boiling at 100°C for 5 minutes.
2.2.7 Immunoprecipitation

Recombinant GST-PKNI was co-incubated with purified HA-SspH1, human UBE1, human
UBE2D2, and HA-ubiquitin in ubiquitination reaction buffer (80 mM Tris-HCI, 50 mM NaCl, 10
mM MgCl, 0.1 mM DTT) and 2 mM ATP to initiate in vitro SspH1 ubiquitination activity. All
samples were incubated for 3 hours at 37°C prior to immunoprecipitation. Immunoprecipitation
was carried out using protein G-conjugated magnetic beads (New England Biolabs). Beads were
prepared by washing three times with IP wash bufter (PBS + 0.1% Tween-20 (Sigma-Aldrich;
Cat #P1379)), then incubated with 2 ug Rabbit a-GST polyclonal antibody (Santa Cruz
Biotechnology; Cat #sc-459) for 20 minutes at room temperature with agitation. Washing steps
were repeated to remove unbound antibody, then beads were blocked with 3% milk powder
solution for 1 hour at 4°C. After blocking, beads were washed again, and purified protein

samples were incubated with the beads for 1 hour at 4°C with agitation. Washing steps were
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performed a final time followed by elution from the beads by addition of SDS-PAGE sample
buffer and boiling at 100°C for 5 minutes.

2.2.8 Immunoblotting

Proteins were separated on 4-20% polyacrylamide gradient gels (Bio-Rad; Cat #4561094) by
electrophoresis and transferred to nitrocellulose membranes (Bio-Rad; Cat #1620115). Transfer
was performed using a Trans-Blot Turbo (Biorad; Cat #1704150) set to a limit of 25 volts and a
constant 2.5 amps for 14 min, in a buffer containing 48 mM Tris base (Invitrogen; Cat #15504-
020), 39 mM Glycine (ThermoFisher Scientific; Cat #G7126), and 20% methanol. Membranes
blocked with TBS blocking buffer (Li-Cor; Cat #927-60001) before overnight incubation with
primary antibody diluted in TBS blocking buffer. Membranes were washed and incubated with
secondary antibodies diluted in TBS blocking buffer for 1 hour. The antibodies used in this study
are: mouse a-Actin (sc-8433; Santa Cruz Biotechnology) 1: 2000; Mouse a-UBE2D2 (OTI2C2;
ThermoFisher Scientific) 1:2 000; mouse a-Myc (9E10; Provided by Dr. Rob Ingham, University
of Alberta) 1:2 500; mouse a-His (27E8; Cell Signaling Technology) 1: 2 500; rabbit a-K48-
linkage specific polyubiquitin (D9DS5; Cell Signaling Technology) 1:2 000; rabbit a-63-linkage
specific polyubiquitin (D7A11; Cell Signaling Technology) 1:2 000; mouse a-Ubiquitin (P4D1;
Cell Signaling Technology) 1:2 000; rat a-HA (3F10; Roche Diagnostics) 1:2 500; rabbit a-GST
(sc-459; Santa Cruz Biotechnology) 1:2 500; goat a-mouse (926-68020; Licor) 1:5 000; goat a-
rabbit (925-32211; Licor) 1:5 000; goat a-rat (926-32219; Licor) 1:5 000. Blots were imaged
with a Li-Cor Odyssey and analyzed using Image Studio Lite V5.2.

2.2.9 Coomassie Brilliant Blue Protein Staining

Proteins were separated on polyacrylamide gels by electrophoresis and subsequently stained with
1x Coomassie Brilliant Blue R-250 solution (0.1% Coomassie brilliant blue R-250, 10% Acetic
acid, 40% ddH»0, 50% MeOH) (Bio-Rad; Cat #1610400) in the dark for 45 min at room
temperature with shaking at 70rpm. Stained gels were then rinsed 2x with destain solution (10%
Acetic acid, 40% ddH»0, 50% MeOH) prior to being covered in destain solution and allowed to
destain overnight in the dark at room temperature with shaking at 70rpm. The destaining solution

was then discarded and gels were imaged using a Bio-Rad Gel Doc XR+ Gel Imager (Bio-Rad).
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2.2.10 Statistical Analysis

All statistical comparisons were performed using Graphpad Prims 9.5.1. Data is presented as the
mean with error bars representing SEM. Statistical analyses were determined through one-way
ANOVA with Tukey’s multiple comparison test or unpaired t-test. Statistical significance is

indicated as follows: P>0.05 = ns, P<0.05 = *, P<0.01 = ** P<0.001 = *** P<(0.000] = ****
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Chapter 3: Results

3.1 Identifying Ubiquitin Variant Inhibitors of SspH1

The ubiquitin variant library described by Ernst et al. was screened for high-affinity binders of
SspH1 in collaboration with Dr. Wei Zhang. (174) This library contains over 6.8 x 10'° unique
ubiquitin variants that were generated using a soft-randomization strategy which diversified 24
positions within ubiquitin while also ensuring protein stability. GST-SspH1 was immobilized and
subjected to multiple rounds of phage display selection. Through this process, Dr. Zhang
identified Two Ubvs that bound to SspH1 with an increased affinity relative to wildtype ubiquitin
(Fig. 3.1.1A) (176,179). In silico protein-protein interaction predictions indicated that either
Ubv was likely to have a higher binding affinity to SspH1 than human ubiquitin (Fig. 3.1.2).
Sequence alignment revealed 12 amino acid differences between human ubiquitin and either
ubiquitin variants, but only 2 amino acid differences between Ubv A06 and Ubv D09 (Fig.
3.1.1B, C). I used homology modelling to predict protein structures for Ubv A06 and D09, which
were then visualized using UCSF Chimera to compare the spatial positioning of the altered
amino acids between human ubiquitin and the ubiquitin variants (Fig 3.1.2C). (229,230) The
selected UbVs had mutations mainly found in the Isoleucine 44 recognition patch of ubiquitin,
which is a known interface in E2-E3 ubiquitin transfer, as well as in the C-terminal tail. (34,121)
Predictive and comparative structural modeling done with Alphafold Multimer revealed two
predicted wildtype ubiquitin binding sites on SspH1, one within the active site and a second
along the C-terminal thumb domain which is known to be the E2 interacting motif (Fig. 3.1.1D).
(239) Ubv A06 and D09 were also predicted to bind within these pockets suggesting the
mutations do not vastly change the structural relationship between the Ubv and SspH1, which is
notable since the Ile 44 patch is predicted to be the primary interaction face between the Ubv and
SspH1. Collectively, these results suggest that Ubv A06 and Ubv D09 may have improved
binding to SspH1 binding compared to human ubiquitin.
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Fig. 3.1.1 Ubiquitin Variants may act as Enhanced Binders of SspH1

(A) The binding specificities of phage displayed Ubvs as assessed by phage ELISA.
Subsaturating concentrations of phage were added to immobilized proteins as indicated. Bound
phages were detected by the addition of anti-M13-HRP and colorimetric development of TMB
peroxidase substrate. The mean value of the absorbance at 450 nm is indicated by color. Variant
labels were based on the letter and number indicated along the y- and x-axis, respectively. (B)
Structural depiction of human ubiquitin (1UBQ) with the mutated residues highlighted and the
wildtype side chains shown. (C) Sequences of Ubvs that bind with a high affinity to SspHI.
Amino acids differences between human ubiquitin, ubiquitin variant A06 and ubiquitin variant
D09 are highlighted in green. Amino acid differences between human ubiquitin and S. cerevisiae

ubiquitin are highlighted in purple. (D) Alphafold multimer predictions of SspH1 interacting
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with human ubiquitin, in pink, or ubiquitin variant D09, in blue. The catalytic residue of SspH1,

Cys 492, is highlighted in orange. The thumb region is located at C-terminus of NEL domain.
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Fig. 3.1.2 Ubiquitin Variants have a Higher Predicted Binding Affinity for SspH1

(A) Predicted docking energy score of SspH1 binding to human ubiquitin (Ub), Ubv A06 and
Ubv D09 generated with the HDOCK protein-protein docking server (hdock.phys.hust.edu.cn).
(231,235) Docking energy score indicates the likelihood of the binding model occurring, with a
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more negative score indicating a more favorable interaction. Quantification of the 10 most
favorable conformations for each pair of bound proteins are depicted with error bars representing
the standard error of the mean. Data was analyzed by one-way ANOVA using Tukey’s multiple
comparisons test. (B) Predicted Ranksum score of SspH1 binding to human ubiquitin (Ub), Ubv
A06 and Ubv D09 generated with the LZERD protein docking web server (Izerd.kiharalab.org).
(232-234) Ranksum score is an aggregate of previously described statistical descriptors of
binding (GOAP, DFIRE, ITScore) with a lower score indicating a more likely binding
interaction. Quantification of the 10 most favorable conformations for each pair of bound
proteins are depicted with error bars representing the standard error of the mean. Data was
analyzed by one-way ANOVA using Tukey’s multiple comparisons test. (C) Structural
comparison of human ubiquitin (1UBQ) with Ubiquitin variant AO6 and Ubiquitin variant D09.
Ubiquitin variants were generated through homology modelling with Swissmodel, mutated
amino acids have been highlighted and side chains have been shown. (D) Graphical depiction of
lowest docking energy score SspH1-Ub, SspH1-Ubv A06 and SspH1-Ubv D09 binding
conformation visualized with ChimeraX (V1.2.5) Data was analyzed using Tukey’s multiple

comparisons test.

59



3.2 Ubv A06 & Ubv D09 Suppress SspH1-Mediated Toxicity in Yeast

Yeast are a robust eukaryotic model, have well-developed genetic tools to enable heterologous
expression studies, e.g. inducible GAL promoter system for controlled gene expression, and
contain all the necessary components of the ubiquitin system. (214,240) I took advantage of the
GAL expression system to heterologously express SspH1, its catalytic variant and 3 ubiquitin
variants- Ubv A06, D09 and a human ubiquitin construct lacking the final diglycine motif at the
C-terminus (ADiGly). I chose to study the functional interaction of SspH1 and Ubvs in a yeast
model system because it has been previously shown that catalytically active SspH1 is toxic to
yeast. (120) Yeast ubiquitin differs from human ubiquitin at three locations, S19, D24 and S28,
none of which are mutated in either Ubv (Fig. 3.1.1B). (241) I confirmed that all proteins were
expressed under our assay conditions (Fig. 3.2.1A). To first determine if expression of either Ubv
A06 or D09 was detrimental to yeast growth, I expressed each Ubv individually and monitored
yeast growth in both liquid and solid media over a 48 hour period. Growth in liquid media was
quantified using the relative growth equation described in Lauman and Dennis. (228) I observed
similar growth of yeast expressing Ubv A06 and Ubv D09 compared to the non-inducing
condition in both solid and liquid media, indicating that Ubv expression alone does not confer

toxicity by interfering with the endogenous ubiquitin-proteasome-system (Fig. 3.2.1B-E).

Having determined that the ubiquitin variants have no detrimental effect on yeast growth when
expressed alone, I next sought to determine if Ubv co-expression would have any functional
consequences on SspH1. To accomplish this [ monitored if co-expression of Ubv A06 or Ubv
D09 altered, SspH1-mediated toxicity in yeast. (119) As expected, in the presence of SspH1¢4?A
+ ADiGly there is no observable difference in relative growth of yeast in liquid media since
SspH1 toxicity in yeast requires its E3 ubiquitin ligase activity (Fig. 3.2.2A,B). (118,119,129)
Following the expression of SspH1 + Ev or SspH1 + Ubv ADiGly in liquid media I observed a
significant decrease, ~20% and ~40% respectively, relative to yeast grown in the presence of
SspH1“*24 (Fig. 3.2.2A,B). This is consistent with the previously reported effect of SspH1
expression in yeast. (119) By contrast, co-expression of SspH1 with Ubv A06 or Ubv D09 led to

no significant difference in relative growth when compared to yeast grown in the presence of

SspH1“*2A (Fig. 3.2.2A B).
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Interestingly, similar assays on solid media showed that Ubv A06 and D09 only partially
suppressed SspH1 toxicity. As expected, I observed a lack of yeast toxicity in the presence of
SspH14?A + ADIiGly, as well as, a robust level (~1000-fold) of toxicity in the presence of
SspH1+ ADiGly (Fig. 3.2.2C,D). (119) This toxicity was decreased 20-fold when SspH1 was
expressed alongside Ubv A06 or alongside Ubv D09 in comparison to SspH1 + ADiGly.

However, unlike in liquid medium, co-expression of SspH1 + Ubv A06 or D09 showed ~50 fold

higher toxicity than yeast co-expressing SspH1*** + ADiGly on solid medium (Fig. 3.2.2C,D)

Taken together, these results indicate that the presence of Ubv A06 and Ubv D09 is sufficient to

suppress the SspH1-mediated toxicity of yeast growth.

61



A) B) +1% Glucose +1% Galactose
SspH1 SspH1c# i e
Uby Ubv
ADIGly  Ape D09 Ev  ADIGly 08 0.8
|Gall -+ -+ -+ -+ -+ g 06 2 06
KDa i g
€ 04 < 04 — Wb
s i — Ubv ADB
75 - SspHI ' : — UbvD0%
0.0 T T T T 1 0.0 T T T T 1
- 10 20 30 40 50 ] 10 20 30 40 50
Anti-HA Time (Hours) Time (Hours)
0 ns
: 0.6 ns
- Actin
£ 0.4 ]
3
Anti-Actin i
G 0.2 =TT -
g *
= u_u_.... e rr————— s ma s e s aanaan
- Ub/Uby % ¥m .
X .g.2- B
A
n
Anti-Mye 0.4 T T T
E ADiGly Ubv AO6 Ubv D09
= (=2
D)y = g 2 = g 2 E)
Lz - ] & - a
. - - o—
a z & 2 = z 10000+
- - < =] =)
e gray g 0 ” 1000+
. = | Q ns
(&9) O O { ( (.45 ] o
Mot HIRE 3 rw £ 100+ | |
'@ | @ ¢ a3 2 ns ns
. O
(Q g 10+ I | | |
5 ':‘:f v TR o ; 3 e d I
E =, e —— : : 0.1 T T T
5 e X . = ADiGly Ubv A06 Ubv D09
-
+1% Glucose +1% Galactose

Fig. 3.2.1. Ubv A06 & D09 are not Toxic to Yeast when Expressed Alone

(A) Expression of SspH1 or SspH1 " and Ubv ADiGly, Ubv A06 or Ubv D09 in BY4742a.
yeast strain co-transformed with galactose-inducible vectors (P GREGS515). SspH1 was detected
through the use of anti-HA staining whereas Ubvs were detected through anti-Myc staining (B)
Growth of BY4742a yeast strain transformed with galactose-inducible Ubv ADiGly, Ubv A06 or
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Ubv DO09. Strains were grown overnight in 1% glucose then washed and diluted in 1% galactose
or 1% glucose, as indicated, for 48 hours at 30°C in a 96-well plate. Growth was monitored by

measuring the Abs_,, every 10 mins for the duration of the 48-hour growth period. (C)

600
Quantification of strain growth using relative growth, where the area under the curve (AUC) for
each strain was calculated and compared to the control (Ubv ADiGly) in both the inducing and
non-inducing conditions. Errors bars represent the standard error of the mean across 5
independent replicates. Relative growth calculated as described in methods. Data was analyzed
by one-way ANOVA using Tukey’s multiple comparisons test. (D) Viability of BY4742a yeast
strain transformed with galactose-inducible Ubv ADiGly, Ubv A06 or Ubv D09. Strains were
spotted as a serial dilution series on 1% galactose or 1% glucose, as indicated, and imaged after
48 hours. (E) Quantification of survival on solid media by toxicity index. Errors bars represent
the standard error of the mean across 3 independent replicates. Toxicity Index calculated as
described in methods. Data was analyzed by one-way ANOVA using Tukey’s multiple

comparisons test.
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Fig. 3.2.2. Ubv A06 & D09 Suppress SspH1-Mediated Toxicity in Yeast

(A) Growth of BY4742a yeast strain co-transformed with galactose-inducible SspH1 or
SsleC492A and Ubv ADiGly, Ubv A06 or Ubv D09. Strains were grown overnight in 1% glucose
then washed and diluted in 1% galactose or 1% glucose, as indicated, for 48 hours at 30°C in a
96-well plate. Growth was monitored by measuring the Abs,, every 10 mins for the duration of
the 48-hour growth period. (B) Quantification of strain growth using relative growth, where the
area under the curve (AUC) for each strain was calculated and compared to the control
(SspH1#2A + Ubv ADIiGly) in both the inducing and non-inducing conditions. Errors bars

represent the standard error of the mean across 5 independent replicates. Relative growth
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calculated as described in methods. Data was analyzed by one-way ANOVA using Tukey’s
multiple comparisons test. (C) Viability of BY4742a yeast strain transformed with galactose-

inducible SspH1 or SsleC492A and Ubv ADiGly, Ubv A06 or Ubv D09. Strains were spotted as
a serial dilution series on 1% galactose or 1% glucose, as indicated, and imaged after 48 hours.
(D) Quantification of survival on solid media by toxicity index. Errors bars represent the
standard error of the mean across 3 independent replicates. Toxicity Index calculated as
described in methods. Data was analyzed by one-way ANOVA using Tukey’s multiple

comparisons test.
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3.3 Ubv A06 & D09 Suppress SspH1 Mediated Cell Cycle Arrest in Yeast

To further elucidate the effect of ubiquitin variants on SspH1, I used flow cytometry and
microscopy to examine perturbations in the yeast cell cycle caused by SspH1 expression.
(209,214,242) Yeast had their nuclei stained with DAPI and both brightfield and fluorescent
images were acquired. Direct observation of yeast co-expressing SspH1 + ADiGly revealed a
high proportion of large-budded cells within the population that was significantly reduced in
yeast co-expressing SspH1“4?A + ADIiGly (Fig. 3.3.1). A similarly high proportion of large-
budded cells was also observed in yeast co-expressing SspH1 + Ev (Fig. 3.3.1 A,B). This large-
budded phenotype suggested that yeast toxicity may be caused by cell cycle interference leading
to issues progressing through the G2/M phase. (243) Notably, the proportion of large-budded
yeast was significantly reduced when SspH1 was expressed alongside Ubv A06 or Ubv D09
relative to when SspH1 was expressed alongside ADiGly or alone (Fig. 3.3.1).

Since cell cycle dysregulation was implicated in SspH1-mediated toxicity in yeast, I further
interrogated cell cycle dynamics through flow cytometric analyses of cellular DNA content (sFig
2.1, sTable 2). (244) Yeast were arrested in the G2/M phase of the cell cycle through treatment
with nocodazole then released by being placed in fresh media. Escape from this arrest was
measured by quantifying the proportion of yeast with 2N DNA content. (245,246) Consistent
with our previous observation in the growth assays, I observed a substantial decrease (~10-20%)
in the proportion of yeast with 2N DNA content after 8 hours in yeast expressing ADiGly, Ubv
A06, or Ubv D09 (Fig. 3.3.2A,B). This suggests that the ubiquitin variants alone are not
contributing to the cell cycle interference phenotype. Similarly, in yeast expressing SspH1+?A +
ADiGly, I also observed a ~20% decrease in yeast with 2N DNA content after 8 hour, suggesting
progression through the cell cycle had resumed (Fig. 3.3.2C,D). In yeast expressing SspH1 + Ev,
I only observed a ~5% decrease in the proportion of yeast with 2N DNA content while in yeast
expressing SspH1 + ADiGly I observed a ~5% increase in the proportion of yeast with 2N DNA
content relative to the proportion of yeast with 2N DNA that were detected immediately after
nocodazole treatment (Fig. 3.3.2C,D). ). These results suggest that the presence of SspH1
prevents progression through the G2/M phase of the cell cycle. By contrast, co-expression of
either Ubv suppressed SspH1-mediated interference, allowing for progression through the cell

cycle (Fig. 3.3.2C,D).
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Together these results suggest that SspH1-mediated toxicity may be caused by cell cycle
interference, specifically the inability to progress through the G2/M phase of yeast budding.
These results also suggest that ubiquitin variants A06 or D09 are sufficient to suppress the

SspH1-mediated interference of cell cycle progression.
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Fig. 3.3.1 Ubv A06 & D09 Suppress SspH1-Mediated Arrest at the Large Budded Stage in
Yeast

(A) Representative micrographs of yeast co-expressing SspH1 + ADiGly, Ubv A06, Ubv D09 or

Ev, as well as SspH1C492A+ ADiGly are shown after 8 hours of incubation at 30°C in fresh 1%
galactose. Images were collected on an EVOS FL Auto at 100x magnification. DNA was stained
in blue using 4',6-diamidino-2-phenylindole (DAPI). (B) Quantification of large, budded yeast
was performed as previously described using FIJI v.2.3.0 (https://fiji.sc/). (60—62) (Ex. Large
budded = >1/3 mother cell size). Data was analyzed by one-way ANOVA using Dunnett’s

multiple comparisons test.
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Fig. 3.3.2 Ubv A06 & D09 Suppress SspH1-Mediated Cell Cycle Arrest in Yeast

(A) Example of regions used to calculate AUC for yeast with 1N (G1) and 2N (G2/M) DNA
content (B) Cell cycle analysis of BY4742a yeast strain transformed with galactose-inducible
Ubv ADiGly, Ubv A06, or Ubv D09. Cell cycles were synchronized at the G2/M phase through
treatment with 20 «M nocodazole for 3 hours at 30°C than washed multiple times to allow yeast
to progress through cell cycle. Yeast were placed into fresh 1% galactose and incubated at 30°C
for 8 hours prior to being fixed and having their DNA content stained with propidium iodide
(PI). A 0 hour sample was also obtained immediately following the removal of nocodazole. (C,
D) Quantification of the relative change of yeast arrested with 2N DNA content was calculated
as the area under the curve (AUC) of the 2N peak at 8 hours relative to the AUC of the 2N peak
0 hours after nocodazole release as described in the methods. Data are shown as mean = SEM of
N=11 replicates (C) or N=5 replicates (D). Data was analyzed by one-way ANOVA using
Dunnett’s multiple comparisons test. (E) Cell cycle analysis as described above of BY4742a

yeast strain co-transformed with galactose-inducible SspH1 or SsleC492A and Ubv ADiGly, Ubv
A06, Ubv D09 or Empty Vector (Ev).
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3.4 Ubiquitin variants alter SspH1’s E3 ubiquitin ligase activity in vitro

Since SspH1 toxicity phenotypes in yeast were not observed with a catalytic mutant, its E3
ubiquitin ligase activity is likely involved. Accordingly, I next investigated the effect of Ubv D09
on SspH1 E3 ubiquitin ligase activity. I performed in vitro ubiquitination assays with
recombinant purified proteins as previously described, except with the addition of purified Ubv
D09 or Ubv ADiGly (Fig. 3.4.1). (113,119,121) In this assay, SspH1 activity is assessed by the
presence and intensity of high molecular weight ubiquitin chains which form in the presence of
El and E2 enzymes, as well as ATP. As expected, I did not observe any high molecular weight
His-ubiquitin chains when SspH1 was provided Ubv D09 as the sole ubiquitin source, since it
lacks the Diglycine motif at the C-terminus (Fig. 3.4.2A). (4) Additionally, I did not observe any
high molecular weight His-ubiquitin chains when SspH1 was provided both HA-ubiquitin and
Ubv D09, indicating that Ubv D09 is not incorporated into any ubiquitin chains (Fig. 3.4.2A).
However, high molecular weight HA-ubiquitinated species were readily observed, suggesting
that the presence of Ubv D09 does not abrogate SspH1’s ability to form ubiquitin chains in vitro
(Fig. 3.4.2B). When SspH1 activity was assessed in the presence of ADiGly I observed a slight,
non-significant decrease in the amount of high molecular weight HA-ubiquitinated species when
compared to SspH1 activity in the presence of only HA-ubiquitin (Fig. 3.4.2C,D). Surprisingly,
in the presence of Ubv D09, I observe a significant, ~2.5 fold increase in the amount high
molecular weight HA-ubiquitinated species relative to HA-ubiquitin alone (Fig. 3.4.2C,D). To
ensure that the change in SspH1 activity I observed was due to the presence of Ubv D09 and not
an unidentified contaminant, I performed mass spectrometry on the purified Ubv D09. This
analysis indicates that the primary protein present in our recombinant purification were ubiquitin
species, which is most likley Ubv D09, suggesting the changes we see in SspH1 activity are not
due to the presence of an unidentified contaminant (sFig 1.1). However, this does not eliminate
the possibility that the impurities in the purification are due to Ubv D09 aggregate formation or
dimerization mediated by the C75 residue. To fully address this possibility a technique such as
differential light scattering would need to be employed to ensure a consistent particle size is
observed. Together, these results indicate that while Ubv D09 is not used as a substrate by

SspH1, it can potentiate SspH1-mediated formation of HA-ubiquitin chains.
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Given that Ubv D09 appeared to potentiate SspH1 activity, I tested if the presence of Ubv D09
alters the ubiquitination pattern of PKN1, a known SspH1 substrate. (120,138) To do this, I
conducted in vitro ubiquitination assays, as outlined above, in the presence of PKN1 and isolated
PKNI1 by immunoprecipitation. As expected, in the absence of SspH1, I did not observe an
upwards shift in molecular weight for PKN1, indicating a lack of PKN1 ubiquitination (Fig.
3.4.3A,B). In the presence of SspH1, I observed the formation of high molecular weight species
which correspond to ubiquitinated PKNT1, confirming that SspH1 was capable of ubiquitinated
PKN1 in vitro (Fig. 3.4.3A, B). (113) I observed no significant change in the relative amount of
ubiquitinated PKN1 upon addition of Ubv ADiGly (Fig. 3.4.3A,B). It is interesting to note the
decrease in SspH1 activity I observed when ADiGly was added in the absence of PKN1 was not
observed when the substrate was present. Again surprisingly, but consistent with our previous
results, the addition of Ubv D09 led to a significant ~2-fold increase in the amount of
ubiquitinated PKN1. (Fig. 3.4.3A,B) Together these results suggest that Ubv D09 has a
potentiating effect on the ability of SspH1 to ubiquitinate a known substrate, PKNI1, in vitro.

The suppressive effect of Ubv D09 on SspH1 toxicity in yeast led us to hypothesize that SspH1
E3 ubiquitin ligase activity was compromised, but our recombinant protein studies suggested this
was not the case. To reconcile these observations, I assessed any potential differences in
ubiquitin linkage which could impact substrate fate in the cell. Accordingly, I performed the
previously described ubiquitination reactions followed by an immunoprecipitation to isolate
PKNT1 then probed with antibodies specific for K48- and K63-linked ubiquitin chains, as well as
global ubiquitin antibody, to uncover the relative amount of K48- and K63-linked ubiquitin
chains that were present on PKN1. (247) In the absence of SspH1 or PKNI1 there was no
observable K48-, K63- or non-lysine specific ubiquitin chain formation. (Fig. 3.4.3C) (120)
When both SspH1 and PKN1 were present I observed PKN1-specific ubiquitin chain formation
with ~75% of the total ubiquitin chains being K48-linked. (Fig. 3.4.3C,D). (42) The addition of
Ubv D09 led to an increase in the overall amount of ubiquitination I detected, which was
consistent with our previous experiments (Fig. 3.4.3C,D). Interestingly, I also observed a small
but significant decrease in the amount of K48 specific ubiquitin chains in the presence of Ubv
D09, which accounted for only ~65% of the total ubiquitin chains, representing a 13% decrease
in the relative amount of PKN1-specific K48 ubiquitin chains in the presence of HA-ubiquitin

alone. (Fig. 3.4.3C,D) I did not observe the formation of K63-linked ubiquitin chains in the
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presence of HA-ubiquitin or HA-ubiquitin + Ubv D09. (Fig. 3.4.4) Taken together these results
suggest that, although the presence of Ubv D09 leads to an overall increase in PKN1
ubiquitination, it may interfere with SspH1 ability to form K48-linked ubiquitin chains.

73



A) His-Ubv ADiGly B) His-Ubv D09

kDal ... . gl kDa

C)
25 25 kDa
11 11 =
11

I- 8000 x g supernatant 1V - Size Exclusion Pooled
IT - 20 000 x g supernatant V - Concentrated
IIT - Ni-NTA Bound

Fig. 3.4.1 Purification of ADiGly and Ubv D09
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(A) Purification of ADiGly ubiquitin. Lanes are as indicated: A-8 000 x g Supernatant; B-20 000

x g Supernatant; C-Ni-NTA Bound; D-Pooled Size Exclusion Fractions; E-Concentrated Purified

Protein. (B) Purification of Ubv D09. Lanes are as indicated: A-8 000 x g Supernatant; B-20 000

x g Supernatant; C-Ni-NTA Bound; D-Pooled Size Exclusion Fractions; E-Concentrated Purified

Protein. (C) Purified ADiGly ubiquitin and Ubv D09 were assessed through western blot using

an anti-His antibody
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Fig. 3.4.2. Ubvs modulate the ubiquitination activity of SspH1 in vitro

(A) The ability of Ubv D09 to be incorporated into SspH1-mediated ubiquitination was determined by in
vitro ubiquitination assays containing recombinant E1, E2, SspH1, Ubv and ATP with or without HA-Ub

as indicated (-/+). SspH1 activity was analyzed with incorporation of Ubv D09 being monitored by anti-
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His immunoblot. (B) Ubv D09 impact on polyubiquitin chain formation under the same conditions was
monitored by anti-HA immunoblot. Species of interest are indicated on the right. (C) The effect of Ubv
D09 on the ubiquitination activity of SspH1 was assessed by in vitro ubiquitination assays containing
recombinant E1, E2, SspH1, HA-Ub, Ubv ADiGly, or Ubv D09 as indicated (-/+). SspH1 activity was
analyzed with Ubv detected by anti-His immunoblot (Bottom) and polyubiquitin chain formation as well
as SspH1 detected by anti-HA immunoblot (Top). Species of interest are indicated on the right. (D) HA-
ubiquitin chain amount was determined through the addition of HA signal in the indicated areas of the
immunoblot (Ubw) + Ubm)-SspH1) and is presented as a ratio of SspH1 + HA-Ub signal. Errors bars

represent the standard error of the mean across 4 independent experiments. Data was analyzed by one-

way ANOVA using Tukey’s multiple comparisons test.
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Fig. 3.4.3. Ubvs modulate SspH1-mediated ubiquitination of PKN1 in vitro

(A) SspH1-mediated ubiquitination of PKN1 was determined by in vitro ubiquitination assays
containing recombinant E1, E2, SspH1, PKN1, HA-Ub, Ubv ADiGly, or Ubv D09 as indicated.
Formation of Ub(n)-PKNl was monitored using anti-GST immunoblot (PKN1 has GST fusion).
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Species of interest are indicated on the right. (B) Formation of Ub(n)-PKNl is expressed as ratio

relative to SspH1 + HA-Ub. Error bars represent the standard error of the mean across 4
independent experiments. Data was analyzed by one-way ANOVA using Dunnett’s multiple
comparisons test. (C) Lysine-specific ubiquitin chain conformation of PKN1-specific, SspH1-
mediated ubiquitination was determined by in vitro ubiquitination assays containing recombinant
El, E2, SspHI1, PKN1, HA-Ub, or Ubv D09 as indicated and analyzed by immunoblot. Two

independent reactions are shown. Total ubiquitination was determined by anti-Ub(n) [P4D1],
K48-specific ubiquitin chains was determined by anti-UbK48(n) [D9DS5]. These immunoblots are
representative of a single membrane reprobed in two different fluorescent channels. (D)

Formation of UbK48(n)-PKN1 and Ub(n)-PKNl is expressed as ratio relative to the signal of Ub(n)-

PKNI1. Error bars represent the standard error of the mean across 4 independent experiments.

Data was analyzed using an unpaired T-test.
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Fig. 3.4.4 Ubvs modulate SspH1-mediated ubiquitination of PKN1 in vitro

(A) Lysine-specific ubiquitin chain conformation of PKN1-specific, SspH1-mediated
ubiquitination was determined by in vitro ubiquitination assays containing recombinant E1, E2,
SspH1, PKN1, HA-Ub, or His-Ubv D09 as indicated and analyzed by immunoblot. Two

independent reactions are shown. Total ubiquitination was determined by anti-Ub(n) [P4D1],
K63-specific ubiquitin chains was determined by anti—UbK63(n) [D7A11] (B) Formation of

UbK63(n)-PKN1 and Ub(n)-PKNl 1s expressed as ratio relative to the signal of Ub(n)-PKNl. Error

bars represent the standard error of the mean across 4 independent experiments. Data was

analyzed using an unpaired T-test.
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Chapter 4: Discussion

4.1 Summary

Throughout my studies I have provided evidence that Ubvs are capable of modulating the
activity of a bacterially encoded NEL, both in a eukaryotic model system and in vitro activity
assays. First, I investigated two Ubvs which were previously identified in a binding screen from
a phage-displayed ubiquitin variant library as high-affinity binders for SspH1, a Salmonella-
encoded NEL, using in silico protein prediction software. Using S. cerevisiae as a eukaryotic
model organism, I was able to demonstrate that the presence of Ubv A06 and Ubv D09 was
sufficient to reduce SspH]1 toxicity. I also observed that SspH1 expression in S. cerevisiae
induced cell cycle interference which was alleviated in the presence of Ubv A06 or Ubv D09.
Having determined that Ubv were able to inhibit the functional consequences of SspH1
expression in yeast, [ next interrogated the direct effect of Ubvs on the ubiquitination activity of
SspH1 in vitro. Through this process I revealed that Ubv D09, surprisingly, had a potentiating
effect on SspH1-mediated ubiquitin chain formation. However, I also observed that the presence
of Ubv D09 led to a relative decrease in K48-linked ubiquitination, providing a possible

mechanism to reconcile the inhibitory effect in S. cerevisiae and the potentiating effect in vitro.
4.2 Identification of High-Affinity Ubv Binders to SspH1

Prior to my studies, a collaborative effort between the Bhavsar (University of Alberta)
and Sidhu (University of Toronto) labs identified, for the first time, that modulators for
bacterially-enocded E3 ligases with a unique architecture can be found within a phage-displayed
ubiquitin variants library that was designed to target human ubiquitin-interacting proteins. (174)
I identified two high-affinity Ubv binders of SspH1, a Sa/monella encoded NEL, which I refer to
as Ubv A06 and Ubv D09. Both Ubvs contained 12 mutations that are not conserved in human or
yeast ubiquitin and differed from each other by only 2 amino acids. (Fig. 3.1.1) The mutated
residues reside exclusively in diversified regions 2 and 3 of the ubiquitin variant library. (176) In
silico protein-protein interaction prediction suggests that the Ubvs interact with both the active
site and E2~Ub binding site of SspH1. This is consistent with the observed binding interactions
between Ubvs and other HECT-like E3 ligases. (169)
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4.3 Ubv A06 and Ubv D09 suppress SspH1 dependent toxicity in S. cerevisiae

Expression of either Ubv in S. cerevisiae did not lead to a detectable growth defect on
solid media or in liquid media. Although it has been previously shown that expression of
ubiquitin containing a mutation at the R74 residue has a dominant negative effect on yeast
growth. (248,249) Our observation that yeast growth is not impacted despite the presence of this
mutation may be attributed to the selective nature of Ubvs, as they are known to have high
specificity for their cognate protein. (183) However, it has also been reported that an intact C-
terminal diglycine motif is required for the dominant negative effect of R74 to be observed,
which is lacking in both Ubvs. (248) It is also pertinent to note that yeast ubiquitin differs from
human ubiquitin at 3 residues (Ser 19, Asp 24, Ser 28), none of which are found within either
Ubv. (3) Consistent with previous findings, I observed SspH1-mediated toxicity in yeast that was
dependent on the catalytic activity of SspH1. (120) I also observed that Ubv co-expression
alongside SspH1 was able to suppress SspH1-mediated toxicity when yeast were grown in liquid
media. Conversely, Ubv co-expression on solid media only partially rescued yeast growth. These
observations may be attributed to the different environmental pressures experienced by yeast
growing in liquid or on solid media as well as the previously observed effects of ubiquitin

overexpression. (250)

Despite yeast toxicity being a known consequence of SspH1 expression in S. cerevisiae
for over a decade, the mechanism behind this phenomenon is not understood. Here I report an
increase in cell cycle perturbations, notably the inability for yeast to progress through the G2/M
phase of the cell cycle, by both microscopic and cytometric assays in the presence of SspH1.
This cell cycle interference phenotype was dependent on the catalytic activity of SspH1 and was
suppressed in the presence of either Ubv. Interestingly, the interaction between SspH1 and PKN1
was initially identified through a yeast two-hybrid screen suggesting the presence of a preferred
substrate is sufficient to suppress SspH1-mediated toxicity. (138,251) I also observed no
detrimental effect of on yeast cell cycle progression when Ubv were expressed alone, consistent

with previous observations of yeast growth in the presence of mutated ubiquitin.
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4.4 Ubv D09 modulates SspH1 activity in vitro.

Intriguingly, despite our hypothesis that Ubvs would interfere with SspH1 E3 ubiquitin
ligase activity, which was supported by our yeast studies, I report an increase in in vitro SspH1
E3 ubiquitin ligase activity in the presence of Ubv D09 and human ubiquitin. I was unable to
purify Ubv A06 for use in these assays despite multiple purification approaches and I speculate
that Ubv A06 expression may be toxic to the BL21DE3 E. coli that was used for protein
production. Nevertheless, our studies with Ubv D09 revealed it could not be polymerized into
polyubiquitin chains, as expected given that Ubv D09 lacks the C-terminal diglycine motif
necessary for the formation of a thioester linkage (4,252) The slight reduction of SspH1 activity
observed in the presence of ADiGly may also be owed to the lack of a C-terminal diglycine
motif. (252) Interestingly, ADiGly did not reduce SspH1 activity in the presence of PKN1, which
may be attributed to the increase in activity NELs are known to undergo in the presence of their
cognate substrate. (118) By contrast, Ubv D09 enhanced SspH1 activity in the presence and
absence of PKNI, although the linkage pattern of PKN1 ubiquitination was altered by Ubv D09.
K48-linked chains are typically associated with proteasomal degradation and have recently been
shown to be the primary polyubiquitin linkage formed by SspH1, which is consistent with its
described role in mediating PKN1 degradation.(137,251) Our observations confirm that SspH1-
mediated ubiquitination primarily consists of K48-linked ubiquitin chains but that this
composition can be modulated by the presence of a Ubv. Our experiments were limited to
assessing K48- and K63-Ub linkages and I cannot rule out that Ubv D09 had an impact on other
linkage types. I was also unable to include a positive control for K63-linked ubiquitination.
Moreover, It has been previously observed that the presence of Ubv can affect the natural bias of
ubiquitin distribution of an E3 ligase, altering the ratio of processive and distributive
ubiquitination of the substrate. (179) Nevertheless, it is tempting to speculate that the basis of
SspH1 toxicity in yeast is the formation of K48-linked ubiquitination, and subsequent
degradation, of a yeast ortholog of PKN1. Expression of Ubv D09 in yeast may reduce K48-

linked ubiquitination on this unknown substrate, to an extent that mitigates yeast toxicity.
4.5 Additional Considerations

Given my use of S. cerevisiae rather than mammalian cell culture as a model system, I

was not able to assess what effect the presence of Ubvs may have on the previously described
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anti-inflammatory role of SspH1. (138,139) Accordingly, I was also unable to determine if Ubv
expression would have detrimental effects on the homeostatic function of ubiquitination within
complex eukaryotes. This also precluded me from assessing SspH1-mediated PKN1 degradation
in the presence of Ubvs within a cellular environment, which could have provided more insight
into the functional consequences of the SspH1-Ubv interaction. Additionally, since my work was
completed in a BY472a S. cerevisiae strain I was unable to utilize a proteasome inhibitor as there

are no commercially available small molecules capable of accomplishing this goal. (253,254)

Despite my efforts, many questions remain to be answered regarding the interplay
between Ubvs and SspH1. For example, elucidating the biochemical interaction between the
Ubvs and SspH1 by crystallizing these proteins in complex could provide valuable information
on the unique biology of NEL effectors as well as further clarify the potential mechanism behind
Ubv modulation. Similarly, the determination of binding affinities of either Ubv to SspH1 would
allow for comparison between the strengths of these interactions. This could be determined by
multiple approaches such as microscale thermophoresis (MST), isothermal calorimetry (ITC), or
bio-layer interferometry (BLI). (255-257) BLI has been previously implemented to determine
the binding affinity of Ubv with a ubiquitin-interacting protein successfully. (184)

The identification of additional Ubvs which are high-affinity binders to other NELs
would allow for the discernment of the selectivity of a Ubv approach within the NEL effector
family. The exact nature of SspH1 ubiquitination is also yet to be described, although recent
work has confirmed that the K48-linked ubiquitin chains are the primary conformation generated
by SspH1, its nature as a processive or distributive ligase has yet to be established. The
interrogation of the extent to which these discoveries can be generalized to the larger family of

NELs would also prove valuable.
4.6 Conclusion and Future Applications

To our knowledge, this is the first report that demonstrates an Ubv approach can be
employed to identify modulators of a bacterial-encoded novel E3 ubiquitin ligase. Despite the
presence of NELs amongst several well-studied gram-negative bacterial species their unique
structure has limited the available tools to probe their molecular mechanisms. (116) Given that
Ubvs have been previously demonstrated to be highly selective between enzymes of the same

family, this approach may also be employed to probe the level of redundancy that exists between
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the closely related NEL family of effectors. (116,183) Considering the ever-present threat of anti-
microbial resistance (AMR), the ability to specifically target bacterial effectors, thereby limiting
bacterial pathogenesis, may prove useful as an alternative to traditional antibiotics. (258,259)
The approach of limiting bacterial pathogenesis would be advantageous as it places less selective
pressure on the bacteria to develop resistance in comparison to approaches which directly target

bacterial survival. (260)

Furthermore, Ubv can facilitate the identification of allosteric modulatory sites which can
provide a framework to develop small molecule or peptide-based inhibitors to previously
undruggable targets. (183,261) Direct use of Ubv as a therapeutic has also been explored but
various challenges exist regarding the delivery of a protein-based molecule and the identification
of a suitable in vivo model to test their effectiveness. (261) Recent work has found some success
using virus-based approaches to introduce the genetic material encoding Ubv into cellular
system, however these methods carry their own set of safety concerns when applied in vivo.

(262-264)

In conclusion, throughout the work presented here, I indicate that a Ubv approach,
initially intended to target human proteins containing ubiquitin-interacting motifs, can be
successfully repurposed to target bacterial effectors with a unique, convergently evolved
mechanism of action which provides an additional tool to probe the functional and mechanistic

attributes of these effectors.
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Source Protein
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1
L. coli Tu2
35- Human Ubiquitin
2
E. coli TU2
25- Human Polyubiquitin B
20_ E. coli TU2
17 Human Polyubiquitin B
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. Human Ubiquitin
11- s
E. coli TU2
Human Ubiquitin
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53
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23

sFig. 1.1 Mass Spectrometry of Purified Ubv D09

Purified Ubv D09 was analyzed by SDS-PAGE on a 4-20% gradient gel. Bands were excised at

the indicated locations and subjected to mass spectrometry using an Orbitrap Q Exactive mass

spectrometer. Data was processed using Proteome Discoverer 1.4 and the Human and E. coli

proteomic databases were searched using SEQUEST. The most abundant protein found in every

excised band is shown alongside the most abundant contaminant. Mass spectrometry was

performed by the Alberta Proteomics and Mass Spectrometry Facility in the Faculty of Medicine

and Dentistry at the University of Alberta. (PSM = Peptide Spectral Matches)

103



Yeast Single Cells Cell Cycle

108 3 , 1.0M~ d LK
5 . P= o & Low PI
1071 ; ] 347
E ‘L'eul SUOK—, i H_,;,%hﬁ?l
5 1 516 ; < ] 000
g ] 5 o]
m m}__‘ v." i 600K .E.
- 3 5 & oo
& 3 o 400K+
3 S
1011 200K 3004
10° 0 7
0 T 1 ey 3 " ) T e 4 L T K T T T T T T
100 1w 100 100 100 10”10 L 0 200K 400K 600K 800K 1.0M
FSC-A : FSC-A YL1-W = PI-W YLI1-A : PLA

sFig. 2.1 Gating Strategy for Cell Cycle Flow Cytometry Analysis

Yeast were identified, and debris was excluded, using a forward scatter area (FSC-A) versus side
scatter area (SSC-A) gate. Single cells were then selected on a YL1/PI-W versus YL1/PI-A plot
to exclude doublets. Cell cycle analysis was then performed in this cell population by

quantifying the ratio of cells with low PI and high PI fluorescent signal.
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Amino Acid

Plasmid Expression Protein  Promoter Marker Protein Tag
pAG426GALL  SspH1/SspH1 Gal URA2 HA
pGREGS515 Ub/Ubv/Ev Gal LEU3 6-Myc

sTable 1. Expression Vectors Summary

SspH1 or SspH1C492A were co-transformed with Ub, Ubv or Ev into BY4742a (MATa, his3Al,
leu2A0, lys2A0, ura3A0) yeast. Ubiquitin variant constructs were identified by ELISA assay and
provided by the Sidhu lab at the University of Toronto. Both expression vectors are under the

control of a galactose (Gal) inducible promoter.
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Instrument: ThermoFisher Scientific Attune NxT

Laser Lines: YLI1

Emission Filters: 585/16

Fluorochrome: Propidium Iodide (PI)

sTable 2. Flow Cytometry Instrument Settings

Propidium lodide was detected on the YL laser line with a 585/16 emission filter using an

Attune Nxt
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Appendix I1

Yeast Actin Cytoskeleton Was Not Affected by SspH1 Expression

Since I observed SspH1-mediated interference of the S. cerevisiae cell cycle, I explored whether
this was caused by modification to the yeast actin cytoskeleton because, as with many eukaryotic
cells, yeast relies heavily on actin rearrangements to facilitate cell division. Three discrete
structures of filamentous actin (F-actin) are observed in yeast: cortical actin patches, cytoplasmic
actin cables, and the contractile actomyosin ring. (265) While actin patches and cytoplasmic
cables are present during all phases of the cell cycle, the contractile actomyosin ring is only
observed during mitosis. In addition to the prominent role actin cytoskeleton rearrangement has
in cell division, it has also been previously reported that disruption of the cytoskeleton is the
most common strategy used by T3SS to facilitate infections. (214) Taken together, these
observations indicated that targeting actin rearrangement could be a possible mechanism

underlying SspH1-mediated cell cycle interference.

To probe for any alterations to the actin cytoskeleton, I stained F-actin within yeast expressing
SspH1 or SspH1%%?A alongside ADiGly, Ubv A06, Ubv D09, or Ev using Alexa Fluor 488
phalloidin. This allowed me to examine the location and number of F-actin structures that were
formed in the presence of the various SspH1 and Ubv combinations. I did not observe any
significant changes in the F-actin cytoskeleton structures which suggests that SspH1-mediated
cell cycle interference is not being mediated through the disruption of actin cytoskeletal

rearrangements (sFig. 3.1).
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sFig. 3.1 Analysis of Yeast Actin Cytoskeleton by Fluorescent Microscopy

Representative micrographs of yeast co-expressing SspH1 + ADiGly, Ubv A06, Ubv D09 or Ev
as well as SspH1“4*2+ ADiGly were incubated for 8 hours at 30°C in fresh 1% galactose post-
nocodazole wash. Images were collected on an EVOS FL Auto at 100x magnification. The

filamentous actin cytoskeleton was stained in green using Alexa Fluor 488 phalloidin.
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Imaging Flow Cytometry

Co-transformed yeast was grown overnight in a shaker at 200rpm and 30°C in CSM-LEU-URA
+ 1% Glucose liquid media. 2 mL subcultures were made by diluting overnight cultures to 6x10°
cells per mL in CSM-LEU-URA + 1% Glucose liquid media. Subcultures were washed 3x in 500
uL sterile ddH20 before being resuspended in CSM-LEU-URA + 1% Galactose liquid media
with 15pug per mL of nocodazole, which induces G2/M arrest through microtubule
depolymerization. Cultures were returned to the incubator and grown in a shaker at 200rpm and
at 30°C for 2 hours before being washed 3x in 500 pL sterile ddH>0 to remove nocodazole.
Washed pellets were resuspended in 3 mL CSM-LEU-URA + 1% Galactose liquid media.
Cultures grown in a shaker at 200 rpm and 30°C for 8 hours post-nocodazole wash. 400 pL of
sample was collected and fixed with 600 pL of cold 70% EtOH. Fixed samples were then
processed by the addition 500 pL. of 50mM sodium citrate followed by centrifugation at 400 x g
for 5 mins and 17 000 x g for 2 mins. The supernatant was removed, and the pellet was
resuspending in 500 pL of 50mM sodium citrate containing 0.1 mg/mL of RNaseA. The
resuspended pellet was incubated for 90 mins at 37°C before the addition of 500 pL of 50mM
sodium citrate containing 10 pg/mL PI. Staining was allowed to proceed through a 1-hour
incubation in the dark at room temperature. Samples were processed using a Cytek Amnis Mark
IT which collected 5000 events at a 60x magnification per sample. Data was analyzed with

IDEAS V6.2.
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Imaging Flow Cytometry Did Not Reveal SspH1-mediated Cell Cycle Perturbations

In addition to monitoring S. cerevisiae cell cycle progression by fluorescent microscopy and flow
cytometry, I also employed an imaging flow cytometry workflow. This methodology aimed to
combine the high-throughput capabilities of traditional flow cytometry with the specificity of
microscopy to provide additional insight into yeast cell cycle progression. Additionally, these
methods often rely on a single biological event to determine which stage of the cell cycle a
particular yeast is currently undergoing. In the case of microscopy this determination is solely
based on bud emergence, and, in the case of flow cytometry, this determination is solely based on
DNA replication. (242) Imaging flow cytometry allows for the coupling of these features where I
can define cells in the G1 phase as those with 1N DNA content and a round appearance (aspect
ratio ~1) and the cells in the G2/M phase as those with 2N DNA and an elongated appearance
(aspect ratio < 0.7) (sFig 4.1A). However, cell cycle analysis by imaging flow cytometry did not
reveal any significant differences in the proportion of yeast in the G1 or G2/M phases of the cell
cycle when SspH1 or SspH1%4*A were present alongside ADiGly, Ubv A06 or Ubv D09 (sFig
4.1B). I were able to confirm that most of the large, budded cells had a higher PI staining
intensity signaling that they contained 2N DNA content but failed to identify a pattern between
SspH1 and SspH1%24 expressing yeast. The only notable, albeit non-significant, difference that
I observed was a consistent increased intensity of PI signal in yeast meeting the criteriafor being
in the G2/M phase of the cell cycle and expressing SspH1*?A + ADiGly relative to yeast
expressing SspH1 + ADiGly (sFig 4.1B). This may be due to the use of PI as the DNA stain,
which tends to have a more diffuse signal than some alternatives. Other research has suggested
that DNA staining with Sytox green allows for better delineation of 1N and 2N DNA content.
(242) This allows for consistent identification of yeast in the S phase of the cell cycle, something

I was unable to accomplish using PI staining.
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sFig. 4.1 Analysis of Yeast Cell Cycle by Imaging Flow Cytometry

(A) Gating strategy for cell cycle analysis by imaging flow cytometry. In focus images were
identified by gradient RMS. Yeast with stained nuclei were then identified, and debris was
excluded, using an aspect ratio versus YL1/PI-A gate. Unbudded and budded cells were
discriminated for based on aspect ratio where unbudded/singlet cells had an aspect ratio of
between 1.0 and ~0.75 and budded cells had an aspect ratio of between ~0.7 and ~0.35. Cell
cycle analysis was then performed in these cell populations by quantifying the relative frequency

of specific YL1/PI intensities in each population. (B) Relative frequency and intensity of PI
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signal of yeast within the single (Orange) and budded/doublet (Yellow) stages of the cell cycle
from BY4742a yeast strain co-transformed with galactose-inducible vectors (pGREGS515) that
expressed SspH1 + ADiGly, SspH1 + Ubv A06, SspH1 + Ubv D09, SspH1 + Empty Vector (Ev)
or SspH142A + ADIGly.
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