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Abstract

Enteric bacterial pathogens are the major sources of foodborne diseases. Infection caused by
these pathogens leads to gastroenteritis thus of great threat to public health. Pathogenic bacteria
evolved to develop various secretion systems to deliver virulence proteins termed

effectors’. These virulence factors promote the invasion of pathogens as well as evasion of host
innate immune response. Type I11 secretion system (T3SS) is one of the most complex secretion
systems used by Gram-negative bacteria Escherichia coli, Salmonella enterica, and Citrobacter
rodentium. T3SS resembles a molecular syringe structure to inject secreted effector proteins
directly from the bacterial cell into the host cell. Our goal is to look for anti-bacterial virulence
therapies by targeting important T3SS effectors.

In our first project, we targeted T3SS effector proteins NleB and SseK (NleB ortholog), which
are glycosyltransferases that glycosylate protein substrates on arginine residues. This
modification is unusual because it occurs on the guanidinium groups of arginines, which are poor
nucleophiles, and is distinct from the activity of the mammalian O-linked N-
acetylglucosaminyltransferase (OGT). As the deletion of gene nleB significantly attenuates C.
rodentium virulence, we aimed to find small molecular inhibitors which specifically bind to
NleB. Therefore, we performed high-throughput screening (HTS) assays to identify NleB/SseK
inhibitors. We identified two compounds (100066N and 102644N) that significantly inhibited
NleB1, SseK1, and SseK2 glycosylation activities. They were also able to inhibit NleB1
glycosylation of the tumor necrosis factor receptor type 1-associated DEATH domain (TRADD)
protein in mammalian cells. After pre-incubation with the two compounds in mouse
monocyte/macrophage-like cells (RAW264.7), number of Salmonella enterica strain ATCC

14028 which replicated inside RAW264.7 cells greatly reduced 24 h post infection. Results



confirmed that 100066N and 102644N can inhibit NleB/SseK activity both in vitro and in vivo.
Both compounds can work directly in mammalian cell culture to counter bacterial virulence.
Furthermore, 100066N and 102644N show high potential in new drug development because they
have advantages of not interfering with bacterial growth curve when added to the LB culture, no
significant toxicity to mammalian cells, and do not cross-react with human OGT.

However, we encountered difficulties when trying to apply 100066N and 102644N on mice
infection models. The two compounds were not easy to synthesize, and their derivatives did not
show significant inhibitory effect on bacterial glycosyltransferases. Therefore, in the second
project, we screened more NleB/SseK inhibitors by enlarging our libraries to perform HTS
assays. These libraries include Analyticon natural products library, ChemDiv 3D Biodiversity,
ChemDiv Peptidomimetics, FDA proved drugs, Selleck Bioactives and MayBridge mini library.
We identified YM155 (sepantronium bromide) which can inhibit EHEC NleB1, Salmonella
SseK1, SseK2, and Citrobacter NleB activities. Like 100066N and 102644N, YM155 also does
not interfere with enteric bacterial growth curve when added to the LB culture, has no significant
toxicity to mammalian cells nor cross-react with human OGT. Above all, YM155 has the

advantage of being more soluble and amenable to chemical derivatization.
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Chapter 1 - Literature Review

I contributed to all the figures and tables, except for Figure 3a, 4a, and 5a, and part of Figure 3b, 4b, and 5b in
Chapter 1. A modified version of this chapter is published in Protein Reviews (El Qaidi S, Wu M, Zhu C, &
Hardwidge PR. 2018).

El Qaidi S, Wu M, Zhu C, & Hardwidge PR. (2018). Salmonella, E. coli, and Citrobacter Type 1l Secretion System
Effector Proteins that Alter Host Innate Immunity. Adv Exp Med Biol. doi:10.1007/5584 2018 289

Human enteric pathogens

Bacterial pathogens must circumvent both the host immune system and competition from
commensal bacteria to establish an infection. Innate immunity is a primary stage of defense
required for elimination of the invading pathogens (Medzhitov & Janeway 1997). In addition to
physical and chemical barriers, the innate immune system also consists of surface proteins
classified as pattern recognition receptors (PRRs) that sense components of pathogens known as
pathogen-associated molecular patterns (PAMPs) (Suresh & Mosser 2013). These receptor
ligand associations lead to the induction of the NF-kB signaling pathway that ultimately
culminates in the production of pro-inflammatory cytokines (Liu et al. 2017).

In turn, bacterial pathogens have evolved various strategies to target and inhibit NF-kB signaling
pathway to promote their colonization (Le Negrate 2012).

Bacteria have evolved multiple secretion systems to deliver arsenals of virulence proteins termed
‘effectors’ to counteract host innate immunity. Human enteric pathogens enterohemorrhagic
Escherichia coli (EHEC), enteropathogenic E. coli (EPEC), Citrobacter

rodentium, and Salmonella enterica mainly use type three secretion system (T3SS) to inject
effector proteins directly into the target cell cytoplasm. Type three secretion system is a syringe-

like secretion apparatus that injects effectors that bind host proteins. These interactions



ultimately subvert the generation of an inflammatory response to the infecting pathogen (Daniell

et al. 2001).

EPEC and EHEC

Enteric bacterial pathogens are important threats to human health and are major sources of
foodborne disease. According to Central for Disease Control and prevention, more than 48
million food borne illness causing 128,000 hospitalization and 3,000 deaths annually in the
United States. Escherichia coli (E. coli) is a common group of bacteria colonizing the intestinal
tract of human and warm-blood animals. Pathogenic E. Coli infections are part of the main
sources of foodborne disease contributing to severe gastroenteritis. Among them,
Enterohemorrhagic E. coli (EHEC) are especially serious bacterial pathogens because they cause
a type of renal failure (hemolytic uremic syndrome; HUS) for which therapies are limited
(Tzipori et al. 2004). A related attaching/effacing (A/E) pathogen, enteropathogenic E. coli
(EPEC), is an important cause of infantile diarrhea.

Escherichia coli was first discovered by Theodor Escherich in 1885, isolated from infant fecal
samples with his own anaerobic culture methods and Hans Christian Gram’s new staining
technique (Escherich 1989). The bacteria from this family share common characteristics as rod
like, none-spore-forming facultative anaerobes. They can be categorized into two groups:
commensal E.coli (non-pathogenic) and pathogenic E. coli (Croxen et al. 2013). Commensal
E.coli is a component of host common flora and it is beneficial to the maintenance of intestinal
homeostasis. On the other hand, pathogenic E. coli leads to various food borne diseases
threatening human health.

Pathogenic E. coli can cause intestinal diseases such as diarrhea or dysentery. Some strains are

also related with extra-intestinal infections, including urinary tract infections and meningitis



(Kaper et al. 2004). Virulence traits of pathogenic E. coli are considered to derive from gaining
or losing of genes in the bacteria genome. Pathogenic E. coli is able to gain new virulence genes
through conjugation, transposition, transformation and transduction to help survive and multiply
in the environment and host body (Kaper et al. 2004).

The traditional way to classify pathogenic Escherichia coli is through serotyping. Different strain
types are differentiated through their O (somatic), H (flagellar), and K (capsular) surface antigen
profiles (Fratamico et al. 2016).

Another way to classify pathogenic E. coli is through their pathotypes. Based on different
mechanism and virulence factors, pathogenic E. coli strains are divided into Extra-intestinal
Pathogenic E. coli (EXPEC) and seven pathotypes of intestinal pathogenic E. coli. (Kaper et al.
2004). The seven pathotypes of intestinal pathogenic E. coli are enterotoxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC), Shiga toxin-producing E. coli (STEC) (e.g. enterohemorrhagic E.
coli(EHEC), enteropathogenic E. coli (EPEC), and enteroaggregative E. coli (EAEC), diffuse-
adherent E. coli (DAEC), and adherent invasive E. coli (AIEC).

EPEC is an attaching/effacing (A/E) pathogen that causes infantile diarrhea, primarily in
developing countries (Clarke et al. 2002). EPEC adherence is mediated by an interaction
between the bacterial Tir and intimin proteins to create intimate contact with host intestinal cells
(Kenny et al. 1997). Polymerized actin accumulates under the A/E lesion, forming a pedestal-like
structure (Campellone & Leong 2003). The EPEC chromosome harbors the locus of enterocyte
effacement (LEE), a pathogenicity island that encodes a T3SS and multiple effectors (McDaniel
et al. 1995). LEE encoded effectors are generally designated by the term ‘Esp’ to denote EPEC

secreted proteins, while effectors encoded outside of the LEE are generally designated as ‘Nles’,



to denote non-LEE encoded effectors. However, for many effectors the nomenclature remains
ambiguous, as some effectors designated as ‘Esps’ are encoded outside of the LEE.

EHEC is a human pathogen that causes hemorrhagic colitis and hemolytic uremic syndrome
(HUS) (Newell & La Ragione 2018). EHEC also contains the Esps and Nles, but also encodes
Shiga-like toxins (EHEC O157:H7) that are responsible for causing more serious disease. HUS
can affect patients from young to old while EPEC remains a pathogen of infants less than 2 years
old (Robins-Browne & Hartland 2002).

EHEC and EPEC share many virulence determinants and features. They both are A/E pathogens
that colonize the intestinal mucosa through the formation of A/E lesions on enterocyte surface
(Wong et al. 2011). LEE is essential in this process because it encodes the structure components
of T3SS. Bacteria inject translocated intimin receptor (Tir) into enterocytes through T3SS and
binds to outer membrane protein intimin. The intimin-Tir interaction leads to actin
polymerization and promotes intestinal colonization via formation of A/E lesion. On the other
hand, the Nles function as enzymes targeting NF-xB and MAPK signaling pathway, inhibiting

host inflammatory response (Baruch et al. 2011; Gao et al. 2013).

Salmonella enterica

Salmonella enterica is a zoonotic pathogen of substantial concern to global human and animal
health. Salmonella enterica remains one of most frequently reported causes of foodborne illness
(Yombi et al. 2015). Salmonella enterica is a rod-shaped, Gram-negative facultative intracellular
pathogen. The genus Salmonella was named after Daniel Salmon, an American veterinary
pathologist. Together with Theobald Smith, his research assistant, they isolated Hog-

cholerabacillus (now known as S. enterica serovar Choleraesuis) from pigs with swine fever in



1884. Some serovars have a broad host range (S. Typhimurium and S. Enteriditis), others are
host-adapted (S. Typhi and S. Paratyphi A and C). Ingestion of contaminated foods, especially
poultry, is the primary source of infection, although contaminated water and direct contact with
animals are also risk factors. S. enterica invades the intestinal epithelium in the ileum and colon,
either to cause a neutrophilic gastroenteritis or disseminate to systemic sites and cause sepsis. It
thrives in the intracellular niche, allowing intrinsic antimicrobial resistance and chronic
colonization in rare cases (Knodler et al. 2019). Salmonella enterica encodes multiple T3SSs.
T3SS1, encoded by the Salmonella pathogenicity island (SPI1)-1, has many functions, including
the invasion of epithelial cells and the induction of an inflammatory response at the intestinal
surface (Marcus et al. 2000). T3SS2 is encoded by SPI-2 and is a key virulence determinant for

systemic disease in mice (Ochman et al. 1996). T3SS2 is induced intracellularly (Hensel, 2000)



and is required for Salmonella-containing vacuole (SCV) biogenesis (Steele-Mortimer 2008)
(Figure 1).

Figure 1 EHEC and Salmonella genomes
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A Schematic of the EHEC 0157:H7 EDL933 genome. Black rectangles, O-islands; red dots, prophage elements. B
Schematic of the S. Typhimurium genome. Red arrows, Salmonella pathogenicity islands (SPIs); Grey and yellow

rectangles, prophage elements.

C. rodentium

C. rodentium is a natural pathogen of mice that was discovered during a collapse of mouse
colonies due to transmissible murine colonic hyperplasia (TMCH) (Luperchio et al. 2000).
TMCH can further induce diarrhea in C. rodentium infected mice. As both EHEC and EPEC are
human pathogens which have little virulence on mice (Mundy et al. 2005), the genomic and
mechanistic similarities between C. rodentium and EPEC have made C. rodentium a model
system for studying A/E pathogens in vivo (Silberger et al. 2017). Thus, C. rodentium infected
mice model has long been used to understand the molecular basis of EPEC and EHEC infection

on human (Collins et al. 2014).



Gram-negative bacterial secretion systems

Bacterial secretion systems are protein complexes present on the cell membranes of bacteria for
secretion of substances. For pathogenic bacteria, secretion of these virulence substances helps
them to invade host cells and survive under host defense mechanisms. Scientists have
discovered diverse systems that enable bacteria to transport virulence proteins from the cytosol
into host cell or host environment across one or two membranes. They can be classified into
different types based on their specific structure, composition, and activity.

For example, protein directly transported from the cytoplasm of bacteria to host cell membrane
(one-step activity); protein first transported out of the inner cell membrane into the periplasm
then went through the outer cell membrane into host cell (two-step activity). In generally, four
types of secretion systems have been found in gram-positive bacteria (cell envelops contain one
membrane, monoderm). Nine secretion systems have been found in Gram-negative bacteria (cell
envelops contain two membranes, diderm), including Type I, II, 111, IV, V and VI secretion

system (T1SS, T2SS, T3SS, T4SS, T5SS, and T6SS) (Desvaux et al. 2009; Green et al. 2016).

Type | secretion system

T1SS is also known as ATP-binding cassette (ABC) dependent transporter. It has a simple
structure applied by many gram-negative bacteria to one-step transport substrates across their
inner and outer bacteria membrane with the help of periplasmic membrane-fusion protein (MFP)
(Koronakis et al. 1991). T1SS was first discovered by identifying two membrane proteins of E.
coli, HIyB and HIyD, which are important for transporting cytotoxin hemolysin A (HIyA)

(Nicaud et al. 1985).



T1SS activates when a signal sequence HlyA binds HlyB on the cell membrane. This signal
sequence is an ATP-binding cassette transporter. The HIyAB complex activates HlyD which
uncoils and moves to the outer cell membrane. The terminal signal is recognized by TolC in the
inner membrane. The HIyA is secreted out of the outer membrane through a tunnel-like protein
channel (Koronakis et al. 2000).

T1SS transports various molecules including ions, carbohydrates, and proteins. The secreted
molecules vary in size from the small Escherichia coli peptide colicin V, which is 10 kDa
(Gilson et al. 1987), to the Pseudomonas fluorescens cell adhesion protein LapA, which is 520
kDa (Boyd et al. 2014). Among the most well-known molecules are repeats in toxin (RTX)

protein family and lipase enzymes, such as HIyA.

Type Il secretion system

T2SS is a large membrane bound multiprotein complex used by many Gram-negative bacteria to
translocate proteins from bacterial cytoplasm across bacterial outer membrane into extracellular
space. The T2SS pathway was first found in Klebsiella oxytoca to secrete pullulanase, a starch-
hydrolyzing lipoprotein (d'Enfert et al. 1987). Some of the human pathogens hold one or more
T2SS, including Vibrio cholerae, EHEC and EPEC, Pseudomonas aeruginosa, Klebsiella,
Legionella pneumophila, Yersinia enterocolitica, and Aeromonas hydrophila (Korotkov et al.
2012). Unlike T1SS, T2SS uses a two-step process to secrete proteins outside the cell. The first
step requires the help of Sec and Tat secretory pathways to transport substances across the inner
membrane to periplasm (Natale et al. 2008). The second step involves a complex structure
similar to T4SS pili to drive proteins from periplasm across bacterial outer membrane (Peabody

et al. 2003). T2SS contains approximately 40-70 proteins of 12-15 different types, named general



secretory proteins (GSPs) as part of the main terminal branch of the general secretion pathway
(Sandkvist 2001).

T2SS structure contains four main components: the pseudopilus, the secretion ATPase, the inner
membrane complex and the outer membrane complex. The pseudopilus is a periplasmic fibrous
structure made up of multiple copies of five pseudopilins (pillin like proteins), known as GspG,
GspH, Gspl, GspJ and GspK (Korotkov et al. 2012). The maturation of pseudopilins involves
signal peptide GspO cleavage of the pre-pseudopilins N-terminal amino acids residues when pre-
pseudopilins is driven across bacteria inner membrane into periplasm by the Sec pathway (
Filloux 2004). The inner membrane complex is made up of four different proteins GspC, GspF,
GspL, and GspM. Assembly of these proteins also require the Seq pathway (Filloux 2004). GspF
and GspL are important to the binding of secretion ATPase GspE, while GspC interacts with
outer membrane secretin GspD to open up the gate and release of proteins outside cell (Johnson
et al. 2006). Briefly, GspE catalyzes the hydrolysis of ATP and releases energy to form
pseudopilus, driving the exoproteins transported to periplasm by Sec or Tat pathway across the
outer membranef-barrels channels to outside of the cell.

T2SS is important for promoting bacterial virulence by secretion of degradative enzymes such as
hemagglutinin-protease (HAP) and endochitinase (Sandkvist 2001; Connell et al. 1998), also
various toxins such as cholera toxin (CT) of V. cholerae and Escherichia coli heat-labile

enterotoxin (LT) (Holmes et al. 1975; Dorsey et al. 2006).

10



Type 111 secretion system

The term Type III secretion system was described in 1993 as ‘signal sequence-independent’
protein secretion pathway (Salmond 1993). T3SS can be classified into non-flagellar or
pathogenic T3SS and flagellar T3SS. The former class promotes bacterial virulence by secreting
effector proteins into host cells while the later class relates with bacterial motility (Erhardt et al.
2010). T3SS is famous for its needle-like structure to ‘inject’ virulence effectors into host cells to
regulate host-bacteria interaction. For example, EPEC and EHEC inject their receptor protein Tir
into host cells through T3SS (Frankel et al. 2001), where it inserts in the host cell membrane and
binds to a bacterial outer membrane protein called intimin, initiating a cascade of signaling
events, leading to actin polymerization and pedestal-like structure formation, resulting in
intimate attachment on the microvilli, formation of A/E lesion (Batchelor et al. 2000). The T3SS
is essential for understanding the pathology of various gram-negative pathogenic bacteria. The
general structure of T3SS is highly conserved across species (Erhardt et al. 2010). It is composed
of more than 20 different structural proteins, assembling a structure named injectisome (or T3SS
apparatus). This needle complex can be categorized into four parts according to the functions and
substructures: export apparatus, basal body, needle, and translocon (Tsai et al. 2015). To avoid
confusion, here we use unified nomenclature ‘secretion and cellular translocation’ (Sct) to

describe conserved proteins of the type Il secretion apparatus (Hueck 1998).
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Table 1 Injectisome components of T3SS

Unified Function EPEC/EHEC Salmonella Salmonella
nomenclature SPI-1 SPI-2
Basal body
SctC OM ring EscC InvG SsaC
SctD IM ring EscD PrgH SsaD
SctJ IM ring EscJ PrgK Ssal
Export Apparatus
SctR IM component EscR SpaP SsaR
SctT IM component EscT SpaR SsaT
SctS IM component EscS SpaQ SsaS
SctU Autoprotease EscU SpasS Ssau
Sctv Export Gate EscV InvA SsaV
ATPase complex
SctQ Cytoplasmic ring SepQ SpaO SsaQ
SctN APTase EscN InvC SsaN
SctO StalK EscO Invi SsaO
SctL Stator EscL OrgB SsaK
Sctw Gate-keeper SepL InvE SsalL
Needle complex
SctF Needle EscF Prgl SsaG
SctA Needle tip/ EscA SipD SseB
filament
Sctl Inner rod Escl PrgJ Ssal
SctP Needle-length EscP InvJ SsaP
regulator
Translocon
SctE Translocation pore  EspD SipB SseC
SctB Translocation pore  EspB SipC SseD
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Basal body

The basal body of T3SS is composed of three ring-like membrane structure which form a tunnel
to connect bacteria inner and outer membrane (Radics et al. 2014). The outer membrane ring
consists of a 12mer secretin protein SctC (Gauthier et al. 2003). SctC functions as a

channel for substance secretion across the outer membrane while its N-terminal domain stretches
deeply into the periplasm (Deng et al. 2004). The membrane and supramembrane (MS) ring have
an inner and outer toroid. The inner toroid is a periplasm-facing lipoprotein SctJ; the outer toroid
is formed by a single transmembrane domain (TM) protein SctD (Portaliou et al. 2016). SctJ and
SctD interaction maintains the stabilization of MS ring while SctD and SctC periplasmic domain

interactions maintain the stabilization of T3SS basal body structure (Schraidt et al. 2011)

Export apparatus and ATPase

The export apparatus is covered by the MS ring (Diepold et al. 2014). It consists of five different
types of bacterial inner membrane proteins, SctR, SctS, SctT, SctU and SctV. The minor part of
export apparatus SctR, SctS and SctT are embedded in the TM protein SctD. The major part of
export apparatus SctU, SctV also have C-terminal domains forming a ring structure in the
cytoplasm, covering proteins SctR, SctS and SctT (Abrusci et al. 2013). The T3SS export
apparatus associates with the base of needle complex and is important for the recruitment of
substrates to enter the syringe (Minamino et al. 2010).

The ATPase complex is surrounded by the six pods of protein SctQ (C-ring). Similar to F1FO-
ATPase synthase, this complex is made up of ATPase SctN, its positive regulator SctO and
negative regulator SctL (Romo-Castillo et al. 2014). ATP is synthesized from ADP and

inorganic phosphate through a unique rotary mechanism where two subcomplexes move relative
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to each other and stabilized by the ‘stator stalk’ (Weber 2007). The stator a-helical SctL
functions as chaperone to prevent oligomerization of ATPase SctN (Biemans-Oldehinkel et al.
2011). The stalk protein SctO promotes oligomerization of ATPase SctN and stimulates its

hydrolytic activity (Romo-Castillo et al. 2014).

Needle

Different bacteria have similar T3SS needle structure that varies in size. Needle length can be
short as 23 nm for EPEC injectisome, or long as 80 nm for Salmonella enterica (Ogino et al.
2006; Cornelis, 2006). The length of needle is dependent on molecular ruler SctP (Monjaras
Feria et al. 2012). The needle is composed of three parts, the inner rod protein Sctl, the
extracellular protein SctF and needle tip/ filament SctA. Sctl sits inside the MS inner toroid
protein SctJ and extends to the outer membrane. Secretion of the extracellular needle SctF
initiates the signal to pump out effector proteins from cytoplasm, which requires Sctl interaction
with SctU (Sal-Man et al. 2012). SctA is the tip or filament at the end of the needle structure,
which functions similarly in T3SS (Fujii et al. 2012; Sal-Man et al. 2012). Most secreted proteins

should remain unfolded to pass the 2-3nm diameter hole of needle (Akeda et al. 2005).

Translocon
T3SS Translocon consists of two translocator proteins SctB and SctE which associate with
translocation of effector proteins across the host cell membrane (lde et al. 2001). SctB and SctE

are together anchored on the needle tip/ filament SctA, delivered into host cell plasma membrane
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to form the translocator pore. Bacterial effector proteins are secreted into host cell through the

translocator pore (Mattei et al. 2011).

Apart from T3SS structure proteins which build up the injectisome, bacteria secrete T3SS
effector proteins into the host cell and promote infection or suppress host immune response.
These effector proteins are considered binding to chaperones in bacteria cytoplasm which protect

their cognate substrates and guide them towards the needle complex (Chen et al. 2013).

Type IV secretion system

TASS is related to bacterial conjugation system, thus different bacteria can exchange their DNAs.
It can transport single proteins, as well as protein-protein and DNA-protein complexes through
same or different gram-negative bacteria species. The structure of type IV secretion system is
composed of 12 protein subunits, VirB1 - VirB11 and VirD4 (Wallden et al. 2010). The
translocation channel scaffold, the ATPases, and the pilus together constitute Type IV secretion
system. The translocation channel scaffold contains VirB6 - VirB10. The ATPases consist of
VirB4, VirB11, and VirD4, which drive the substrate motion through the channel and provide
the system with energy. The pilus is composed of VirB2 and VirB5, with VirB2 being the major
component. After DNA is packaged in a conjugative system it is recruited by ATPase analogues

to the VirD4 coupling protein, then translocated through the pilus.
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Type V secretion system

T5SS, also known as autotransporter system, is capable of transporting surface-localized proteins
to cross bacterial outer membrane autonomously without consuming ATP (Leo et at. 2012).
Type V secretion system uses Sec system for unfolded proteins to cross the inner membrane.
Proteins which use this pathway have the capability to form a beta-barrel with their C-terminus
which inserts into the outer membrane, allowing the rest of the peptide to reach the outside of the
cell (Remmert et al. 2010). Autotransporters are often cleaved, leaving the beta-barrel domain in
the outer membrane and freeing the passenger domain. Neither ATP nor proton gradient is
necessary for surface display of the transported passenger domains. Type V secretion system can
be further classified into type Va to Vc autotransporters (Henderson et at. 2004; Remmert et al.
2010). Va is a classical autotransporter secretion which contains a autotransporter protein that its
translocator domain assembles -barrel out membrane with help of periplasmic chaperone, then
the rest part of the protein is guided out of the cell and released. Vb is called two-partner
secretion where one partner carries the f-barrel domain while the other partner serves as the

secreted protein (Henderson et at. 2004); V¢ is named chaperone-usher secretion or trimeric

16



autotransporters in that the secretion protein utilizes both periplasmic chaperone and usher

protein (formation of B-barrel) (Waksman et al. 2009).

Type VI secretion system

T6SS was first discovered in two bacterial pathogens, Vibrio cholerae and Pseudomonas
aeruginosa (Pukatzki et al. 2006; Mougous et al. 2006). They found mutations in the Hcp and
VrgG genes in Vibrio cholerae lead to decreased virulence and pathogenicity. Type

VI secretion system is unique for not only delivering toxins into eukaryotic cells, but more often
into prokaryotic cells in a contact dependent manner (Shneider et al. 2013).

T6SS consists of around 13 conserved proteins that assemble into three sub-complexes: a phage
tail-like tubule, a phage baseplate-like structure, and cell-envelope spanning membrane complex.
It is believed that the inverted phage tail like structure pumps out proteins outside of bacteria
cells. Evidence have shown that T6SS not only injects effectors into eukaryotes cells to promote
virulence, but more importantly this system was used to firing toxins into neighboring bacteria,

serving as anti-competitor weapon (Smith et al. 2020).
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Figure 2 Gram-negative bacteria secretion systems
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Summary of Six Secretion Systems

Different from Gram-positive bacteria which have a thick peptidoglycan layer and no outer lipid
membrane, Gram-negative bacteria have three layers: the inner membrane; the periplasmic space
with a thin layer of peptidoglycan; and the outer membrane consists of lipopolysaccharides.
Gram-negative bacteria use different mechanism to transport protein through one, two or three
phospholipid membranes.

Some proteins are secreted through a two-step mechanism. They first use Tat or Sec pathway to
be transported from the inner membrane to periplasm, and then be transport to the outer
membrane using a secondary method. T2SS and T5SS utilize a two-step process. As T5SS
autotransporters have to be unfolded before crossing the outer membrane to be displayed, they

only depend on Sec pathway to enter the periplasm.

18



Other proteins are secreted through one step, Sec or Tat-independent process by directly going
through both bacterial membranes. T1SS, T3SS, T4SS, and T6SS use periplasm spanning
channels and transport proteins form cytoplasm to outside outer membrane in a straightforward
way. Among them, T3SS, T4SS, and T6SS can penetrate host cell membrane, directly secreting
proteins to cytosol to manipulate invasion.

All six secretion systems described above forms a p-barrel channel in the outer membrane. One
bacterium can use multiple secretion systems for different protein transport purposes. Besides the
six main secretion systems, there are also T7SS, T8SS and T9SS which translocation
mechanisms yet not fully understood. Secretion of proteins across lipid membranes is important
for bacterial pathogens to invade host cells, promote virulence and suppress host immune
response. Studying of bacterial secretion systems remains a vital task in understanding bacterial

physiology and pathogenesis.
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E. coli and Citrobacter Effectors

NleA inhibits Nod-Like Receptor 3 (NLRP3)- mediated inflammasome activation via a direct
association with NLRP3. NleA binding to NLRP3 prevents its deubiquitylation, which is
required for inflammasome assembly and activation (Yen et al. 2015). As a consequence,
interleukin 1 beta (IL-1p) secretion decreases due to caspase 1 inhibition (Yen et al. 2015). NleA
also binds the Sec24 subunit of the mammalian coatamer protein Il complex (COPII) to inhibit
vesicle trafficking (Kim et al. 2007).

NleB is a glycosyltransferase that glycosylates host proteins with N-acetylglucosamine
(GIcNAC) on arginine residues (El Qaidi et al. 2017; Li et al. 2013; Pearson et al. 2013). Deleting
nleB significantly attenuates C. rodentium virulence (Kelly et al. 2006). While a single nleB
gene is found in C. rodentium, two nleB genes, nleB1 and nleB2, are found in most EPEC and
EHEC strains. EPEC NleB1 glycosylates the tumor necrosis factor receptor (TNFR) type 1-
associated DEATH domain protein (TRADD) and the FAS-associated death domain-containing
protein (FADD) (Li et al. 2013; Pearson et al. 2013), with preferential affinity for FADD (Scott
et al. 2017). Glycosylation of TRADD inhibits its dimerization, thus preventing the proper
assembly of the TNFR complex and the activation of the NF-kB pathway (Li et al. 2013; Pearson
et al. 2013). EHEC NleB1 and C. rodentium NleB also glycosylate glyceraldehydwe-3-
phosphate dehydrogenase (GAPDH) (El Qaidi et al. 2017; Gao et al. 2013), which reduces
GAPDH binding to TRAF2, subsequently limiting the extent of TRAF2 ubiquitination, leading
to reduced NF-kB activity (Gao et al. 2013).

NleC is a zinc metalloprotease that cleaves the NF-kB p65 subunit, leading to NF-kB pathway
inhibition (Baruch et al. 2011; Giogha et al. 2015; Yen et al. 2010). NleC-mediated cleavage of

p65 occurs between C38 and E39, generating a p65 38 fragment that also competes with full-
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length p65 for binding to the ribosomal protein RPS3, an additional NF-kB subunit (Hodgson et
al. 2015). This competition reduces the extent of RPS3 nuclear translocation, thus additionally
inhibiting NF-xB pathway activation (Hodgson et al. 2015).

NleD is also a zinc metalloprotease that cleaves and inactivates the mitogen-activated protein
kinase signaling proteins c-Jun N-terminal kinase (JNK) and p38 (Baruch et al. 2011). INK
cleavage by NleD occurs before Y185 in the TPY (T183-P184-Y185) motif within the kinase
activation loop of INK, whereas p38 cleavage occurs at residue M213 (Creuzburg et al. 2017).
As p38/INK activation influences pro-inflammatory cytokine gene expression, their cleavage by
NleD contributes downregulated inflammatory responses. In a random mutagenesis study of
NleD, R203 was found to be critical for protease activity against p38 but not JNK (Creuzburg et
al. 2017). In another study, mutation of E143 within the metalloprotease motif (H**?ELLH46)
abrogated JNK cleavage (Baruch et al. 2011). NleE was originally described to inhibit the
nuclear translocation of the p65 NF-«B subunit by preventing IkBa phosphorylation (Newton et
al. 2010). The C terminal IDSY (M/1)K motif was found to be critical for NleE-mediated
inhibition of p65 translocation (Newton et al. 2010). It was later shown that NIeE is an S-
adenosylmethionine (SAM)-dependent methyltransferase that modifies a zinc-coordinating
cysteine in the Npl4 zinc finger (NZF) domains in TAB2 and TAB3, which are two ubiquitin-
chain sensory proteins involved in NF-«kB signaling (Zhang et al. 2012). Upon NleE mediated
methylation of C673 and C692 in TAB2 and TABS3 respectively, the two proteins lose their
ability to bind zinc and ubiquitin chains (Zhang et al. 2012). The NIeE crystal structure displays
a SAM pocket that particularly involves two critical residues, R107 and Y212 (Yao et al. 2014).

The same study also identified ZRANB3 as a target of NleE. NleE mediated methylation of the
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ZRANB3-NZF domain disrupted its ubiquitin chain binding without affecting ZRANB3
recruitment to sites of DNA damage (Yao et al. 2014).

NleF is important to EHEC colonization of germ-free piglets (Echtenkamp et al. 2008). NleF is a
pro-inflammatory effector because it induces NF-«xB activation during the early stages of the
infection (Pallett et al. 2014; Pollock et al.2017). The C-terminal region of NleF is essential for
its interaction with caspase 4, 8, and 9 (Blasche et al. 2013). NleF counteracts the host
inflammatory response by preventing the heteromerization of caspase-4-p19 and caspase-4-p10,
which is essential for caspase-4 activation and the eventual expression of IL-1p (Blasche et al.
2013; Song et al. 2017). The transient pro-inflammatory activity of NleF is later overcome by the
anti-inflammatory functions of other effectors such as NleE, NleH, and NleB. NleH1 and NleH2
are two paralog effectors (with 84 % homology) that contain a C-terminal kinase domain
(Grishin et al. 2014). Both proteins bind RPS3, but only NleH1 inhibits RPS3 translocation to the
nucleus (Gao et al. 2009). NleH1 interaction with RPS3 prevents its phosphorylation on S209 by
IKKp (Wan et al. 2011). NleH1 phosphorylates the v-crk sarcoma virus CT10 oncogene-like
protein (CRKL), which may play an important scaffolding role between NleH1 and IKKf (Pham
et al. 2013). K159 in NleH1 and K169 in NleH2 are critical residues for the kinase activity of
these effectors (Gao et al. 2009). EspJ was first described as a prophage-carried effector that
influences the dynamics of pathogen clearance (Dahan et al. 2005) and inhibits opsono-
phagocytosis (Marches et al. 2008). More recently, its mode of action was clarified by the
demonstration that this effector functions as an adenosine diphosphate (ADP) ribosyltransferase
that inhibits the host Src kinase by amidation and ADP ribosylation of a Src glutamic acid
residue (Young et al. 2014). Additional host kinases in the Src, Tec, and Syk NRTK families

have also been described as EspJ substrates in vivo (Pollard et al. 2018).
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EspL is a cysteine protease that directly cleaves the receptor interacting protein (RIP) homotypic
interaction motif (RHIM) domain containing proteins RIPK1, RIPK3, TRIF, and ZBP1/DAl,
leading to their rapid inactivation, with subsequent inhibition of necroptosis and inflammatory
signaling (Pearson et al. 2017). A conserved cysteine protease motif with catalytic residues C47,
H131, and D153 was defined (Pearson et al. 2017). The proteolytic activity of EspL is important
to the duration of C. rodentium intestinal colonization of mice, with despL being cleared faster
than wild-type C. rodentium, despite similar initial colonization magnitudes (Pearson et al.
2017).

Tir. In addition to its well-studied role in bacterial adhesion, Tir also inhibits NF-kB pathway
activation by interacting with TNFR-associated factor (TRAF) adaptor proteins leading to their

proteasomal-independent degradation (Ruchaud- Sparagano et al. 2011) (Figure 3).
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Figure 3 Effector amino acids and functional domains. A
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Salmonella Effectors

GogB is the first open reading frame (ORF) in the Gifsy-1 prophage in Salmonella enterica
serovar Typhimurium (McClelland et al. 2001). GogB is a leucine-rich repeat protein that is
secreted by both type three secretion systems encoded in Salmonella Pathogenicity Island-1
(SPI-1) and SPI-2 (Coombes et al. 2005). GogB is regulated by its transcriptional regulator SsrB
through SPI-2 induction, and then localizes to the host cell cytoplasm (Xu and Hensel 2010).
GogB alters the function of the host SKP, cullin, F-box containing complex (SCF) E3 type
ubiquitin ligase by interacting with the human F-box only 22 (FBX022) protein and S-phase
kinase associated protein 1 (Skpl) (Pilar et al. 2012). GogB-deficient Salmonella fail to limit
NF-kB activation in RAW264.7 cells, indicating that GogB is an anti-inflammatory factor (Pilar
et al. 2012).

PipA, GtgA, and GogA comprise a family of proteases that cleave both the RelA (p65) and RelB
NF-kB transcription factors, thus limiting host inflammatory responses (Sun et al. 2016).
Salmonella mutants in the pipA, gogA, or gtgA genes show increased NF-xB pathway
stimulation and virulence in C57/BL6 mice, as compared to wild-type Salmonella (Sun et al.
2016), indicating that this family of effectors inhibits host immune responses.

Salmonella encodes three members of the novel E3 Ligase (NEL) family, SIrP, SspH1, and
SspH2. SIrP functions as an E3 ubiquitin ligase for mammalian thioredoxin (Bernal- Bayard and
Ramos-Morales 2009), which may affect the redox state and activity of transcription factors.
SIrP also binds to the chaperone ERd]j3 in the endoplasmic reticulum (Bernal-Bayard et al.
2010), possible impacting the unfolded protein response and apoptosis. SspH1 and SspH2 have

39 % and 38 % identity to SIrP (Miao and Miller 2000). SspH1 inhibits NF-xB signaling (Haraga
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and Miller 2006). SspH1 interacts with and ubiquitinates human protein kinase N1 (PKN1), to
activate its catalytic function (Keszei et al. 2014). Mutating SspH1 C492 abolishes its ability

to ubiquitinate PKN1 (Keszei et al. 2014). However, the inhibition of NF-kB signaling is not due
to the ubiquitination and proteasome-dependent degradation of PKN1 (Keszei et al. 2014).
SspH2 increases Nod1-mediated IL-8 secretion by ubiquitinating Nod1 (Bhavsar et al. 2013).
Mutating SspH2 C580 abolishes its ubiquitination activity (Quezada et al. 2009).

SpvB is encoded by the spv operon in the Salmonella virulence plasmid (Caldwell and Gulig
1991). SpvB ADP-ribosylates actin on R177 (Hochmann et al. 2006), causing both actin
depolymerization and apoptosis (Guiney and Lesnick 2005). P-bodies are enzymes involved in
MRNA turnover and post-transcriptional regulation. SpvB is also an important regulator of P-
body disassembly (Eulalio et al. 2011).

SpvC is also encoded by the spv operon (Coynault et al. 1992) and is translocated by both T3SS-
1 and T3SS-2 (Heiskanen et al.1994). SpvC has a phosphothreonine lyase activitythat targets
ERK, p38, and JNK mitogenactivated protein kinases (MAPKSs) (Mazurkiewicz et al. 2008).
SpvC limits host inflammatory responses by reducing pro-inflammatory cytokine gene
transcription (Haneda et al. 2012). Recently, kinetic studies have been performed on SpvC,
revealing that this enzyme is extremely specific for MAPKs (Chambers et al. 2018) SpvD
functions as a cysteine hydrolase with a papain-like fold and a catalytic triad consisting of C73,
H162, and D182 (Grabe et al. 2016).

SpvD interacts with the exportin Xpo2m, which mediates nuclear-cytoplasmic protein recycling
(Rolhion et al. 2016). The disruption of importin-alpha recycling from the nucleus results in p65

translocation deficiency and NF-«B inhibition (Rolhion et al. 2016).
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SteC is encoded within SPI-2 and has amino acid similarity to human kinase Raf-1, a
protooncogene serine/threonine-protein kinase (Poh et al. 2008). An steC mutant showed no
decrease for bacterial replication and virulence, but was defective for SPI-2 dependent F-Actin
meshwork formation (Poh et al. 2008). SteC phosphorylates MEK and activates a signaling
pathway involving MEK and ERK, MLCK, and Myosin IIB (Odendall et al. 2012). A steC
mutant shows greater replication in HeLa cells, as compared to wild-type Salmonella, indicating
that SteC may limit bacterial replication by regulating F-Actin meshwork formation (Odendall et
al. 2012).

SteD stimulates MARCHS8, a member of the MARCH family E3 integral membrane ubiquitin
ligases (Bayer-Santos et al. 2016). SteD causes ubiquitination and depletion of surface-localized
mature MHC class Il (mMHCII), thus helping to reduce T cell activation (Bayer-Santos et al.
2016).

Salmonella Secreted Effector L (SseL) is encoded within SPI-2 and is transported into the
cytosol from the SCV via the T3SS-2. SseL functions as a deubiquitinase (DUB) to induce a
delayed cytotoxic effect in Salmonella-infected macrophages (Rytkonen et al. 2007). NF-xB
signaling in macrophages is significantly activated after infection with an sseL. mutant, as
compared to its activation by wild-type Salmonella (Le Negrate et al. 2008). Expression of Ssel
in mammalian cells impairs IkBo ubiquitination and degradation, and mutating C285 abolished
this effect (Le Negrate et al. 2008).

AvrA is encoded on SPI-1 and is a member of the YopJ/Avr protein family (Hardt and Galan
1997). AvrA is a multifunctional effector that influences eukaryotic cell pathways by regulating
the ubiquitination (Sun et al. 2004) and acetylation (Wu et al. 2010) of target proteins to

modulate proliferation (Liu et al. 2010), inflammation (Du and Galan 2009), and apoptosis
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(Collier-Hyams et al. 2002). AvrA acetylates p53 (Wu et al. 2010) and also inhibits INK
signaling by acetylating MKK4 (Jones et al. 2008) and MKK7 (Du and Galan 2009). AvrA also
has a deubiquitinase activity that targets p-catenin, resulting in stabilization of B-catenin and
increasing intestinal epithelial cell proliferation (Wu et al. 2010). Mutating E142, 1179, and C186
reduces AvrA acetyltransferase activity (Wu et al. 2010); C186 also appears to be critical for
AvrA deubiquitinase activity (Ye et al. 2007). It should be noted that the activity of AvrA has
largely been reconciled to function as a acetyltransferase, similar to its homolog, the Yersinia
outer protein J (YopJ) and many early observations regarding a potential AvrA protease activity

may have been artifacts (Ma and Ma 2016) (Figure 4).
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Figure 4 Host inflammatory pathways and their targeting by T3SS effectors
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Upon TNFa stimulation, TRADD forms a complex with TRAF2, leading to RIP1 and TRAF polyubiquitination
followed by recruitment of TAKL. TAK1 activation results in activation of the IKK complex and phosphorylation of
IxBa, which is then ubiquitinated and degraded, releasing NF-«kB for nuclear translocation and pro-inflammatory
gene transcription. Stimulation of TLR4 or IL-1R by LPS or IL-1 initiates a signaling cascade that leads to TAK1
activation. Stimulation with FASL results in FADD oligomerization and activation of caspase 8, leading to caspase
3/7 maturation and apoptosis. Stimulation with TRAIL initiates necroptosis through a pathway involving the
formation of a complex among RIP1, RIP3, TRADD, FADD, and activated protein kinases (MAPKS)

pathway activation begins with the binding of Ras/Rho family proteins to a mitogen activated protein kinase

kinase kinase (MAPKKK), which in turn leads to the phosphorylation and activation of a mitogen activated

protein kinase kinase (MAPKK), followed by the phosphorylation of the mitogen activated protein kinases
(MAPKSs) ERK, p38, and JNK. NOD1 and NOD2 recruit receptor-interacting serine/threonine-protein kinase

2 (RIPK2), which further activates MAPKs and the IKK complex. (a) Strategies used by EHEC/EPEC/ C. rodentium
to counteract inflammation. (b) Strategies used by Salmonella enterica Serovar Typhimurium to counteract

inflammation. (c) Shape and arrow annotations describing bacteria and host protein interactions.

Salmonella encodes up to three NleB orthologs named SseK1, SseK2, and SseK3 (Brown et al.
2011). The NleB and SseK effectors contain a conserved DXD motif, which is required for
enzymatic function of glycosyltransferases of the GT-A family (Gao et al. 2013). SseK1 and
SseK2 inhibit TNF-induced NF-«B activation and cell death during infection in macrophages
(Gunster et al. 2017). SseK3 binds, but does not glycosylate TRIM32, an E3 ubiquitin ligase
involved in TNF and interferon signaling (Yang et al. 2015). SseK1 and SseK3 inhibit TNF-
mediated NF-kB pathway activation. SseK1 glycosylates GAPDH, while SseK2 glycosylates
FADD (El Qaidi et al. 2017). SseK3 glycosylates TRADD and has an overall fold that is similar
to other glycosyltransferase type-A (GT-A) family members (Esposito et al. 2018). Mutating
E258 impairs the ability of SseK3 to glycosylate TRADD (Esposito et al. 2018).

Salmonella protein tyrosine phosphatase (SptP) shares significant homology in its C-terminal
domain to the catalytic domains of eukaryotic tyrosine phosphatases (PTPases) and the Yersinia
protein tyrosine phosphatases YopH (Kaniga et al. 1996). SptP inhibits ERK activation by

interfering with Rafl activation, a MAPKKK (Murli et al. 2001) Inhibition is dependent on
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SptP-phosphatase activity, as a SptP C481S mutation no longer inhibits ERK activation (Lin

et al. 2003). SptP phosphatase activity is also important for inhibiting TNF-a induction during
Salmonella infection of macrophages (Lin et al. 2003).

Salmonella outer protein B (SopB, also known as SigD) has sequence homology to mammalian
inositol polyphosphate 4-phosphatases and recombinant SopB functions as an inositol phosphate
phosphatase (Norris et al. 1998). It is encoded within SPI-5 but delivered into cells via T3SS
SPI-1 (Knodler et al. 2002). SopE is 69% identical to SopE2 (Bakshi et al. 2000). SopB, SopE,
and SopE2, cooperate in a functionally redundant manner to activate Rho-family GTPases during
Salmonella infection (Patel and Galan 2006), resulting in activation of MAPK and NF-xB
signaling pathways (Bruno et al. 2009). SopB functions as a phosphoinositide phosphatase to
activate the RhoG exchange factor, (Patel and Galan 2006), while SopE and SopE2 act as
exchange factors for Cdc42, Racl,and RhoG (Stender et al. 2000).

Salmonella invasion protein A (SipA) is encoded within SPI-1 (Kaniga et al. 1995) and is
transported into mammalian cells via the T3SS- 1 (Zhou et al. 1999a). SipA binds F-actin,
contributing to Salmonella internalization and mediates the downstream activation of Rho
GTPases (Zhou et al. 1999b). SipA induces NF-kB activation and intestinal inflammation by
activating the NOD1/NOD?2 signaling pathway (Keestra et al. 2011). SipA also induces IL-8

expression by inducing Jun and p38 MAPK phosphorylation (Figueiredo et al. 2009).

Summary
Here we have described many of the E. coli and Salmonella T3SS effectors that target host
innate immunity. Many of these effectors apply their inhibitory effect in a cumulative or

synergistic manner by blocking multiple steps within a signaling pathway. Effector translocation
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cell is not random but rather is temporally controlled by the pathogen (Lara-Tejero et al. 2011),
allowing the pathogen to adjust the host inflammatory response not only to evade inflammation
but also to alter the relative abundance of commensal flora. Microbial genomes provide
information about how co-evolution has shaped pathogen targeting host immunity.
Characterizing anti-inflammatory microbial proteins offers opportunities both to identify natural
modulators of inflammation and to engineer these proteins for use as effective immune-
therapeutics (Ruter and Hardwidge 2014). T3SS effectors represent a major pool of pathogen-
derived immunomodulatory molecules that may have future utility in treating autoimmune
disorders associated with perturbations in NF-xB signaling (Sun et al. 2013). Indeed, Shigella
flexneri and Yersinia pestis effectors have already been exploited to selectively inhibit MAPK

pathways and to tune T-cell responses (Wei et al. 2012).
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Chapter 2 - High-Throughput Screening for Bacterial

Glycosyltransferase Inhibitors

I contributed to Figure 6D, 7B, 7D and 7E in Chapter 2. A madified version of this chapter is published in Front Cell
Infect Microbiol (El Qaidi et al. 2018).

El Qaidi S, Zhu C, McDonald P, Roy A, Maity PK, Rane D, Perera C, & Hardwidge PR. (2018). High-Throughput
Screening for Bacterial Glycosyltransferase Inhibitors. Front Cell Infect Microbiol. 2018 Dec 18;8:435. doi:
10.3389/fcimb.2018.00435.

Introduction
Many Gram-negative bacterial pathogens interact with mammalian cells by using a specialized
type 111 secretion system (T3SS) to inject proteins directly into infected host cells (Notti and
Stebbins, 2016; Deng et al. 2017). A subset of these injected protein “effectors” are enzymes that
modify the structure and function of human proteins by catalyzing the addition of unusual post-
translational modifications (Ribet and Cossart 2010; Salomon and Orth 2013). Some T3SS
effectors play important roles in bacterial virulence and may be “druggable” targets for anti-
virulence compounds that could be used to replace or augment traditional antibiotic regimens
(Kimura et al. 2011; Warrener et al. 2014; Gu et al. 2015; McShan and De Guzman 2015).
The NleB1/NleB2 (enteropathogenic and enterohemorrhagic E. coli; EPEC and EHEC) and
SseK1/SseK2/SseK3 (Salmonella enterica) T3SS effectors are glycosyltransferases that modify
protein substrates on arginine residues (Li et al. 2013; Pearson et al. 2013). This modification is
unusual because it occurs on the guanidinium groups of arginines, which are poor nucleophiles.
This modification is biologically important because the glycosylation of arginines on protein
substrates disrupts the normal functioning of the innate immune system (Li et al. 2013; Pearson

et al. 2013; El Qaidi et al. 2017). Several death domain-containing proteins have been described
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as substrates of some of the NleB/SseK orthologs, including the Fas-associated protein with
death domain (FADD), tumor necrosis factor receptor type 1-associated DEATH domain protein
(TRADD), and the receptor-interacting serine/threonine-protein kinase 1 (RIPK1) (Li et al.
2013). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Gao et al. 2013) and hypoxia-
inducible factor 1- alpha (HIF1a) (Xu et al. 2018) are additional substrates. Recent structural
characterization of a subset of the NleB/SseK orthologs revealed that these proteins are retaining
glycosyltransferases consisting of three functional domains, namely a helix-loop-helix (HLH)
domain, a lid domain, and a catalytic domain with a HEN motif (His-Glu-Asn) that is required
for catalytic activity (Esposito et al. 2018; Park et al. 2018).

NleB1 is a signature of EHEC strains that have been observed to cause widespread foodborne
outbreaks that develop into cases of hemolytic uremic syndrome (HUS) (Wickham et al. 2006).
HUS, which is caused by the activity of a Shiga-like toxin, leads to destruction of the endothelial
cells of the kidney and is often fatal (Loos et al. 2018). Antibiotic therapy against EHEC is
typically contraindicated, because antibiotics may induce increased Shiga-like toxin expression,
exacerbating patient symptoms (Wong et al. 2000). This motivated our work, which sought to
identify small molecule inhibitors of NleB1 as a potential alternative therapeutic strategy to
antibiotics. Such compounds may also be of utility as mechanistic probes for understanding the

mechanism of the NleB/SseK effector family.
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Results

NleB1 Inhibitor Screening
We developed and optimized a high-throughput screening (HTS) assay for NleB1 inhibitors.
Purified, recombinant forms of wildtype E. coli 0157:H7 NleB1 (Figure 5A) and, as a negative
control, an inactive form of NleB1 (NleB1-AAA) in which the aspartic acid residues required for
Mn2+ stabilization were mutated to alanines, were produced (Gao et al. 2013). We then
optimized the conditions in which these enzymes could be studied in a solution-based assay that
produces a luminescent signal when UDP-GIcNAc is hydrolyzed by NleB1 to liberate UDP
(Figure 1B). Optimal NleB1 activity was observed at 0-25 mM NaCl and 10 mM MgCl», with
>50 % loss of activity at 500 mM NaCl and at 50 mM MgCl2. NleB1 activity increased linearly
up to 2 h and no loss of activity was observed up to 4 % DMSO. The kinetic parameters of
NleB1 (150 nM at 30 T ) were calculated as follows: Vmax: 2,975.3 + 125 RLU/min/pg
protein; Km: 379 £43 uM; Kcat (s-1): 50, Kcat/Km (s-1, M-1): 130,703.4. As expected, the
NleB1-AAA mutant enzyme had no detectable activity (data not shown). We then screened the
University of Kansas Center of Excellence in Chemical Methodologies and Library
Development (KU CMLD, https://cmld.ku.edu/outreach) library of 5,160 compounds. This
library utilizes new principles of scaffold design, incorporates multiple scaffold cores into a
single library, and contains compounds that are likely to have pharmacological activity based on
sound drug design principles. The structures and bioactivity data of these compounds are
described in PubChem

(https://www.nchi.nlm.nih.gov/pcsubstance/?term=%22ku+outreach+library%2C+the+university

+of+kansas%?22 %5Bsourcename%5D).
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An average Z’ Score of 0.88 =+ 0.05 was obtained across all 15 plate assays in the pilot screen

for NleB1 inhibitors (Figure 5C). Compounds were tested in a concentration dose-response (10—
160 uM) assay. Of all the compounds that inhibited the primary assay at single concentration, 80
% of the hits inhibited NIeB1 in a dose-responsive manner. Compounds (n = 52) that inhibited
NleB1 to >3 standard deviations xplate median were scored as hits in the assay (hit rate of 1 %;
Supplemental Table 1). The two most potent compounds (100066N and 102644N) were
resynthesized as fresh powders for further study (Figure 6A). 100066N is a flavone analog that
has been previously synthesized (Ahn et al. 2007). 102644N is a substituted isoxazole whose
synthesis has also been described (Waldo et al. 2008). Compound 104108N, which was not
identified as a hit in our HTS assay, was used as a negative control in some subsequent

experiments.
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Figure 5 HTS assays
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(A) SDS-PAGE analysis of the recombinant proteins used in this study. (B) UDP liberation (RLU/min) is plotted as
a function of substrate (UDP-GIcNACc) concentration in the presence of NleB1. (C) Summary of HTS assay data.
The % inhibition of UDP liberation is plotted as a function of the well number of each compound represented in the
CMLD library of 5,160 compounds. Compounds (n = 52) that inhibited the assay to >3 standard deviations *the

plate median were identified as positive hits.
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In vitro Glycosylation Assays

We performed secondary screens to evaluate the ability of these compounds to inhibit NleB1 and
SseK1 glycosylation of the human GAPDH protein substrate (Gao et al. 2013, 2016; EIl Qaidi et
al. 2017). Both 100066N and 102644N were active against both NleB1 and SseK1 (Figures 6B,
C). We corroborated these data by quantifying UDP liberation in a UDP-Glo assay as a function
of inhibitor concentration. Both 100066N and 102644N inhibited NleB1 activity in a
concentration dependent manner, whereas compound 104108N, the negative control, did not
inhibit NleB1 (Figure 6D). SseK2 glycosylates the human FADD protein (ElQaidi et al. 2017).
We also tested the inhibitory effect of 100066N and 102644N on SseK2 and found that both
these compounds inhibited FADD glycosylation by SseK2 in a concentration-dependent manner

(Figure 6E).
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Figure 6 In vitro glycosylation assays
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performed using 250 nM NleB1, in 125 mM Tris pH 7.4, 25 mM MnCl,, 2.5 mM DTT, and 100 piM UDP-GIcNAc
in the presence of inhibitor concentrations ranging from 1 nM to 500 piM. (E) Western blot analysis of the inhibition
of SseK2 glycosylation of FADD by 100066N and 102644N.

Cell Culture Assays

NleB1 glycosylates human TRADD on R235, thereby blocking death domain interactions and
disrupting tumor necrosis factor signaling (Li et al. 2013). We next assessed whether 100066N
and/or 102644N would be effective in inhibiting NleB1 activity in mammalian cells. We co-
transfected HEK293 cells with NleB1 and TRADD expression plasmids in the presence or
absence of these compounds and then performed immunoblotting assays to measure TRADD
glycosylation. We observed that both compounds, when provided at 1 uM concentration to
HEK293T cells, were effective in reducing the extent of TRADD glycosylation by NleB1
(Figure 7A). Neither inhibitor was significantly toxic to mammalian cells, as inferred from
performing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays as a
function of inhibitor concentration (Figure 7B). The human O-linked N-
acetylglucosaminyltransferase (OGT) is an essential serine/threonine N-acetylglucosamine (O-
GIcNAC) transferase that maintains protein glycosylation homeostasis (Zhao et al. 2018).
Deletion of OGT is lethal and deficiencies in OGT activity are associated with
neurodegenerative diseases and gut inflammation (Zheng et al. 2016; Zhao et al. 2018). To
consider the future use of 100066N and 102644N as potential therapeutics, we next tested
whether they also inhibit OGT. Neither 100066N nor 102644N inhibited the activity of a
recombinant form of human OGT (Figure 7C). These data suggest that the two NleB1 inhibitors
we initially characterized are specific to the pathogen enzymes that glycosylate arginine residues,
rather than cross-react with the mammalian OGT enzyme that glycosylates Ser/Thr residues

(Aquino-Gil et al. 2017).
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Neither 100066N nor 102644N directly impacted the growth rates of E. coli O157:H7 and
Salmonella enterica when supplied at 500 uM concentrations in bacterial cultures (Figure 7D).
These data suggest that the inhibitors specifically target the NleB/SseK virulence factors, rather
than act as general bacteriostatic or bactericidal agents.

Finally, we quantified the impact of these inhibitors on Salmonella replication in RAW264.7
cells. When 102644N and 100066N (1 or 10 uM) were added to RAW264.7 cells prior to their
infection with WT Salmonella, we observed that both inhibitors (at 10 uM) significantly reduced
the number of WT Salmonella 24 h after infection (Figure 7E, top). We performed similar
experiments with Salmonella AsseK2sseK3 (expressing only SseK1) and observed that both
inhibitors at both 1 and 10 uM further reduced the replication of Salmonella AsseK2sseK3
(Figure 3E, middle). We also assessed the impact of 102644N and 100066N on Salmonella
AsseK1sseK2sseK3 and found there was no further impact of these inhibitors on the already

relatively-low abundance of this triple-mutant strain (Figure 7E, bottom).
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Figure 7 Cellular assays
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(A) Western blot analysis of the inhibition of NleB1 glycosylation of TRADD by 100066N and 102644N in
HEK293T cells. (B) MTT assays. Quantification of normalized MTT signal intensities as a function of 100066N and
102644N concentrations added to HEK293T cells for 24 h. (C) OGT assays. OGT was incubated with a recombinant
OGT-peptide substrate in the presence of 100066N and 102644N and then subjected to immunoblotting using an
anti-O-GIcNAc monoclonal antibody. (D) Bacterial growth assays. EHEC (left) and Salmonella (right) were
cultured in the presence of the indicated compounds and growth was monitored as a function of time. (E) 100066N
and 102644N reduce Salmonella replication in macrophages. Inhibitors (1 or 10 piM) were added to RAW 264.7
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cells for 1 h prior to infection with 10° CFUs of the indicated Salmonella strains. Colony counts were enumerated 24
h later. Asterisks indicate a significant difference (p < 0.05) from samples lacking inhibitors, as determined using

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons tests.

Discussion
The T3SS and its effectors are of critical importance to the virulence of many Gram-negative
pathogens (Gaytan et al. 2016). Bacterial virulence is significantly decreased in T3SS deficient
strains, whereas bacterial replication is not typically affected (Nordfelth et al. 2005). Thus,
chemicals targeting the T3SS or its effectors are appealing, as they are less likely to be subject to
evolutionary pressures toward resistance (Gu et al. 2015; McShan and De Guzman 2015).
We screened for and identified two small molecules, 100066N and 102644N, that are effective in
inhibiting the activities of NleB1, SseK1, and SseK2. We used a relatively small compound
library for these initial studies, and it is likely that future HTS assays using larger compound
libraries may reveal more effective compounds. It is notable that although our primary screen
was designed to target only the EHEC NleB1 protein, both 100066N and 102644N showed
activity against not only NleB1, but also SseK1 and SseK2. It was promising to note that neither
100066N nor 102644N were toxic to mammalian cells, nor did they directly affect E. coli or
Salmonella growth. Given the significant difference in the NleB/SseK mechanism of action as
compared to OGT, it was reassuring but perhaps not surprising to observe that neither inhibitor
affected the O-linked glycosylation of an OGT substrate. We also noted that neither 100066N
nor 102644N further impacted the colonization of the Salmonella AsseK1sseK2sseKa3 triple
mutant, suggesting few significant off-target effects of these compounds. The extent to which the
SseK enzymes are redundant and/or are important to survival in mouse macrophages is still
unclear and some of our data are in contrast to previous studies. Initially it was concluded that

effects of SseK1 and SseK2 are not evident in infections of RAW 264.7 cells in a comparison of
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single- and double-mutants with wild-type serovar Typhimurium SL1344 (Kujat Choy et al.
2004). Later it was realized that this strain also expresses SseK3 and these experiments were
reassessed (Brown et al. 2011). While no phenotype was observed in RAW264.7 cells, it was
shown that a AsseK1sseK2 double mutant was attenuated in competitive index infections of mice
(Brown et al. 2011). Our experiments instead used Salmonella enterica ATCC 14028 and thus
our observation that both AsseK1sseK2 and AsseK1sseK2sseK3 were attenuated in macrophages
in comparison to the wild-type strain may be due to strain-dependent differences. We also failed
to observe significant macrophage death in our studies. Although a structure is available in the
Protein Data Bank (PDB) for SseK3 [6EYR; (Esposito et al. 2018)], the lack of confirmed
substrates for this effector limited our ability to assess the efficacy of 100066N and 102644N
against SseK3. We previously characterized the structures of NleB2 (5H5Y), SseK1 (5H60), and
SseK2 (5H61, 5H62, 5H63) (Park et al. 2018). We are currently attempting to generate co-crystal
structures between SseK1 and both 100066N and 102644N to understand how these compounds
inhibit these glycosyltransferases and to identify the residues they bind in the enzymes .We
speculate that 100066N and 102644N could affect UDP-GIcNAc binding and/or hydrolysis,
activation of the acceptor arginine, or affect the flexibility of the HLH domain which we have
attributed to being important to the recognition of the acceptor protein substrates containing
death domains (Park et al. 2018). Future approaches to study the efficacy of these inhibitors will
also include derivatization of both 100066N and 102644N. Logical medicinal chemistry
strategies include the exploration of substitution effects on the furan and phenyl moieties at the 3
and 5 positions of 102644N as well as bio isosteric replacement of the sulfonamide linker and

determining the effect of substituents on phenyl ring for 100066N.
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Experiment Procedures

Cloning and Cell Lines

The plasmids used in this study are listed in Table 1. Human embryonic kidney 293 cells (HEK
293) and Abelson murine leukemia virus induced, macrophage-like cells from BALB/c mice
(RAW264.7) were purchased from ATCC. Both cell lines were grown in DMEM (Thermo
Scientific), supplemented with 10% FBS (Atlanta Biologicals) and 100ug/ml
penicillin/streptomycin (Sigma) in 5% CO2. nleB1 (EHEC EDL933), sseK1, and sseK2
(Salmonella enterica ATCC 14028) were cloned into pET42a. A human OGT substrate peptide
(KKKYPGGSTPVSSANMM) was fused to the N-terminus of GAPDH and expressed in
pET28a. Human FADD was expressed in pET15a. Plasmids were transformed into E. coli BL21
(DE3). Protein overexpression was performed for 4 h at 37°C upon induction with 0.5 mM
IPTG. His-tagged proteins were purified using nickel agarose beads (Qiagen) as described
previously (El Qaidi et al. 2017). Salmonella mutants were constructed using lambda red

recombination (Datsenko and Wanner 2000).

Table 2 Plasmids used in this study

Description Source
GST-EHEC-NIeB1 El Qaidi et al. 2017
GST-EHEC-NIeB1(AAA) Gao et al. 2013
GST-SseK1 El Qaidi et al. 2017
GST-SseK2 El Qaidi et al. 2017
HA-EHEC-NIeB1 Gao et al. 2013
His-FADD El Qaidi et al. 2017
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His-GAPDH Gao et al. 2013
His-OGT This study
His-OGT substrate (KKKYPGGSTPVSSANMM)-GAPDH This study

TRADD-FLAG This study

Protein Purification

E. coli BL21 (DE3) strains harboring protein expression plasmids were grown at 37 <T in LB
containing 50 pg/ml kanamycin until an OD600 of 0.4, at which time 0.5 mM IPTG was added
for 4 h further growth. Cells were harvested using centrifugation and the pellet was resuspended
in 1/40 culture volume of lysis buffer (50 mM sodium phosphate NaH.PO4 pH 8.0, 0.5 mg/ml
lysozyme). The suspension was incubated on ice for 30min with occasional shaking and then an
equal volume of 50 mM sodium phosphate pH 8.0, 2 M NaCl, 8 mM imidazole, 20 % glycerol, 2
% Triton X-100, was added for an additional 30 min of incubation. Cell lysates were sonicated,
centrifuged, and then the resultant supernatant was added to 2 ml Ni-NTA resin (Qiagen) for 1 h
of rotation at 4°C. The mixture was loaded on a Poly-Prep Chromatography Column (Bio-Rad)
and washed with 10ml of 50mM sodium phosphate pH 8.0, 600 mM NaCl, 60mM imidazole, 10
% glycerol. Proteins were eluted in 2ml 50mM sodium phosphate pH 8.0, 600 mM NaCl, 250
mM imidazole, 10 % glycerol and dialyzed into the same buffer lacking imidazole overnight at
4-C. We note that some of the proteins appeared to show cleavage of the epitope tag after
purification and other proteins formed higher molecular weight aggregates when resolved using

SDS-PAGE.

46



HTS Assay Optimization

The glycosyltransferase activity of NleB1 was tested using the luminescence based UDP-GloTM
Glycosyltransferase Assay (Promega) according to the manufacturer’s instructions. The
optimized assay was performed by incubating purified NleB1 (150 nM) with UDP-GIcNAc (300
uM) for 2 h at 30 <C, followed by the addition of UDP detection reagent to covert UDP to

ATP, which is then utilized by luciferase to generate light in proportion to the UDP
concentration. The luminescence was read using a BioTek Synergy Neo (BioTek Inc.). The
assay was optimized for buffer components (MgCl., NaCl), linearity of the assay, the
concentration ranges of NleB1 and UDP-GIcNAc, optimal temperature, and the Km of NleB1 for

UDP-GIcNACc.

Pilot Library Screening

The optimized assay was used to screen a KU Legacy collection of 5,160 diversity compounds
synthesized by The Chemical Methodologies and Library Development (CMLD) Center. Assays
were performed in buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT, 10 mM
MgClz and 0.5 % DMSO. NleB1 (150 nM) was pre-incubated for 30 min in 384 well-
microplates, containing CMLD compounds (20 uM) transferred acoustically using ECHOS555
(Labcyte Inc). Luminescence was read 2 h after the addition of the UDP detection reagent. Each
screening plate contained 16 wells of minimum signal (no enzyme, substrate only in 0.5 %
DMSO, for average and standard deviation calculations, SD min) and 16 wells of maximum
signal (enzyme + 0.5% DMSO + Substrate, for average and standard deviation calculations,
max). The distribution of controls across each plate was used to calculate Z’ scores, using the

equation z’ = (1 —3SDmin+3SDmax Average max—Average min). The percent inhibition was
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normalized to the controls and compounds that inhibited the assay to >3 standard deviations plus

the plate median were identified as hits.

Glycosylation Assays

In vitro glycosylation assays were performed as described previously (El Qaidi et al. 2017).
Briefly, 200 nM of enzyme (NleB1, SseK1, or SseK2) was incubated with 1 uM of GAPDH or
FADD in the presence or absence of the studied inhibitors in buffer containing 50 mM Tris-HCI
pH 7.4, 1 mM UDP-GIcNAc, 10 mM MnClz, and ImM DTT. After 2 h incubation at RT,
samples were subjected to Western blotting using an anti-RGIcNAc monoclonal antibody
(Abcam). Assays with OGT were performed in buffer containing 25 mM Tris-HCI pH 7.4, 1 mM
UDP-GIcNACc, 12.5 mM MgCly, and 1ImM DTT. After 4 h of incubation at RT, samples were
subjected to Western blotting using an anti-O-GIcNAc monoclonal antibody (Millipore).

Signal intensities were quantified using Li-COR Image Studio software and inhibition was
calculated by quantifying the relative reduction in substrate glycosylation after normalization to

the effect of DMSO.

UDP-Glo Assays

UDP-GIlo luminescence assays were performed in 96 well-microplates, containing 250 nM
NleB1 in 125 mM Tris pH 7.4, 25 mM MnClz, 2.5 mM DTT, and 100 uM UDP-GIcNAc in the
presence of inhibitor concentrations ranging from 1 nM to 500 uM. Reactions were incubated for
2 hat 30 <C and then developed and quantified using a FLUOstar microplate reader (BMG

Labtech).
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Transfections

HEK293T cells were co-transfected with NleB1-HA and TRADD-FLAG plasmids in the
presence or the absence of inhibitors. At 24 h post-transfection, cells were washed with PBS,
suspended in SDS sample buffer, boiled for 10min, and immunoblotted with an anti-R-GIcNAc

monoclonal antibody (Abcam).

MTT Assays
MTT assays were performed as specified by Millipore using HEK 293 cells in the presence of 2-
fold serial dilutions of 100066N or 102644N. Formazan absorbance was measured using an

Epoch Microplate Spectrophotometer (BioTek).

Macrophage Infections

Macrophage infection assays were performed to measure the intracellular invasion of bacteria in
the presence of 100066N or 102644N. RAW264.7 cells were seeded at 1 x 10° cells/well in 24-
well plates and inhibitors were added at 1 or 10 uM final concentrations 1 h before infection.
Bacterial cultures were grown overnight and 10% CFUs were added to each well for 30 min. Cells
were then incubated in medium containing 100 pg/mL gentamicin for 1 h, and then 10 pg/mL
gentamicin for an additional 23 h. Bacteria were released from RAW264.7 cells using 1 %

saponin, diluted in PBS, and plated for colony counts.
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Statistical Analyses
Data were analyzed statistically using one-way analysis of variance (ANOVA) with Dunnett’s

multiple comparisons tests. P-values < 0.05 were considered significant.

50



Chapter 3 - YM155 Inhibits NleB and SseK Arginine

Glycosyltransferase Activity

I contributed to all figures except for Figure 8 and Figure 9 in Chapter 3. A modified version of this chapter is
published in Pathogens (Zhu et al. 2021).

Zhu C, El Qaidi S, McDonald P, Roy A, & Hardwidge PR. (2021). YM155 Inhibits NleB and SseK Arginine
Glycosyltransferase Activity. Pathogens. 2021. doi: 0.3390/pathogens10020253

Introduction

Enteric bacterial pathogens are important threats to human health and are major sources of
foodborne disease. Enterohemorrhagic E. coli (EHEC) are especially important bacterial
pathogens because they cause a type of renal failure (hemolytic uremic syndrome; HUS) for
which therapies are limited (Tzipori et al. 2004). A related attaching/effacing (A/E) pathogen,
enteropathogenic E. coli (EPEC), is an important cause of infantile diarrhea. Recent EHEC
outbreaks (e.g. 0104:H4) have involved a combination of virulence traits characteristic of EHEC
and of enteroaggregative E. coli (EAEC; Kampmeier et al. 2018). Salmonella is also a leading
cause of foodborne illnesses (Martinez-Becerra et al. 2018). Understanding how these bacteria
evade the mammalian immune system and develop small molecules to subvert these bacterial
strategies is an important area of investigation. We and others have characterized a conserved
family of type 111 secretion system (T3SS) effector proteins that inhibits innate immune
responses to infection (Esposito et al. 2018; Gao et al. 2013; Li et al. 2013; Park et al. 2018;
Pearson et al. 2013). These proteins (named NleB1 in EHEC and EPEC, NleB in Citrobacter
rodentium, and SseK in Salmonella enterica) are glycosyltransferases that glycosylate host
protein substrates with B-D-N-acetylglucosamine (GIcNAc) on arginine residues. These

substrates include receptor-interacting serine/threonine-protein kinase 1 (RIPK1), tumor necrosis
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factor receptor (TNFR) type 1-associated DEATH domain protein (TRADD), and the Fas-
associated protein with death domain (FADD). Some NleB/SseK orthologs also glycosylate
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to reduce GAPDH binding to TRAF2 and
inhibit NF-xB signaling (Gao et al. 2013). Arginine glycosylation occurs on the guanidinium
groups of arginines, which are poor nucleophiles. This modification is biologically important
because the glycosylation of arginines on host protein substrates leads to target protein
inactivation and disrupts the innate immune response. Mammals do not add N-GIcNAc residues
to arginine, while this modification is important to E. coli and Salmonella virulence. Thus,
inhibitors that prevent the formation of this unusual post-translational modification represent a
potentially novel mechanism by which to combat infections. We previously developed and
optimized a high-throughput screening (HTS) assay for NleB1 inhibitors. This assay produces a
luminescent signal when UDP-GlcNAc is hydrolyzed by NleB1 to liberate UDP (El Qaidi et al.
2018). We showed from an initial screen of 5160 compounds from the University of Kansas
Center of Excellence in Chemical Methodologies and Library Development library that two
compounds, 100066N and 102644N, both inhibited NleB1, SseK1, and SseK2 activities (El
Qaidi et al. 2018). The addition of these compounds to cultured mammalian cells inhibited
NleB1 glycosylation of TRADD. These compounds were also capable of inhibiting Salmonella
replication in mouse macrophage-like cells. Neither inhibitor was significantly toxic to
mammalian cells, nor showed in vitro cross-reactivity with the mammalian O-linked N-
acetylglucosaminyltransferase (OGT). The utility of 100066N and 102644N was limited because
of the lack of their commercial availability and poor solubility. We were therefore motivated to
screen a larger library of compounds to identify more diverse scaffolds that may be amenable to

future chemical optimization. Here, we report the results of a 42,498 compounds screening
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assay, as well as the preliminary characterization of the activity of sepantronium bromide

(YM155) against NleB/SseK.

Results

NleB1 Inhibitor Screening

We used a previously described high-throughput screening (HTS) assay for NleB1 inhibitors that
produces a luminescent signal when UDP-GIcNAc is hydrolyzed by NleB1 to liberate UDP (EI
Qaidi et al. 2018). The assay was performed by incubating purified NleB1 (150 nM) with UDP-
GlcNAc (300 uM) for 2 h at 30 °C, followed by conversion of UDP to ATP, which is then
utilized by luciferase to generate light in proportion to the UDP concentration.

We screened 42,498 compounds (20 M) derived from the University of Kansas Infectious
Diseases Assay Development (KU-IDAD) laboratory from diversity sets representing a diverse
scaffold collection including: Analyticon Natural products library (n = 4,197), ChemDiv 3D
Biodiversity (n = 19,528), ChemDiv Peptidomimetics (n = 12,139), FDA (n = 1,280), Selleck
Bioactives (n = 3,354), and MayBridge mini (n = 2,000) for their ability to inhibit NleB1
activity.

Overall, we obtained a 0.47 % hit rate (200 compounds) with an average z’-score of 0.77 +/-
0.08 (Figure 8A). Among the 200 compounds that significantly inhibited NleB1 activity, the hits
were distributed among the libraries as follows : Analyticon Natural products library (n = 76),
ChemDiv 3D Biodiversity (n = 59), ChemDiv Peptidomimetics (n = 8), FDA (n = 25), Selleck

Bioactives (n = 28), and MayBridge mini (n = 4) (Figure 8B).
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Figure 8 Primary screening results
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(A) Distribution of Z” scores across plates in NleB1 inhibition assays. An average z’-score of 0.77 +/- 0.08 was

obtained, reflecting good separation between the distributions of the positive and negative controls among all assay
plates. (B) HTS results. The percentage of inhibition was calculated by computing luminescence signals from UDP
liberated from NleB activity. Inhibition was plotted as a function of each compound per well number for all 42,498

targets in the combined libraries.

We validated 8 of the primary hits by performing additional reporter assays and determined that

each of the tested compounds inhibited NleB activity without directly impacting the luciferase

enzyme used in the primary assay (Figure 9).
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Figure 9 Reporter assay reconfirmation.
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Thonzonium Bromide is a monocationic surface-active agent with surfactant and detergent
properties used as an additive in ear and nasal drops (Chafetz et al. 1986). Telbivudine is an
antiviral drug used to treat hepatitis B infection (Han 2005). Eprosartan mesylate is an
angiotensin Il receptor antagonist used to treat high blood pressure (Teitelbaum et al. 2004)
NH125 is a selective inhibitor of eukaryotic elongation factor 2 kinase with anti-bacterial
properties (Abouelhassan et al. 2019). Drofenine hydrochloride is a competitive inhibitor of
butyrylcholinesterase (Bodur et al. 2001). Beta-Lapachone is a naturally occurring topoisomerase

| inhibitor that induces apoptosis by inhibiting cell cycle progression (Li et al. 1993). PR-619 is a
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broad-range deubiquitylase inhibitor that induces ER stress (Kuan-lin et al. 2019). One of the
new compounds we identified from this screen is sepantronium bromide (YM155; Figure 10A).
YM155 is an inexpensive, commercially-available compound that has been previously
characterized as a suppressor of survivin, a member of the inhibitor of apoptosis (IAP) gene
family (Nakahara et al. 2007). YM155 suppresses proliferation in a broad range of human cancer
cell lines (Nakahara et al. 2011). We investigated the activity of YM155 against NleB/SseK

further.

Glycosylation Assays

We tested the ability of YM155 to inhibit substrate glycosylation by the NleB/SseK enzymes.
All recombinant enzymes (rNIeB1, rNIeB, rSseK1, and rSseK2) and substrates (rGAPDH and
rFADD) were first purified using affinity chromatography (Figure 10B). YM155 inhibited EHEC
NleB1, NleB, and SseK1 glycosylation of GAPDH in a concentration dependent manner (Fig.
3C). YM155 also inhibited SseK2 glycosylation of the human FADD protein (Figure 10C).
Western blot intensities were quantified as shown in Figure 10D.

We next tested whether YM155 also inhibited the human OGT enzyme, an essential
serine/threonine N-acetylglucosamine (O-GIcNAC) transferase that maintains protein
glycosylation homeostasis (Zhao et al. 2018). To do this, we performed a bioluminescence-based
UDP-GIlo glycosyltransferase assay to quantify OGT activity in presence of YM155. YM155 had
no impact on OGT activity (Figure 10E), suggesting it is specific to the NleB/SseK Arg

glycosyltransferases.

56



Figure 10 In vitro glycosylation assays
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Quantification of western blot signal intensities, n = 3. (E) UDP Glo Assay. OGT activity as a function of [YM155],
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Growth Assays

YM155 did not impact the growth rates of C. rodentium, EHEC, or Salmonella enterica when
supplied at concentrations of up to 125 M in bacterial cultures (Figure 11A). These data suggest
that YM155 does not act as a general bacteriostatic or bactericidal agent. YM155 was not
significantly toxic to mammalian cells, as inferred from 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay data (Figure 11B). These data suggested the potential
use of YM155 as an anti-virulence small molecule. To determine whether YM155 might

function in vivo to reduce pathogen burdens, we gquantified the impact of YM155 on Salmonella

survival in cell culture. When YM155 was added to RAW264.7 cells prior to their infection with



Salmonella, we observed that the number of Salmonella 24 h after infection was significantly

reduced (Figure 11C).

Figure 11 Cellular assays
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(A) Bacterial growth assays. C. Rodentium, EHEC, and S. enterica were cultured in LB media in the presence of

YM155; bacterial growth was monitored as a function of time. (B) MTT assays. YM155 was added to RAW264.7

cells for 24 h and cell viability was assayed by monitoring MTT signal intensity. (C) Salmonella infection assays.
RAW?264.7 cells were seeded at 1 x 105 cells/well in 24-well plates and YM155 was added 1 h before infection with
10% CFUs of Salmonella for 30 min. Cells were incubated in medium containing 100 pg/mL gentamicin for 1 h, and

then 10 pg/mL gentamicin for an additional 23 h. Bacteria were released from RAW264.7 cells using 1 % saponin,

diluted in PBS, and plated for colony counts.
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Discussion
We previously identified two small molecules, 100066N and 102644N, that inhibited the
activities of NleB1, SseK1, and SseK2 (El Qiadi et al. 2018). In this study, we screened a larger
library of 42,498 compounds and identified 200 other molecules that may have activity against
NleB/SseK (Figure 8). We validated the activity of 8 of these compounds in secondary screening
assays (Figure 9). However, most of these compounds had unfavorable properties that precluded
their further study. PR-619 exhibits cytotoxicity (Seiberlich et al. 2012) and Beta-Lapachone
causes DNA damage (Vanni et al. 1998). NH125 exhibited direct antimicrobial activity, whereas
thonzonium bromide, telbivudine, eprosartan mesylate, and drofenine hydrochloride did not
significantly reduce NleB1 activity when studied further in Western blotting assays (data not
shown). We therefore focused on YM155.

YM155 was discovered as a small molecule inhibitor that suppresses survivin, a member of the
inhibitor of apoptosis (IAP) family (Nakahara et al. 2007). Survivin functions to inhibit caspase
activation (Ambrosini et al. 1997). YM155 suppresses the proliferation of a broad range of
human cancer cell lines (Nakahara et al. 2011). YM155 also inhibits topoisomerase function and
prevents double DNA strand repair (Hong et al. 2017).

Here we determined that YM155 also functions as an NleB/SseK glycosyltransferase inhibitor.
IC50s for the NleB/SseK orthologs were estimated at ~2 UM from luciferase reporter (Figure 9)
and Western blotting assays (Figure 10C-D). YM155 had no discernible toxicity to RAW264.7
cells, nor did it affect bacterial growth rates at concentrations less than 250 M. Furthermore,
YM155 had no apparent cross-reactivity with the mammalian OGT enzyme (Figure 10E).
YM155 reduced the survival of Salmonella in RAW264.7 cells as a function of YM155

concentration (Figure 11C), suggesting its potential utility as an anti-virulence compound.

59



Although YM155 appears to be less active than 100066N and 102644N (EI Qiadi et al. 2018), it
has the advantage of being more soluble and amenable to chemical derivatization.

While our primary goal is to discover, characterize, and use NleB/SseK inhibitors as anti-
virulence therapeutics, it has not escaped our attention that an additional benefit of such
inhibitors may be by synergizing with existing antibiotic regimens. Thus, future applications of
our work would be to perform minimum inhibitory and minimal bactericidal concentration
testing and quantify to what extent the NleB/SseK inhibitors may improve antibiotic efficacy.
The future repurposing of previously characterized small molecules to prevent or treat bacterial
could promote a medicinal chemistry campaign on NleB/SseK inhibitor development, as well as
the development of other small molecules that inhibit effectors catalyzing unusual post-

translational modifications, which adds impact to potential future studies.

Materials and Methods

Cell lines

Abelson-murine-leukemia-virus-induced, macrophage-like cells from BALB/c mice
(RAW?264.7) were purchased from ATCC and grown in Dulbecco’s Modified Eagle Medium
(DMEM), supplemented with 10 % FBS (Atlanta Biologicals) and 100 pg/ml
penicillin/streptomycin (Sigma, St. Louis, MO, USA) in 5 % COo.

Library Screening

HTS assays were performed similarly to as described previously (El Qiadi et al. 2018) in 50 mM
Tris-HCL buffer pH 7.5, 100 mM NaCl, 1 mM DTT, 10 mM MgCl; and 0.5 % DMSO. NleB1
(150 nM) was pre-incubated for 30 min in 384 well-microplates, containing compounds (20 M)

transferred acoustically using ECHO555 (Labcyte Inc). Luminescence was read 2 h after the

60



addition of the UDP detection reagent. The percent inhibition was normalized to the controls and
compounds that inhibited the assay to >3 standard deviations plus the plate median were

identified as hits.

Protein Purification

Protein purification was performed similarly to as described previously (El Qiadi et al. 2017). E.
coli BL21 (DE3) strains harboring pET42a-, pET28a-, and pET 15b-expression plasmids were
grown at 37 °C in LB until an OD600 of 0.4, at which time 0.5 mM IPTG was added for 4 h.
Cells were centrifuged, and the pellet was resuspended in lysis buffer (50 mM sodium phosphate
buffer pH 8.0, 0.5 mg/ml lysozyme). The suspension was incubated on ice for 30 min with
occasional shaking and then treated with 50 mM sodium phosphate buffer pH 8.0, 2 M NaCl, 8
mM imidazole, 20 % glycerol, 2 % Triton X-100, for 30 min. Cell lysates were sonicated,
centrifuged, and then the resultant supernatant was added to 2 ml Ni-NTA resin (Qiagen) for 1 h
of rotation at 4 °C. The mixture was loaded on a Poly-Prep Chromatography Column (Bio-Rad)
and washed with 10 ml of 50 mM sodium phosphate buffer pH 8.0, 600 mM NaCl, 60 mM
imidazole, 10 % glycerol. Proteins were eluted in 2 ml 50 mM sodium phosphate buffer pH 8.0,
600 mM NacCl, 250 mM imidazole, 10 % glycerol and dialyzed into the same buffer lacking

imidazole.

Glycosylation Assays
In vitro glycosylation assays were performed as described previously (El Qiadi et al. 2017).
Enzymes (200 nM of NleB1, NleB, SseK1, or SseK2) were incubated with 1 M of GAPDH or

FADD +/- serial dilutions of YM155 in 50 mM Tris-HCI buffer pH 7.4, 1 mM UDP-GIcNAc, 10

61



mM MnClz, and 1 mM DTT. After 2 h incubation at RT, samples were subjected to western
blotting using anti-R-GlcNAc and anti-His tag monoclonal antibodies (Abcam, Cambridge, MA,
USA). Signal intensities were quantified using LI-COR Image Studio software (LI-COR
Biosciences, Lincoln, NY, USA), and inhibition was calculated by quantifying the relative

reduction in substrate glycosylation.

OGT assays

UDP-GIlo luminescence assays were performed to determine whether YM155 inhibits the
mammalian OGT enzyme. Reactions were performed in 96 well-microplates following
manufacturer’s instructions with the UDP-Glo™ Glycosyltransferase Assay Kit (Promega).
Reactions contained 200 nM OGT in 25 mM Tris-HCL buffer pH 7.5, 12.5 mM MgCl,, 0.06
mg/ml BSA, 1 mM DTT, 50 uM OGT peptide substrate and 100 uM UDP-GIcNAc, and
included YM155 from 1-200 uM. Reactions were incubated for 1 h at 22 <C, and luminescence

signals were quantified using a FLUO star microplate reader (BMG Labtech, Cary, NC, USA).
MTT Assays

MTT assays were performed as specified by Millipore using RAW264.7 cells in the presence of
2-fold serial dilutions of YM155. Formazan absorbance was measured using an Epoch

Microplate Spectrophotometer (BioTek, Winooski, VT, USA).

Bacterial Growth Assays
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Bacterial cultures were grown overnight, diluted 1:200 in LB in the presence of 2-fold serial
dilutions of YM155 (0-250 uM), and then grown at 37 <C for 18 h. Bacterial growth was

monitored by measuring the absorbance of the culture medium at ODsoo.

Macrophage Infection assays

RAW264.7 cells were seeded at 1 x 10° cells/well in 24-well plates and YM155 was added 1 h
before infection. Bacterial cultures were grown overnight and 10% CFUs were added to each well
for 30 min. Cells were treated with 100 pg/mL gentamicin for 1 h, and then 10 pg/mL
gentamicin for an additional 23 h. Bacteria were released from RAW264.7 cells using 1 %

saponin (Sigma), diluted in PBS, and plated for colony counts.
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Chapter 4 - Discussion. Strategies Used in New Enzyme Inhibitor

Discovery

An enzyme inhibitor is a molecule that binds to an enzyme and decreases enzymatic activity. It is
in contrast of the term enzyme activator, which increases enzymatic activity. Enzyme inhibitors

decrease enzyme activity through various mechanisms.

Inhibitor classification
Generally, inhibitors are divided into two categories: Reversible inhibitors and irreversible
inhibitors.
Reversible inhibitors bind to enzymes with non-covalent interactions such as hydrogen bonds,
hydrophobic interactions, and ionic bonds. In common, enzyme activity affected by reversible
inhibitors can be recovered through removing the inhibitor. There are four classes of reversible
enzyme inhibitors corresponding to their effect on the kinetic constants of the enzyme:
competitive inhibitor, uncompetitive inhibitor, non-competitive inhibitor, and mixed inhibitor. In
competitive inhibition, the inhibitor usually binds to the same active site of enzyme where the
substrate aims to bind. Enzymatic activity is decreased because inhibitor and substrate compete
for the same active site resulting in less substrate bound to the enzyme. For uncompetitive
inhibitor, the inhibitor binds to the substrate-enzyme complex instead of the enzyme itself. In
non-competitive inhibition, the inhibitor binds to a different site of enzyme rather than where the
substrate binds to, causing a structural change in enzyme where the enzyme-substrate-inhibitor
complex cannot form product. A mixed inhibitor can bind to the enzyme at the same time as the
enzyme's substrate. Differ from non-competitive inhibition, binding of a mixed inhibitor affects

the binding of the substrate (Strelow et al. 2004). The kinetics of enzyme-catalyzed reactions can
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be used to identify different types of inhibition, according to their effects on Kn (Michaelis
constant) and Vmax (maximum velocity) (Cleland et al. 1963).

The irreversible inhibitors usually covalently bind to an enzyme, and inhibition can not be
reversed. Irreversible inhibitors change enzyme active site and display time-dependent inhibition

(Srinivasan 2020).

Use of inhibitors

Enzyme inhibitors are widely used in agricultural and medical field. They either come from
natural products or synthesized in labs and industries.

Natural inhibitors often act as poisons from animals and plants to prey for food or defend their
predators. Most natural poisons are neurotoxins which can cause paralysis. For example,
penicillin from Penicillium moulds act as B-lactam antibiotics to fight against a broad spectrum
of bacteria (Wainwright, 1987); glycoalkaloids from plants are acetylcholinesterase (AChE)
inhibitors which break down neurotransmitter acetylcholine into acetate and choline
(Hostettmann, 2006); Botulinum toxin from Clostridium botulinum and related species
(Montecucco, 2005) interferes with neural transmission by blocking the release of acetylcholine
at neuromuscular junction, leading to muscle paralysis (Burgen et al. 1949). Therefore,
botulinum toxin is commonly used in the medical field for muscle disorders treatment and
cosmetic applications (Ramachandran and Yaksh, 2014).
Artificial synthesized inhibitors have developed broader and more specific use compared to
natural inhibitors. They can also be AChE inhibitors used in agriculture as insecticides

(malathion) and herbicides (glyphosate) (Colovic et al. 2013). Others are designed into drugs for
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medical purpose, such as DNA replication inhibitors used in cancer chemotherapies and

inhibitors which regulate the metabolic pathways.

Methodologies to discover new inhibitors
There are three ways to discover new inhibitors: Use of natural products, high-throughput
screening (HTS), and rational design with the help of computer modeling (molecular docking).
Natural toxins are often enzyme inhibitors secreted by plants or animals to help survive in nature.
They can be used to hunt for food or defend against predators. Many drugs we use nowadays are
natural compounds or their derivatives (Newman, 2000). Despite the complexity of natural
products which made them difficult to isolate and analyze, the development of modern analytical
and synthetic techniques has greatly broadened our understanding of the active composition and
molecular structure of natural products. Therefore, natural products still have high potential for
new inhibitors discovery as we can find new enzyme targets of existing products and synthesize
derivatives according to their well-studied structures (Clardy and Walsh, 2004).
High-throughput screening (HTS) is based on the concept that testing a large library of
compounds against one target enzyme, in hope of finding some of the compounds can
significantly alternate target enzyme activity. This methodology was the only choice for new
drug discovery in the past as we had limited knowledge to predict protein-protein interactions.
Therefore, the quality of screening was based on which library we chose and how many
compounds we screened. Scientists have gained rich experience during practice of HTS trials to
overcome difficulties in finding suitable inhibitors. For example, using dimethyl sulfoxide
(DMSO) to dissolve compounds which are poorly soluble in water; developing colorimetric

methods for quantification of specific enzyme reactions to increase accuracy and decrease
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complexity during new compounds search; Targeting smaller-size compounds profile and
existing drug libraries for easier understanding the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) process of identified targets (Gribbon and Sewing, 2005). If
choosing the right screening strategy and following the hit to lead process, HTS will still be the
classical and practical method in new drug discovery.

Rational design and molecular docking became possible approach in the past decade with the fast
development of structural biology. Crystallography technique improvements such as s high-
throughput crystallization (Mueller et al. 2001) and high-performance synchrotron beamlines
(Hendrickson, 2000) have revealed more structure information than ever before. Therefore, it
becomes possible to conclude enzyme activity through their 3D structure and synthesize
compounds of required functional domains. Rational design is based on the structure of a known
enzyme especially its functional region to predict products which could be possible inhibitors.
These candidates are then tested against the target enzyme to discover novel inhibitor which can
reduce specific enzymatic activity. Obtaining the novel inhibitor and enzyme complex structure
can further help the refinement of inhibitor, such as modifying the functional groups of inhibitor
to increase affinity to the enzyme. The repetition of refinement process can theoretically lead to
ideal inhibitor finding in the concept of rational design. Instead of HTS, initial screening for
rational design used computational methods to predict the affinity between two molecules,
known as ‘molecular docking’. This technique simulates the docking process by comparing two
molecule’s shape complementarity and calculating interaction energies when the enzyme and a
potential inhibitor are binding together. Molecular docking can go through virtual libraries that is
larger than any physical library in relatively short time, thus making it powerful technique to

support rational design of new drugs.
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Identification of bacterial arginine glycosyltransferase inhibitors
EPEC, EHEC and Salmonella are food borne pathogens of high threat to public health. Annually
increasing in their antibiotic drug resistance rise challenge for new drug development. These
Gram-negative pathogens inject virulence proteins into host cell through type 111 secretion
system. The secreted T3SS effectors help them to invade host cells and survive under host
defense mechanisms, making them attractive targets for antimicrobial treatments.

Many small inhibitors against T3SS have been identified in the past decade. Animal studies have
supported the concept that aiming at bacterial virulence factors, rather than killing the bacteria,
can significantly decrease the chance of bacteria developing drug resistance. Therefore, finding
small molecule inhibitors of T3SS is a promising way to develop antivirulence therapies. For
example, N-Hydroxybenzimidazoles can inhibit LcrF transcription activator by targeting
multiple adaptational response (MAR) proteins, in turn suppress the expression of cytotoxic Yop
proteins in Yersinia (Garrity-Ryan et al. 2010); Compound 2-imino-5-arylidene thiazolidinone
(TTS29) disrupts T3SS needle assembly in S. typhimurium without affecting bacterial growth,
and also can function on Y. spp., P. aeruginosa and Francisella novicida (Felise et al. 2008).
Our goal is to find small molecule inhibitors of enteric pathogens’ T3SS effectors. We targeted
effector NleB because the deletion of gene nleB significantly attenuates C. rodentium virulence.
We identified three compounds (100066N, 102644N and YM155) through HTS that significantly
inhibited NleB1, SseK1, and SseK2 glycosylation activities. Combination of 50 % 100066N and
50 % 102644N achieved enhance inhibition of NleB1 activity. NleB1 is a glycosyltransferase

composed of a helix-loop-helix (HLH) domain, a lid domain, and a catalytic domain. The HLH
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domain is important to the recognition of the acceptor protein substrates containing death
domains. The conserved HEN motif (His-Glu-Asn) in the active site is important for enzyme
catalysis and bacterial virulence (Park et al. 2018).

We hypothesize several mechanisms for identified inhibitors to work. They could affect UDP-
GIcNAc binding and/or hydrolysis, activation of the acceptor arginine, the flexibility of the HLH
domain, the folding of enzyme catalytic domain or the amino residues of DXD motif.

Obtaining the co-crystal structure of inhibitors 100066N and 102644N bind to enzymes
NleB/SseK complex is our next goal to understand their mechanisms of inhibition. This step is
critical for designing derivatives of these compounds (or find structure similar drugs) to improve
inhibitory performance. New round of screening these derivatives, repetition of refinement
process can theoretically lead to ideal inhibitor finding. We aim to find one compound that is
highly efficient in reducing EHEC/ EPEC and Salmonella virulence, highly specific to bacterial
glycosyltransferase with less toxicity or side effects, and commercially affordable which can be
further developed as antibacterial drug.

Despite screening for more potential small molecule inhibitors and testing YM155 derivatives,
we considered also look into molecules which can inhibit formation of T3SS apparatus. NleB1 is
not the only gene controlling EHEC virulence, inhibitor of T3SS assembly can theoretically be
more effective on reducing pathogen virulence. As T3SS structure is highly conserved among
species, the discovery of new inhibitors is likely to block virulence of a wide array of animal and
plant Gram-negative bacterial pathogens. However, as more evidence of bacterial secretion
system effectors possess intra-bacterial activities appears (El Qiadi et al. 2020), we may not be

able to significantly attenuates bacteria virulence without affecting their metabolism.
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Chapter 5 - Conclusions

During evolution, enteric pathogens developed various strategies to invade, survive, and multiply
in their hosts. One of the most important methods is to deliver virulence proteins to the host
through multiple secretion systems. These virulence factors termed ‘effectors’ can counteract
host immune systems and play critical roles in bacterial pathogenesis.

In Chapter 1, we discussed about the general background information of three common enteric
pathogens Escherichia coli, Salmonella enterica, and Citrobacter rodentium. This part includes
the classification, clinical symptoms, and major virulence traits of EHEC, EPEC, Salmonella
enterica and Citrobacter rodentium. In the second part, we discussed six major secretion systems
of gram-negative bacteria separately, including Type I, 11, I11, 1V, V and VI secretion system. We
described each of their composition, structure differences and compared their mechanisms of
protein secretion. Our laboratory work focuses on T3SS of enteric attaching/effacing (A/E)
pathogens. We reviewed detailed information for each individual T3SS effectors of EHEC,
EPEC, Salmonella enterica, and Citrobacter rodentium. This information includes where the
effector is encoded, what are their enzyme activities, and how they interact with the host. Site
mutations data and animal studies of individual effectors are also included. To conclude, many
T3SS effectors block multiple steps within a host signaling pathway (e.g. NF-xB signaling
pathway) to suppress innate immune response.

In Chapter 2, we specifically targeted T3SS effector NleB1, a signature of EHEC strains causing
hemolytic uremic syndrome. As deletion of nleB or nleB Y219A, E253A point mutations
significantly attenuates C. rodentium virulence (Kelly et al. 2006; Wong et al. 2016), we aim to
identify small molecule inhibitors of NleB1 against EHEC infection. We developed and

optimized a HTS assay to screen for NleB1 inhibitors through the KU CMLD library of 5,160
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compounds. The inhibition of NleB1 glycosylation was performed in a solution-based assay that
produces a luminescent signal when UDP-GIcNAC is hydrolyzed by NleB1 to liberate UDP. A
significant reduction in luminescent signal can be acquired when NleB1 glycosylation is
inhibited by the compound being tested. We obtained two most potent hits 100066N and
102644N in the primary screening. 100066N is a flavone analog that has been previously
synthesized (Ahn et al. 2007). 102644N is a substituted isoxazole whose synthesis has also been
described (Waldo et al. 2008). 100066N and 102644N were confirmed to inhibit NleB1
glycosylation of human GAPDH protein in vitro through Western blot technique. Both
(100066N and 012644N) compounds can also inhibit enzyme activity of NleB1 orthologs SseK1
and SseK2. For in vivo studies, we found that both compounds can reduce NleB1 glycosylation
of TRADD in HEK293T cells when provided 1 uM concentration. We then tested the two
compounds showing no significant toxicity to mammalian cells using MTT assay, nor did they
cross react with human OGT. Our work further demonstrated the two inhibitors do not affect
EHEC and Salmonella growth rate when provided at 500 uM concentration, but can significantly
reduce Salmonella replication in RAW264.7 cells 24 h after infection. These data show high
potential of 100066N and 102644N for bacterial glycosyltransferase drug development.

In Chapter 3, we performed larger compound library screening for more potential small molecule
targets. The previous 100066N and 102644N showed good characteristics as NleB1 inhibitors
but both were hard to synthesize and difficult to resolve in DMSO. One solution to solve this
issue was to look for existing drugs or compounds which were clearly defined and sold in the
market. So we screened 42,498 compounds from KU-IDAD laboratory holding diversity
compounds libraries: Analyticon Natural products library (n = 4,197), ChemDiv 3D Biodiversity

(n =19,528), ChemDiv Peptidomimetics (n =12,139), FDA (n = 1,280), Selleck Bioactives (n =
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3,354), and MayBridge mini (n = 2,000) for their ability to inhibit NleB1 glycosylation activity
with HTS approach described previously. We obtained 200 hits with over 50 percent reduction in
luminescence signal derived from liberated UDP. Among these hits, eight primary targets were
from both FDA and Bioactives libraries: Thonzonium Bromide, Telbivudine, Eprosartan
mesylate, NH125, Drofenine hydrochloride, Beta-Lapachone, PR-619 and sepantronium bromide
(YM155). We validated the activity of these compounds in secondary screening assays and
decided to focus on YM155 because some of the compounds have unfavorable properties which
restricts future studies while others didn’t show significant reduction of NleB1 activity in
western blot assays. It is already known that YM155 is a survivin inhibitor and suppresses
proliferation of various human cancer cell lines (Nakahara et al. 2007; Nakahara et al. 2011).
Here we determined YM155 also works as glycosyltransferase inhibitor to inhibit EHEC NleBl1,
Citrobacter NleB, Salmonella SseK1 and SseK2. We performed similar assays on YM155 as
previous paper to assess potential of YM155 for drug development. The 1C50s of YM155 for
NleB orthologs were estimated at ~2 UM from luciferase assays and Western blot assays.
YM155 did not show significant toxicity on HEK293T and RAW264.7 cells, nor did it affect
enteric bacteria stains growth rates at up to 250 M concentration. YM155 also did not cross-
reacti with human OGT but was able to reduce salmonella colonization in RAW264.7 cells.
YM155 has the advantage of being more soluble and can be more easily purchased than
100066N and 102644N, making it a better choice to study anti-virulence therapeutics. YM155
can be modified and repurposed drug to counter enteric pathogens infection. YM155 derivatives
can be used together with antibiotics or as alternative treatment to fight against bacterial

antibiotic resistance.
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In Chapter 4, we gave an overview of inhibitor aspects and discussed how to identify a proper
inhibitor. There are two classes of inhibitors, reversible inhibitors and irreversible inhibitors.
Reversible enzyme inhibitors are further classified into four types: competitive inhibition;
uncompetitive inhibition; non-competitive inhibition and mixed inhibition. Enzyme inhibitors are
widely used in agricultural and medical field. They can be used for pest control, serve as
antibiotics, alter metabolic signaling pathway, and treat cancer patients during chemotherapy.
Mechanisms of the inhibition varies but all related to the characteristic of substrate protein.
Despite discovering new inhibitory targets of natural products, there are two major methods
applied in new drug discovery: High-throughput screening and rational design. HTS is rather
traditional and practical method while rational design is computational method with more
theoretical support. HTS is not applicable in circumstances when there is no simple protocol to
test a good number of candidates or it is too costly to do so. Rational design can be more
mechanism instructed but needs detailed structure information to begin with. HTS and rational
design are complementary to each other, combining these two methods and achieving a deeper
understanding of natural products are busting steps of modern drug discovery.

We discussed why we choose effector NleB as target, hypothesized how the three inhibitors may
block NleB function, planned co-crystalize of inhibitor-enzyme complex for understanding the
mechanisms and future refinement of the inhibitors, and targeting inhibitor of broader species of

T3SS Gram-negative bacteria.

73



10.

11.

References

Abouelhassan Y, Zhang P, Ding Y, Huigens lii RW. Rapid kill assessment of an N-
arylated NH125 analogue against drug-resistant microorganisms. Medchemcomm 2019,
10(5):712-716.

Abrusci P, Vergara-Irigaray M, Johnson S, Beeby MD, Hendrixson DR, Roversi P,
Friede ME, Deane JE, Jensen GJ, Tang CM et al. Architecture of the major component of
the type 111 secretion system export apparatus. Nat Struct Mol Biol 2013, 20(1):99-104.

Ahn YM, Vogeti L, Liu CJ, Santhapuram HK, White JM, Vasandani V, Mitscher LA,
Lushington GH, Hanson PR, Powell DR et al. Design, synthesis, and antiproliferative
and CDK2-cyclin a inhibitory activity of novel flavopiridol analogues. Bioorg Med Chem
2007, 15(2):702-713.

Akeda Y, Galan JE. Chaperone release and unfolding of substrates in type 11l secretion.
Nature 2005, 437(7060):911-915.

Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed in
cancer and lymphoma. Nat Med 1997, 3(8):917-921.

Aquino-Gil M, Pierce A, Perez-Cervera Y, Zenteno E, Lefebvre T. OGT: a short
overview of an enzyme standing out from usual glycosyltransferases. Biochem Soc Trans
2017, 45(2):365-370.

Bakshi CS, Singh VP, Wood MW, Jones PW, Wallis TS, Galyov EE. Identification of
SopEZ2, a Salmonella secreted protein which is highly homologous to SopE and involved
in bacterial invasion of epithelial cells. J Bacteriol 2000, 182(8):2341-2344.

Baruch K, Gur-Arie L, Nadler C, Koby S, Yerushalmi G, Ben-Neriah Y, Yogev O,
Shaulian E, Guttman C, Zarivach R et al. Metalloprotease type 111 effectors that
specifically cleave JINK and NF-kappaB. EMBO J 2011, 30(1):221-231.

Batchelor M, Prasannan S, Daniell S, Reece S, Connerton |, Bloomberg G, Dougan G,
Frankel G, Matthews S. Structural basis for recognition of the translocated intimin
receptor (Tir) by intimin from enteropathogenic Escherichia coli. EMBO J 2000,
19(11):2452-2464.

Bayer-Santos E, Durkin CH, Rigano LA, Kupz A, Alix E, Cerny O, Jennings E, Liu M,
Ryan AS, Lapaque N et al. The Salmonella Effector SteD Mediates MARCHS8-
Dependent Ubiquitination of MHC Il Molecules and Inhibits T Cell Activation. Cell Host
Microbe 2016, 20(5):584-595.

Bernal-Bayard J, Cardenal-Munoz E, Ramos-Morales F. The Salmonella type 11l

secretion effector, Salmonella leucine-rich repeat protein (SIrP), targets the human
chaperone ERdj3. J Biol Chem 2010, 285(21):16360-16368.

74



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Bernal-Bayard J, Ramos-Morales F. Salmonella type 111 secretion effector SIrP is an E3
ubiquitin ligase for mammalian thioredoxin. J Biol Chem 2009, 284(40):27587-27595.

Bhavsar AP, Brown NF, Stoepel J, Wiermer M, Martin DD, Hsu KJ, Imami K, Ross CJ,
Hayden MR, Foster LJ et al. The Salmonella type 111 effector SspH2 specifically exploits
the NLR co-chaperone activity of SGT1 to subvert immunity. PLoS Pathog 2013,
9(7):e1003518.

Biemans-Oldehinkel E, Sal-Man N, Deng W, Foster LJ, Finlay BB. Quantitative
proteomic analysis reveals formation of an EscL-EscQ-EscN type Il complex in
enteropathogenic Escherichia coli. J Bacteriol 2011, 193(19):5514-55109.

Blasche S, Mortl M, Steuber H, Siszler G, Nisa S, Schwarz F, Lavrik I, Gronewold TM,
Maskos K, Donnenberg MS et al. The E. coli effector protein NleF is a caspase inhibitor.
PLoS One 2013, 8(3):58937.

Bodur E, Cokugras AN, Tezcan EF. Inhibition effects of benactyzine and drofenine on
human serum butyrylcholinesterase. Arch Biochem Biophys 2001, 386(1):25-29.

Boyd CD, Smith TJ, El-Kirat-Chatel S, Newell PD, Dufrene YF, O'Toole GA. Structural
features of the Pseudomonas fluorescens biofilm adhesin LapA required for LapG-
dependent cleavage, biofilm formation, and cell surface localization. J Bacteriol 2014,
196(15):2775-2788.

Brown NF, Coombes BK, Bishop JL, Wickham ME, Lowden MJ, Gal-Mor O, Goode
DL, Boyle EC, Sanderson KL, Finlay BB. Salmonella phage ST64B encodes a member
of the SseK/NleB effector family. PLoS One 2011, 6(3):e17824.

Bruno VM, Hannemann S, Lara-Tejero M, Flavell RA, Kleinstein SH, Galan JE.
Salmonella Typhimurium type 111 secretion effectors stimulate innate immune responses
in cultured epithelial cells. PLoS Pathog 2009, 5(8):e1000538.

Burgen AS, Hobbiger F. Failure of nerve homogenates to catalyse the coupled
breakdown of acetylcholine and energy-rich phosphate. J Physiol 1949, 108(3):Proc , 44.

Caldwell AL, Gulig PA. The Salmonella typhimurium virulence plasmid encodes a
positive regulator of a plasmid-encoded virulence gene. J Bacteriol 1991, 173(22):7176-
7185.

Campellone KG, Leong JM. Tails of two Tirs: actin pedestal formation by
enteropathogenic E. coli and enterohemorrhagic E. coli O157:H7. Curr Opin Microbiol
2003, 6(1):82-90.

Chafetz L, Greenough RC, Frank J. Thermal decomposition of thonzonium bromide.
Pharm Res 1986, 3(5):298-301.

Chambers KA, Abularrage NS, Scheck RA. Selectivity within a Family of Bacterial
Phosphothreonine Lyases. Biochemistry 2018, 57(26):3790-3796.

75



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen L, Ai X, Portaliou AG, Minetti CA, Remeta DP, Economou A, Kalodimos CG.
Substrate-activated conformational switch on chaperones encodes a targeting signal in
type 111 secretion. Cell Rep 2013, 3(3):709-715.

Clardy J, Walsh C. Lessons from natural molecules. Nature 2004, 432(7019):829-837.

Clarke SC, Haigh RD, Freestone PP, Williams PH. Enteropathogenic Escherichia coli
infection: history and clinical aspects. Br J Biomed Sci 2002, 59(2):123-127.

Cleland WW. The kinetics of enzyme-catalyzed reactions with two or more substrates or
products. 1. Nomenclature and rate equations. Biochim Biophys Acta 1963, 67:104-137.

Collier-Hyams LS, Zeng H, Sun J, Tomlinson AD, Bao ZQ, Chen H, Madara JL, Orth K,
Neish AS. Cutting edge: Salmonella AvrA effector inhibits the key proinflammatory,
anti-apoptotic NF-kappa B pathway. J Immunol 2002, 169(6):2846-2850.

Collins JW, Keeney KM, Crepin VF, Rathinam VA, Fitzgerald KA, Finlay BB, Frankel
G. Citrobacter rodentium: infection, inflammation and the microbiota. Nat Rev Microbiol
2014, 12(9):612-623.

Colovic MB, Krstic DZ, Lazarevic-Pasti TD, Bondzic AM, Vasic VM.
Acetylcholinesterase inhibitors: pharmacology and toxicology. Curr Neuropharmacol
2013, 11(3):315-335.

Connell TD, Metzger DJ, Lynch J, Folster JP. Endochitinase is transported to the
extracellular milieu by the eps-encoded general secretory pathway of Vibrio cholerae. J
Bacteriol 1998, 180(21):5591-5600.

Coombes BK, Wickham ME, Brown NF, Lemire S, Bossi L, Hsiao WW, Brinkman FS,
Finlay BB. Genetic and molecular analysis of GogB, a phage-encoded type I1l-secreted

substrate in Salmonella enterica serovar typhimurium with autonomous expression from
its associated phage. J Mol Biol 2005, 348(4):817-830.

Cornelis GR. The type 11 secretion injectisome. Nat Rev Microbiol 2006, 4(11):811-825.

Coynault C, Robbe-Saule V, Popoff MY, Norel F. Growth phase and SpvR regulation of
transcription of Salmonella typhimurium spvABC virulence genes. Microb Pathog 1992,
13(2):133-143.

Creuzburg K, Giogha C, Wong Fok Lung T, Scott NE, Muhlen S, Hartland EL, Pearson
JS. The Type 111 Effector NleD from Enteropathogenic Escherichia coli Differentiates
between Host Substrates p38 and JNK. Infect Immun 2017, 85(2).

Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB. Recent advances
in understanding enteric pathogenic Escherichia coli. Clin Microbiol Rev 2013,
26(4):822-880.

Dahan S, Wiles S, La Ragione RM, Best A, Woodward MJ, Stevens MP, Shaw RK,

76



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

Chong Y, Knutton S, Phillips A et al. EspJ is a prophage-carried type |11 effector protein
of attaching and effacing pathogens that modulates infection dynamics. Infect Immun
2005, 73(2):679-686.

Daniell SJ, Takahashi N, Wilson R, Friedberg D, Rosenshine I, Booy FP, Shaw RK,
Knutton S, Frankel G, Aizawa S. The filamentous type 11 secretion translocon of
enteropathogenic Escherichia coli. Cell Microbiol 2001, 3(12):865-871.

Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia
coli K-12 using PCR products. Proc Natl Acad Sci U S A 2000, 97(12):6640-6645.

d'Enfert C, Chapon C, Pugsley AP. Export and secretion of the lipoprotein pullulanase by
Klebsiella pneumoniae. Mol Microbiol 1987, 1(1):107-116.

Deng W, Marshall NC, Rowland JL, McCoy JM, Worrall LJ, Santos AS, Strynadka NCJ,
Finlay BB. Assembly, structure, function and regulation of type Il secretion systems. Nat
Rev Microbiol 2017, 15(6):323-337.

Deng W, Puente JL, Gruenheid S, Li Y, Vallance BA, Vazquez A, Barba J, Ibarra JA,
O'Donnell P, Metalnikov P et al. Dissecting virulence: systematic and functional analyses
of a pathogenicity island. Proc Natl Acad Sci U S A 2004, 101(10):3597-3602.

Desvaux M, Hebraud M, Talon R, Henderson IR. Outer membrane translocation:
numerical protein secretion nomenclature in question in mycobacteria. Trends Microbiol
2009, 17(8):338-340.

Diepold A, Wagner S. Assembly of the bacterial type 111 secretion machinery. FEMS
Microbiol Rev 2014, 38(4):802-822.

Dorsey FC, Fischer JF, Fleckenstein JM. Directed delivery of heat-labile enterotoxin by
enterotoxigenic Escherichia coli. Cell Microbiol 2006, 8(9):1516-1527.

Du F, Galan JE. Selective inhibition of type Il secretion activated signaling by the
Salmonella effector AvrA. PLoS Pathog 2009, 5(9):e1000595.

Echtenkamp F, Deng W, Wickham ME, Vazquez A, Puente JL, Thanabalasuriar A,
Gruenheid S, Finlay BB, Hardwidge PR. Characterization of the NleF effector protein
from attaching and effacing bacterial pathogens. FEMS Microbiol Lett 2008, 281(1):98-
107.

El Qaidi S, Chen K, Halim A, Siukstaite L, Rueter C, Hurtado-Guerrero R, Clausen H,
Hardwidge PR. NleB/SseK effectors from Citrobacter rodentium, Escherichia coli, and
Salmonella enterica display distinct differences in host substrate specificity. J Biol Chem
2017, 292(27):11423-11430.

El Qaidi S, Scott NE, Hays MP, Geisbrecht BV, Watkins S, Hardwidge PR. An intra-
bacterial activity for a T3SS effector. Sci Rep 2020, 10(1):1073.

77



51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

El Qaidi S, Zhu C, McDonald P, Roy A, Maity PK, Rane D, Perera C, Hardwidge PR.
High-Throughput Screening for Bacterial Glycosyltransferase Inhibitors. Front Cell
Infect Microbiol 2018, 8:435.

Erhardt M, Namba K, Hughes KT. Bacterial nanomachines: the flagellum and type Il
injectisome. Cold Spring Harb Perspect Biol 2010, 2(11):a000299.

Escherich T. The intestinal bacteria of the neonate and breast-fed infant. 1885. Rev Infect
Dis 1989, 11(2):352-356.

Esposito D, Gunster RA, Martino L, EI Omari K, Wagner A, Thurston TLM, Rittinger K.
Structural basis for the glycosyltransferase activity of the Salmonella effector SseK3. J
Biol Chem 2018, 293(14):5064-5078.

Eulalio A, Frohlich KS, Mano M, Giacca M, Vogel J. A candidate approach implicates
the secreted Salmonella effector protein SpvB in P-body disassembly. PLoS One 2011,
6(3):e17296.

Felise HB, Nguyen HV, Pfuetzner RA, Barry KC, Jackson SR, Blanc MP, Bronstein PA,
Kline T, Miller SI. An inhibitor of gram-negative bacterial virulence protein secretion.
Cell Host Microbe 2008, 4(4):325-336.

Figueiredo JF, Lawhon SD, Gokulan K, Khare S, Raffatellu M, Tsolis RM, Baumler AJ,
McCormick BA, Adams LG. Salmonella enterica Typhimurium SipA induces CXC-
chemokine expression through p38MAPK and JUN pathways. Microbes Infect 20009,
11(2):302-310.

Filloux A. The underlying mechanisms of type Il protein secretion. Biochim Biophys Acta
2004, 1694(1-3):163-179.

Frankel G, Phillips AD, Trabulsi LR, Knutton S, Dougan G, Matthews S. Intimin and the
host cell--is it bound to end in Tir(s)? Trends Microbiol 2001, 9(5):214-218.

Fratamico PM, DebRoy C, Liu Y, Needleman DS, Baranzoni GM, Feng P. Advances in
Molecular Serotyping and Subtyping of Escherichia coli. Front Microbiol 2016, 7:644.

Gao X, Pham TH, Feuerbacher LA, Chen K, Hays MP, Singh G, Rueter C, Hurtado-
Guerrero R, Hardwidge PR. Citrobacter rodentium NleB Protein Inhibits Tumor Necrosis
Factor (TNF) Receptor-associated Factor 3 (TRAF3) Ubiquitination to Reduce Host Type
| Interferon Production. J Biol Chem 2016, 291(35):18232-18238.

Gao X, Wan F, Mateo K, Callegari E, Wang D, Deng W, Puente J, Li F, Chaussee MS,
Finlay BB et al. Bacterial effector binding to ribosomal protein s3 subverts NF-kappaB
function. PLoS Pathog 2009, 5(12):e1000708.

Gao X, Wang X, Pham TH, Feuerbacher LA, Lubos ML, Huang M, Olsen R, Mushegian
A, Slawson C, Hardwidge PR. NleB, a bacterial effector with glycosyltransferase
activity, targets GAPDH function to inhibit NF-kappaB activation. Cell Host Microbe

78



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

2013, 13(1):87-99.

Garrity-Ryan LK, Kim OK, Balada-Llasat JM, Bartlett VJ, Verma AK, Fisher ML,
Castillo C, Songsungthong W, Tanaka SK, Levy SB et al. Small molecule inhibitors of
LcrF, a Yersinia pseudotuberculosis transcription factor, attenuate virulence and limit
infection in a murine pneumonia model. Infect Immun 2010, 78(11):4683-4690.

Gauthier A, Puente JL, Finlay BB. Secretin of the enteropathogenic Escherichia coli type
I11 secretion system requires components of the type 111 apparatus for assembly and
localization. Infect Immun 2003, 71(6):3310-3319.

Gaytan MO, Martinez-Santos VI, Soto E, Gonzalez-Pedrajo B. Type Three Secretion
System in Attaching and Effacing Pathogens. Front Cell Infect Microbiol 2016, 6:129.

Gilson L, Mahanty HK, Kolter R. Four plasmid genes are required for colicin V
synthesis, export, and immunity. J Bacteriol 1987, 169(6):2466-2470.

Giogha C, Lung TW, Muhlen S, Pearson JS, Hartland EL. Substrate recognition by the
zinc metalloprotease effector NleC from enteropathogenic Escherichia coli. Cell
Microbiol 2015, 17(12):1766-1778.

Grabe GJ, Zhang Y, Przydacz M, Rolhion N, Yang Y, Pruneda JN, Komander D, Holden
DW, Hare SA. The Salmonella Effector SpvD Is a Cysteine Hydrolase with a Serovar-
specific Polymorphism Influencing Catalytic Activity, Suppression of Immune
Responses, and Bacterial Virulence. J Biol Chem 2016, 291(50):25853-25863.

Green ER, Mecsas J. Bacterial Secretion Systems: An Overview. Microbiol Spectr 2016,
4(1).

Gribbon P, Sewing A. High-throughput drug discovery: what can we expect from HTS?
Drug Discov Today 2005, 10(1):17-22.

Grishin AM, Cherney M, Anderson DH, Phanse S, Babu M, Cygler M. NleH defines a
new family of bacterial effector kinases. Structure 2014, 22(2):250-259.

Gu L, Zhou S, Zhu L, Liang C, Chen X. Small-Molecule Inhibitors of the Type IlI
Secretion System. Molecules 2015, 20(9):17659-17674.

Guiney DG, Lesnick M. Targeting of the actin cytoskeleton during infection by
Salmonella strains. Clin Immunol 2005, 114(3):248-255.

Gunster RA, Matthews SA, Holden DW, Thurston TLM. SseK1 and SseK3 Type IlI
Secretion System Effectors Inhibit NF-kappaB Signaling and Necroptotic Cell Death in
Salmonella-Infected Macrophages. Infect Immun 2017, 85(3).

Han SH. Telbivudine: a new nucleoside analogue for the treatment of chronic hepatitis B.
Expert Opin Investig Drugs 2005, 14(4):511-5109.

79



77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

Haneda T, Ishii Y, Shimizu H, Ohshima K, lida N, Danbara H, Okada N. Salmonella type
[11 effector SpvC, a phosphothreonine lyase, contributes to reduction in inflammatory
response during intestinal phase of infection. Cell Microbiol 2012, 14(4):485-499.

Haraga A, Miller SI. A Salmonella type 111 secretion effector interacts with the
mammalian serine/threonine protein kinase PKN1. Cell Microbiol 2006, 8(5):837-846.

Hardt WD, Galan JE. A secreted Salmonella protein with homology to an avirulence
determinant of plant pathogenic bacteria. Proc Natl Acad Sci U S A 1997, 94(18):9887-
9892.

Heiskanen P, Taira S, Rhen M. Role of rpoS in the regulation of Salmonella plasmid
virulence (spv) genes. FEMS Microbiol Lett 1994, 123(1-2):125-130.

Henderson IR, Navarro-Garcia F, Desvaux M, Fernandez RC, Ala'Aldeen D. Type V
protein secretion pathway: the autotransporter story. Microbiol Mol Biol Rev 2004,
68(4):692-744.

Hendrickson WA.. Synchrotron crystallography. Trends Biochem Sci 2000, 25(12):637-
643.

Hensel M. Salmonella pathogenicity island 2. Mol Microbiol 2000, 36(5):1015-1023.

Hochmann H, Pust S, von Figura G, Aktories K, Barth H. Salmonella enterica SpvB
ADP-ribosylates actin at position arginine-177-characterization of the catalytic domain
within the SpvB protein and a comparison to binary clostridial actin-ADP-ribosylating
toxins. Biochemistry 2006, 45(4):1271-1277.

Hodgson A, Wier EM, Fu K, Sun X, Yu H, Zheng W, Sham HP, Johnson K, Bailey S,
Vallance BA et al. Metalloprotease NleC suppresses host NF-kappaB/inflammatory
responses by cleaving p65 and interfering with the p65/RPS3 interaction. PLoS Pathog
2015, 11(3):1004705.

Holmes RK, Vasil ML, Finkelstein RA. Studies on toxinogenesis in Vibrio cholerae. I11.
Characterization of nontoxinogenic mutants in vitro and in experimental animals. J Clin
Invest 1975, 55(3):551-560.

Hong M, Ren MQ, Silva J, Paul A, Wilson WD, Schroeder C, Weinberger P, Janik J, Hao
Z. YM155 inhibits topoisomerase function. Anticancer Drugs 2017, 28(2):142-152.

Hueck CJ. Type Il protein secretion systems in bacterial pathogens of animals and
plants. Microbiol Mol Biol Rev 1998, 62(2):379-433.

Ide T, Laarmann S, Greune L, Schillers H, Oberleithner H, Schmidt MA.
Characterization of translocation pores inserted into plasma membranes by type Il1-
secreted Esp proteins of enteropathogenic Escherichia coli. Cell Microbiol 2001,
3(10):669-679.

80



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Johnson TL, Abendroth J, Hol WG, Sandkvist M. Type Il secretion: from structure to
function. FEMS Microbiol Lett 2006, 255(2):175-186.

Jones RM, Wu H, Wentworth C, Luo L, Collier-Hyams L, Neish AS. Salmonella AvrA
Coordinates Suppression of Host Immune and Apoptotic Defenses via JNK Pathway
Blockade. Cell Host Microbe 2008, 3(4):233-244.

Kampmeier S, Berger M, Mellmann A, Karch H, Berger P. The 2011 German
Enterohemorrhagic Escherichia Coli 0104:H4 Outbreak-The Danger Is Still Out There.
Curr Top Microbiol Immunol 2018, 416:117-148.

Kaniga K, Trollinger D, Galan JE. Identification of two targets of the type Il protein
secretion system encoded by the inv and spa loci of Salmonella typhimurium that have
homology to the Shigella IpaD and IpaA proteins. J Bacteriol 1995, 177(24):7078-7085.

Kaniga K, Uralil J, Bliska JB, Galan JE. A secreted protein tyrosine phosphatase with
modular effector domains in the bacterial pathogen Salmonella typhimurium. Mol
Microbiol 1996, 21(3):633-641.

Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev Microbiol 2004,
2(2):123-140.

Keestra AM, Winter MG, Klein-Douwel D, Xavier MN, Winter SE, Kim A, Tsolis RM,
Baumler AJ. A Salmonella virulence factor activates the NOD1/NOD?2 signaling
pathway. mBio 2011, 2(6).

Kelly M, Hart E, Mundy R, Marches O, Wiles S, Badea L, Luck S, Tauschek M, Frankel
G, Robins-Browne RM et al. Essential role of the type 111 secretion system effector NleB
in colonization of mice by Citrobacter rodentium. Infect Immun 2006, 74(4):2328-2337.

Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, Finlay BB. Enteropathogenic
E. coli (EPEC) transfers its receptor for intimate adherence into mammalian cells. Cell
1997, 91(4):511-520.

Kenny B, Finlay BB. Intimin-dependent binding of enteropathogenic Escherichia coli to
host cells triggers novel signaling events, including tyrosine phosphorylation of
phospholipase C-gammal. Infect Immun 1997, 65(7):2528-2536.

Keszei AF, Tang X, McCormick C, Zegiraj E, Rohde JR, Tyers M, Sicheri F. Structure of
an SspH1-PKN1 complex reveals the basis for host substrate recognition and mechanism
of activation for a bacterial E3 ubiquitin ligase. Mol Cell Biol 2014, 34(3):362-373.

Kim J, Thanabalasuriar A, Chaworth-Musters T, Fromme JC, Frey EA, Lario PlI,
Metalnikov P, Rizg K, Thomas NA, Lee SF et al. The bacterial virulence factor NleA
inhibits cellular protein secretion by disrupting mammalian COPII function. Cell Host
Microbe 2007, 2(3):160-171.

Kimura K, Iwatsuki M, Nagai T, Matsumoto A, Takahashi Y, Shiomi K, Omura S, Abe

81



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

A. A small-molecule inhibitor of the bacterial type Il secretion system protects against in
vivo infection with Citrobacter rodentium. J Antibiot (Tokyo) 2011, 64(2):197-203.

Knodler LA, Celli J, Hardt WD, Vallance BA, Yip C, Finlay BB. Salmonella effectors
within a single pathogenicity island are differentially expressed and translocated by
separate type Il secretion systems. Mol Microbiol 2002, 43(5):1089-1103.

Knodler LA, Elfenbein JR. Salmonella enterica. Trends Microbiol 2019, 27(11):964-965.

Koronakis V, Hughes C, Koronakis E. Energetically distinct early and late stages of
HlyB/HlyD-dependent secretion across both Escherichia coli membranes. EMBO J 1991,
10(11):3263-3272.

Koronakis V, Sharff A, Koronakis E, Luisi B, Hughes C. Crystal structure of the bacterial
membrane protein TolC central to multidrug efflux and protein export. Nature 2000,
405(6789):914-919.

Korotkov KV, Sandkvist M, Hol WG. The type Il secretion system: biogenesis,
molecular architecture and mechanism. Nat Rev Microbiol 2012, 10(5):336-351.

Kujat Choy SL, Boyle EC, Gal-Mor O, Goode DL, Valdez Y, Vallance BA, Finlay BB.
SseK1 and SseK2 are novel translocated proteins of Salmonella enterica serovar
typhimurium. Infect Immun 2004, 72(9):5115-5125.

Kuo KL, Liu SH, Lin WC, Chow PM, Chang YW, Yang SP, Shi CS, Hsu CH, Liao SM,
Chang HC et al. The Deubiquitinating Enzyme Inhibitor PR-619 Enhances the
Cytotoxicity of Cisplatin via the Suppression of Anti-Apoptotic Bcl-2 Protein: In Vitro
and In Vivo Study. Cells 2019, 8(10).

Lara-Tejero M, Kato J, Wagner S, Liu X, Galan JE. A sorting platform determines the
order of protein secretion in bacterial type Il systems. Science 2011, 331(6021):1188-
1191.

Le Negrate G. Subversion of innate immune responses by bacterial hindrance of NF-
kappaB pathway. Cell Microbiol 2012, 14(2):155-167.

Le Negrate G, Faustin B, Welsh K, Loeffler M, Krajewska M, Hasegawa P, Mukherjee S,
Orth K, Krajewski S, Godzik A et al. Salmonella secreted factor L deubiquitinase of
Salmonella typhimurium inhibits NF-kappaB, suppresses IkappaBalpha ubiquitination
and modulates innate immune responses. J Immunol 2008, 180(7):5045-5056.

Leo JC, Grin I, Linke D. Type V secretion: mechanism(s) of autotransport through the
bacterial outer membrane. Philos Trans R Soc Lond B Biol Sci 2012, 367(1592):1088-
1101.

Li CJ, Averboukh L, Pardee AB. beta-Lapachone, a novel DNA topoisomerase | inhibitor

with a mode of action different from camptothecin. J Biol Chem 1993, 268(30):22463-
22468.

82



115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

Li S, Zhang L, Yao Q, Li L, Dong N, Rong J, Gao W, Ding X, Sun L, Chen X et al.
Pathogen blocks host death receptor signalling by arginine GIcNAcylation of death
domains. Nature 2013, 501(7466):242-246.

Lin SL, Le TX, Cowen DS. SptP, a Salmonella typhimurium type Il1-secreted protein,
inhibits the mitogen-activated protein kinase pathway by inhibiting Raf activation. Cell
Microbiol 2003, 5(4):267-275.

Litvak Y, Sharon S, Hyams M, Zhang L, Kobi S, Katsowich N, Dishon S, Nussbaum G,
Dong N, Shao F et al. Epithelial cells detect functional type Il secretion system of
enteropathogenic Escherichia coli through a novel NF-kappaB signaling pathway. PLoS
Pathog 2017, 13(7):e1006472.

Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal Transduct
Target Ther 2017, 2.

Liu X, LuR, Wu S, Sun J. Salmonella regulation of intestinal stem cells through the
Whnt/beta-catenin pathway. FEBS Lett 2010, 584(5):911-916.

Loos S, Oh J, Kemper MJ. Eculizumab in STEC-HUS: need for a proper randomized
controlled trial. Pediatr Nephrol 2018, 33(8):1277-1281.

Luperchio SA, Newman JV, Dangler CA, Schrenzel MD, Brenner DJ, Steigerwalt AG,
Schauer DB. Citrobacter rodentium, the causative agent of transmissible murine colonic
hyperplasia, exhibits clonality: synonymy of C. rodentium and mouse-pathogenic
Escherichia coli. J Clin Microbiol 2000, 38(12):4343-4350.

Ma KW, Ma W. YopJ Family Effectors Promote Bacterial Infection through a Unique
Acetyltransferase Activity. Microbiol Mol Biol Rev 2016, 80(4):1011-1027.

Marches O, Covarelli V, Dahan S, Cougoule C, Bhatta P, Frankel G, Caron E. EspJ of
enteropathogenic and enterohaemorrhagic Escherichia coli inhibits opsono-phagocytosis.
Cell Microbiol 2008, 10(5):1104-1115.

Marcus SL, Brumell JH, Pfeifer CG, Finlay BB. Salmonella pathogenicity islands: big
virulence in small packages. Microbes Infect 2000, 2(2):145-156.

Martinez-Becerra FJ, Kumar P, Vishwakarma V, Kim JH, Arizmendi O, Middaugh CR,
Picking WD, Picking WL. Characterization and Protective Efficacy of Type 1l Secretion
Proteins as a Broadly Protective Subunit VVaccine against Salmonella enterica Serotypes.
Infect Immun 2018, 86(3).

Mattei PJ, Faudry E, Job V, l1zore T, Attree I, Dessen A. Membrane targeting and pore
formation by the type 11 secretion system translocon. FEBS J 2011, 278(3):414-426.

Mazurkiewicz P, Thomas J, Thompson JA, Liu M, Arbibe L, Sansonetti P, Holden DW.
SpvC is a Salmonella effector with phosphothreonine lyase activity on host mitogen-
activated protein kinases. Mol Microbiol 2008, 67(6):1371-1383.

83



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L, Porwollik
S, Ali J, Dante M, Du F et al. Complete genome sequence of Salmonella enterica serovar
Typhimurium LT2. Nature 2001, 413(6858):852-856.

McDaniel TK, Jarvis KG, Donnenberg MS, Kaper JB. A genetic locus of enterocyte
effacement conserved among diverse enterobacterial pathogens. Proc Natl Acad Sci U S
A 1995, 92(5):1664-1668.

McShan AC, De Guzman RN. The bacterial type 111 secretion system as a target for
developing new antibiotics. Chem Biol Drug Des 2015, 85(1):30-42.

Medzhitov R, Janeway CA, Jr.. Innate immunity: impact on the adaptive immune
response. Curr Opin Immunol 1997, 9(1):4-9.

Medzhitov R, Janeway CA, Jr.. Innate immunity: the virtues of a nonclonal system of
recognition. Cell 1997, 91(3):295-298.

Miao EA, Miller SI. A conserved amino acid sequence directing intracellular type 11
secretion by Salmonella typhimurium. Proc Natl Acad Sci U S A 2000, 97(13):7539-
7544,

Minamino T, Shimada M, Okabe M, Saijo-Hamano Y, Imada K, Kihara M, Namba K.
Role of the C-terminal cytoplasmic domain of FIhA in bacterial flagellar type 111 protein
export. J Bacteriol 2010, 192(7):1929-1936.

Monjaras Feria J, Garcia-Gomez E, Espinosa N, Minamino T, Namba K, Gonzalez-
Pedrajo B. Role of EscP (Orf16) in injectisome biogenesis and regulation of type 11l
protein secretion in enteropathogenic Escherichia coli. J Bacteriol 2012, 194(22):6029-
6045.

Montecucco C, Molgo J. Botulinal neurotoxins: revival of an old killer. Curr Opin
Pharmacol 2005, 5(3):274-279.

Mueller U, Nyarsik L, Horn M, Rauth H, Przewieslik T, Saenger W, Lehrach H, Eickhoff
H. Development of a technology for automation and miniaturization of protein
crystallization. J Biotechnol 2001, 85(1):7-14.

Mundy R, MacDonald TT, Dougan G, Frankel G, Wiles S. Citrobacter rodentium of
mice and man. Cell Microbiol 2005, 7(12):1697-1706.

Murli S, Watson RO, Galan JE. Role of tyrosine kinases and the tyrosine phosphatase
SptP in the interaction of Salmonella with host cells. Cell Microbiol 2001, 3(12):795-810.

Nakahara T, Kita A, Yamanaka K, Mori M, Amino N, Takeuchi M, Tominaga F,
Hatakeyama S, Kinoyama I, Matsuhisa A et al. YM155, a novel small-molecule survivin
suppressant, induces regression of established human hormone-refractory prostate tumor
xenografts. Cancer Res 2007, 67(17):8014-8021.

84



141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Nakahara T, Kita A, Yamanaka K, Mori M, Amino N, Takeuchi M, Tominaga F,
Kinoyama |, Matsuhisa A, Kudou M et al. Broad spectrum and potent antitumor activities
of YM155, a novel small-molecule survivin suppressant, in a wide variety of human
cancer cell lines and xenograft models. Cancer Sci 2011, 102(3):614-621.

Natale P, Bruser T, Driessen AJ. Sec- and Tat-mediated protein secretion across the
bacterial cytoplasmic membrane--distinct translocases and mechanisms. Biochim Biophys
Acta 2008, 1778(9):1735-1756.

Newell DG, La Ragione RM. Enterohaemorrhagic and other Shiga toxin-producing
Escherichia coli (STEC): Where are we now regarding diagnostics and control
strategies? Transbound Emerg Dis 2018, 65 Suppl 1:49-71.

Newman DJ, Cragg GM, Snader KM. The influence of natural products upon drug
discovery. Nat Prod Rep 2000, 17(3):215-234.

Newton HJ, Pearson JS, Badea L, Kelly M, Lucas M, Holloway G, Wagstaff KM,
Dunstone MA, Sloan J, Whisstock JC et al. The type 1l effectors NleE and NleB from
enteropathogenic E. coli and OspZ from Shigella block nuclear translocation of NF-
kappaB p65. PLoS Pathog 2010, 6(5):e1000898.

Nicaud JM, Mackman N, Gray L, Holland IB. Regulation of hemolysin synthesis in E.
coli determined by HLY genes of human origin. Mol Gen Genet 1985, 199(1):111-116.

Nordfelth R, Kauppi AM, Norberg HA, Wolf-Watz H, Elofsson M. Small-molecule
inhibitors specifically targeting type Il secretion. Infect Immun 2005, 73(5):3104-3114.

Norris FA, Wilson MP, Wallis TS, Galyov EE, Majerus PW. SopB, a protein required for
virulence of Salmonella dublin, is an inositol phosphate phosphatase. Proc Natl Acad Sci
U S A 1998, 95(24):14057-14059.

Notti RQ, Stebbins CE. The Structure and Function of Type Ill Secretion Systems.
Microbiol Spectr 2016, 4(1).

Ochman H, Soncini FC, Solomon F, Groisman EA. Identification of a pathogenicity
island required for Salmonella survival in host cells. Proc Natl Acad Sci U S A 1996,
93(15):7800-7804.

Odendall C, Rolhion N, Forster A, Poh J, Lamont DJ, Liu M, Freemont PS, Catling AD,
Holden DW. The Salmonella kinase SteC targets the MAP kinase MEK to regulate the
host actin cytoskeleton. Cell Host Microbe 2012, 12(5):657-668.

Ogino T, Ohno R, Sekiya K, Kuwae A, Matsuzawa T, Nonaka T, Fukuda H, Imajoh-
Ohmi S, Abe A. Assembly of the type Il secretion apparatus of enteropathogenic
Escherichia coli. J Bacteriol 2006, 188(8):2801-2811.

Pallett MA, Berger CN, Pearson JS, Hartland EL, Frankel G. The type 11l secretion
effector NleF of enteropathogenic Escherichia coli activates NF-kappaB early during

85



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

infection. Infect Immun 2014, 82(11):4878-4888.

Park JB, Kim YH, Yoo Y, Kim J, Jun SH, Cho JW, El Qaidi S, Walpole S, Monaco S,
Garcia-Garcia AA et al. Structural basis for arginine glycosylation of host substrates by
bacterial effector proteins. Nat Commun 2018, 9(1):4283.

Patel JC, Galan JE. Differential activation and function of Rho GTPases during
Salmonella-host cell interactions. J Cell Biol 2006, 175(3):453-463.

Peabody CR, Chung YJ, Yen MR, Vidal-Ingigliardi D, Pugsley AP, Saier MH. Type Il
protein secretion and its relationship to bacterial type IV pili and archaeal flagella.
Microbiology (Reading) 2003, 149(Pt 11):3051-3072.

Pearson JS, Giogha C, Muhlen S, Nachbur U, Pham CL, Zhang Y, Hildebrand JM, Oates
CV, Lung TW, Ingle D et al. EspL is a bacterial cysteine protease effector that cleaves
RHIM proteins to block necroptosis and inflammation. Nat Microbiol 2017, 2:16258.

Pearson JS, Giogha C, Ong SY, Kennedy CL, Kelly M, Robinson KS, Lung TW, Mansell
A, Riedmaier P, Oates CV et al. A type Il effector antagonizes death receptor signalling
during bacterial gut infection. Nature 2013, 501(7466):247-251.

Pham TH, Gao X, Singh G, Hardwidge PR. Escherichia coli virulence protein NleH1
interaction with the v-Crk sarcoma virus CT10 oncogene-like protein (CRKL) governs
NleH1 inhibition of the ribosomal protein S3 (RPS3)/nuclear factor kappaB (NF-kappaB)
pathway. J Biol Chem 2013, 288(48):34567-34574.

Pilar AV, Reid-Yu SA, Cooper CA, Mulder DT, Coombes BK. GogB is an anti-
inflammatory effector that limits tissue damage during Salmonella infection through
interaction with human FBX022 and Skpl. PLoS Pathog 2012, 8(6):e1002773.

Poh J, Odendall C, Spanos A, Boyle C, Liu M, Freemont P, Holden DW. SteC is a
Salmonella kinase required for SPI-2-dependent F-actin remodelling. Cell Microbiol
2008, 10(1):20-30.

Pollard DJ, Berger CN, So EC, Yu L, Hadavizadeh K, Jennings P, Tate EW, Choudhary
JS, Frankel G. Broad-Spectrum Regulation of Nonreceptor Tyrosine Kinases by the
Bacterial ADP-Ribosyltransferase EspJ. mBio 2018, 9(2).

Pollock GL, Oates CVL, Giogha C, Wong Fok Lung T, Ong SY, Pearson JS, Hartland
EL. Distinct Roles of the Antiapoptotic Effectors NleB and NleF from Enteropathogenic
Escherichia coli. Infect Immun 2017, 85(4).

Portaliou AG, Tsolis KC, Loos MS, Zorzini V, Economou A. Type 1l Secretion:
Building and Operating a Remarkable Nanomachine. Trends Biochem Sci 2016,
41(2):175-189.

Pukatzki S, Ma AT, Sturtevant D, Krastins B, Sarracino D, Nelson WC, Heidelberg JF,
Mekalanos JJ. Identification of a conserved bacterial protein secretion system in Vibrio

86



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

cholerae using the Dictyostelium host model system. Proc Natl Acad Sci U S A 2006,
103(5):1528-1533.

Quezada CM, Hicks SW, Galan JE, Stebbins CE. A family of Salmonella virulence
factors functions as a distinct class of autoregulated E3 ubiquitin ligases. Proc Natl Acad
Sci U S A 2009, 106(12):4864-4869.

Radics J, Konigsmaier L, Marlovits TC. Structure of a pathogenic type 3 secretion system
in action. Nat Struct Mol Biol 2014, 21(1):82-87.

Ramachandran R, Yaksh TL. Therapeutic use of botulinum toxin in migraine:
mechanisms of action. Br J Pharmacol 2014, 171(18):4177-4192.

Remmert M, Biegert A, Linke D, Lupas AN, Soding J. Evolution of outer membrane
beta-barrels from an ancestral beta beta hairpin. Mol Biol Evol 2010, 27(6):1348-1358.

Ribet D, Cossart P. Pathogen-mediated posttranslational modifications: A re-emerging
field. Cell 2010, 143(5):694-702.

Robins-Browne RM, Hartland EL. Escherichia coli as a cause of diarrhea. J
Gastroenterol Hepatol 2002, 17(4):467-475.

Rolhion N, Furniss RC, Grabe G, Ryan A, Liu M, Matthews SA, Holden DW. Inhibition
of Nuclear Transport of NF-kB p65 by the Salmonella Type Il Secretion System
Effector SpvD. PLoS Pathog 2016, 12(5):e1005653.

Romo-Castillo M, Andrade A, Espinosa N, Monjaras Feria J, Soto E, Diaz-Guerrero M,
Gonzalez-Pedrajo B. EscO, a functional and structural analog of the flagellar FliJ protein,
is a positive regulator of EscN ATPase activity of the enteropathogenic Escherichia coli
injectisome. J Bacteriol 2014, 196(12):2227-2241.

Ruchaud-Sparagano MH, Muhlen S, Dean P, Kenny B. The enteropathogenic E. coli
(EPEC) Tir effector inhibits NF-kappaB activity by targeting TNFalpha receptor-
associated factors. PLoS Pathog 2011, 7(12):e1002414.

Ruter C, Hardwidge PR. 'Drugs from bugs': bacterial effector proteins as promising
biological (immune-) therapeutics. FEMS Microbiol Lett 2014, 351(2):126-132.

Rytkonen A, Poh J, Garmendia J, Boyle C, Thompson A, Liu M, Freemont P, Hinton JC,
Holden DW. SseL., a Salmonella deubiquitinase required for macrophage killing and
virulence. Proc Natl Acad Sci U S A 2007, 104(9):3502-3507.

Sal-Man N, Biemans-Oldehinkel E, Sharon D, Croxen MA, Scholz R, Foster LJ, Finlay
BB. EscA is a crucial component of the type 111 secretion system of enteropathogenic
Escherichia coli. J Bacteriol 2012, 194(11):2819-2828.

Sal-Man N, Deng W, Finlay BB. Escl: a crucial component of the type I11 secretion
system forms the inner rod structure in enteropathogenic Escherichia coli. Biochem J

87



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

2012, 442(1):119-125.

Salmond GP, Reeves PJ. Membrane traffic wardens and protein secretion in gram-
negative bacteria. Trends Biochem Sci 1993, 18(1):7-12.

Salomon D, Guo Y, Kinch LN, Grishin NV, Gardner KH, Orth K. Effectors of animal
and plant pathogens use a common domain to bind host phosphoinositides. Nat Commun
2013, 4:2973.

Salomon D, Orth K. What pathogens have taught us about posttranslational
modifications. Cell Host Microbe 2013, 14(3):269-279.

Sandkvist M. Biology of type Il secretion. Mol Microbiol 2001, 40(2):271-283.

Schraidt O, Marlovits TC. Three-dimensional model of Salmonella's needle complex at
subnanometer resolution. Science 2011, 331(6021):1192-1195.

Scott NE, Giogha C, Pollock GL, Kennedy CL, Webb Al, Williamson NA, Pearson JS,
Hartland EL. The bacterial arginine glycosyltransferase effector NleB preferentially
modifies Fas-associated death domain protein (FADD). J Biol Chem 2017,
292(42):17337-17350.

Seiberlich V, Goldbaum O, Zhukareva V, Richter-Landsberg C. The small molecule
inhibitor PR-619 of deubiquitinating enzymes affects the microtubule network and causes
protein aggregate formation in neural cells: implications for neurodegenerative diseases.
Biochim Biophys Acta 2012, 1823(11):2057-2068.

Shneider MM, Buth SA, Ho BT, Basler M, Mekalanos JJ, Leiman PG. PAAR-repeat
proteins sharpen and diversify the type V1 secretion system spike. Nature 2013,
500(7462):350-353.

Silberger DJ, Zindl CL, Weaver CT. Citrobacter rodentium: a model enteropathogen for
understanding the interplay of innate and adaptive components of type 3 immunity.
Mucosal Immunol 2017, 10(5):1108-1117.

Smith WPJ, Vettiger A, Winter J, Ryser T, Comstock LE, Basler M, Foster KR. The
evolution of the type VI secretion system as a disintegration weapon. PLoS Biol 2020,
18(5):e3000720.

Song T, Li K, Zhou W, Zhou J, Jin Y, Dai H, Xu T, Hu M, Ren H, Yue J et al. A Type Il
Effector NleF from EHEC Inhibits Epithelial Inflammatory Cell Death by Targeting
Caspase-4. Biomed Res Int 2017, 2017:4101745.

Srinivasan B. Explicit Treatment of Non-Michaelis-Menten and Atypical Kinetics in
Early Drug Discovery*. ChemMedChem 2020.

Steele-Mortimer O. The Salmonella-containing vacuole: moving with the times. Curr
Opin Microbiol 2008, 11(1):38-45.

88



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Stender S, Friebel A, Linder S, Rohde M, Mirold S, Hardt WD. Identification of SopE2
from Salmonella typhimurium, a conserved guanine nucleotide exchange factor for
Cdc42 of the host cell. Mol Microbiol 2000, 36(6):1206-1221.

Strelow J, Dewe W, Iversen PW, Brooks HB, Radding JA, McGee J, Weidner J.
Mechanism of Action Assays for Enzymes. In Assay Guidance Manual. Edited by
Markossian S, Sittampalam GS, Grossman A, Brimacombe K, Arkin M, Auld D, Austin
CP, Baell J, Caaveiro JMM, Chung TDY et al. Bethesda (MD); 2004.

Sun H, Kamanova J, Lara-Tejero M, Galan JE. A Family of Salmonella Type IlI
Secretion Effector Proteins Selectively Targets the NF-kappaB Signaling Pathway to
Preserve Host Homeostasis. PLoS Pathog 2016, 12(3):e1005484.

Sun J, Hobert ME, Rao AS, Neish AS, Madara JL. Bacterial activation of beta-catenin
signaling in human epithelia. Am J Physiol Gastrointest Liver Physiol 2004,
287(1):G220-227.

Sun SC, Chang JH, Jin J. Regulation of nuclear factor-kappaB in autoimmunity. Trends
Immunol 2013, 34(6):282-289.

Suresh R, Mosser DM. Pattern recognition receptors in innate immunity, host defense,
and immunopathology. Adv Physiol Educ 2013, 37(4):284-291.

Teitelbaum I, Chilvers M, Reiz RJ. The angiotensin receptor blocker eprosartan mesylate
reduces pulse pressure in isolated systolic hypertension. Can J Cardiol 2004, 20 Suppl
C:11C-16C.

Tsai CL, Burkinshaw BJ, Strynadka NC, Tainer JA. The Salmonella type 11 secretion
system virulence effector forms a new hexameric chaperone assembly for export of
effector/chaperone complexes. J Bacteriol 2015, 197(4):672-675.

Tzipori S, Sheoran A, Akiyoshi D, Donohue-Rolfe A, Trachtman H. Antibody therapy in
the management of shiga toxin-induced hemolytic uremic syndrome. Clin Microbiol Rev
2004, 17(4):926-941, table of contents.

Vanni A, Fiore M, De Salvia R, Cundari E, Ricordy R, Ceccarelli R, Degrassi F. DNA
damage and cytotoxicity induced by beta-lapachone: relation to poly(ADP-ribose)
polymerase inhibition. Mutat Res 1998, 401(1-2):55-63.

Wainwright M. The history of the therapeutic use of crude penicillin. Med Hist 1987,
31(1):41-50.

Waksman G, Hultgren SJ. Structural biology of the chaperone-usher pathway of pilus
biogenesis. Nat Rev Microbiol 2009, 7(11):765-774.

Waldo JP, Mehta S, Neuenswander B, Lushington GH, Larock RC. Solution phase
synthesis of a diverse library of highly substituted isoxazoles. J Comb Chem 2008,
10(5):658-663.

89



205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Wallden K, Rivera-Calzada A, Waksman G. Type IV secretion systems: versatility and
diversity in function. Cell Microbiol 2010, 12(9):1203-1212.

Wan F, Weaver A, Gao X, Bern M, Hardwidge PR, Lenardo MJ. IKKbeta
phosphorylation regulates RPS3 nuclear translocation and NF-kappaB function during
infection with Escherichia coli strain O157:H7. Nat Immunol 2011, 12(4):335-343.

Warrener P, Varkey R, Bonnell JC, DiGiandomenico A, Camara M, Cook K, Peng L,
Zha J, Chowdury P, Sellman B et al. A novel anti-PcrV antibody providing enhanced
protection against Pseudomonas aeruginosa in multiple animal infection models.
Antimicrob Agents Chemother 2014, 58(8):4384-4391.

Weber J. ATP synthase--the structure of the stator stalk. Trends Biochem Sci 2007,
32(2):53-56.

Wei P, Wong WW, Park JS, Corcoran EE, Peisajovich SG, Onuffer JJ, Weiss A, Lim
WA. Bacterial virulence proteins as tools to rewire kinase pathways in yeast and immune
cells. Nature 2012, 488(7411):384-388.

Wickham ME, Lupp C, Mascarenhas M, Vazquez A, Coombes BK, Brown NF, Coburn
BA, Deng W, Puente JL, Karmali MA et al. Bacterial genetic determinants of non-O157
STEC outbreaks and hemolytic-uremic syndrome after infection. J Infect Dis 2006,
194(6):819-827.

Wong AR, Pearson JS, Bright MD, Munera D, Robinson KS, Lee SF, Frankel G,
Hartland EL. Enteropathogenic and enterohaemorrhagic Escherichia coli: even more
subversive elements. Mol Microbiol 2011, 80(6):1420-1438.

Wong CS, Jelacic S, Habeeb RL, Watkins SL, Tarr PI. The risk of the hemolytic-uremic
syndrome after antibiotic treatment of Escherichia coli O157:H7 infections. N Engl J
Med 2000, 342(26):1930-1936.

Wu S, Ye Z, Liu X, Zhao Y, Xia Y, Steiner A, Petrof EO, Claud EC, Sun J. Salmonella
typhimurium infection increases p53 acetylation in intestinal epithelial cells. Am J Physiol
Gastrointest Liver Physiol 2010, 298(5):G784-794.

Xu C, Liu X, Zha H, Fan S, Zhang D, Li S, Xiao W. A pathogen-derived effector
modulates host glucose metabolism by arginine GIcNAcylation of HIF-1alpha protein.
PLoS Pathog 2018, 14(8):e1007259.

Xu X, Hensel M. Systematic analysis of the SsrAB virulon of Salmonella enterica. Infect
Immun 2010, 78(1):49-58.

Yang Z, Soderholm A, Lung TW, Giogha C, Hill MM, Brown NF, Hartland E, Teasdale
RD. SseK3 Is a Salmonella Effector That Binds TRIM32 and Modulates the Host's NF-
kappaB Signalling Activity. PLoS One 2015, 10(9):e0138529.

Yao Q, Zhang L, Wan X, Chen J, Hu L, Ding X, Li L, Karar J, Peng H, Chen S et al.

90



218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

Structure and specificity of the bacterial cysteine methyltransferase effector NleE
suggests a novel substrate in human DNA repair pathway. PLoS Pathog 2014,
10(11):e1004522.

Ye Z, Petrof EO, Boone D, Claud EC, Sun J. Salmonella effector AvrA regulation of
colonic epithelial cell inflammation by deubiquitination. Am J Pathol 2007, 171(3):882-
892.

Yen H, Ooka T, Iguchi A, Hayashi T, Sugimoto N, Tobe T. NleC, a type Il secretion
protease, compromises NF-kappaB activation by targeting p65/RelA. PLoS Pathog 2010,
6(12):€1001231.

Yen H, Sugimoto N, Tobe T. Enteropathogenic Escherichia coli Uses NleA to Inhibit
NLRP3 Inflammasome Activation. PLoS Pathog 2015, 11(9):e1005121.

Yombi JC, Martins L, Vandercam B, Rodriguez-Villalobos H, Robert A. Clinical features
and outcome of typhoid fever and invasive non-typhoidal salmonellosis in a tertiary
hospital in Belgium: analysis and review of the literature. Acta Clin Belg 2015,
70(4):265-271.

Young JC, Clements A, Lang AE, Garnett JA, Munera D, Arbeloa A, Pearson J, Hartland
EL, Matthews SJ, Mousnier A et al. The Escherichia coli effector EspJ blocks Src kinase
activity via amidation and ADP ribosylation. Nat Commun 2014, 5:5887.

Zhang L, Ding X, Cui J, Xu H, Chen J, Gong YN, Hu L, Zhou Y, Ge J, Lu Q et al.
Cysteine methylation disrupts ubiquitin-chain sensing in NF-kappaB activation. Nature
2011, 481(7380):204-208.

Zhao L, Shah JA, Cai Y, Jin J. 'O-GIcNAc Code' Mediated Biological Functions of
Downstream Proteins. Molecules 2018, 23(8).

Zheng BW, Yang L, Dai XL, Jiang ZF, Huang HC. Roles of O-GIcNAcylation on
amyloid-beta precursor protein processing, tau phosphorylation, and hippocampal
synapses dysfunction in Alzheimer's disease. Neurol Res 2016, 38(2):177-186.

Zhou D, Mooseker MS, Galan JE. An invasion-associated Salmonella protein modulates
the actin-bundling activity of plastin. Proc Natl Acad Sci U S A 1999, 96(18):10176-
10181.

Zhou D, Mooseker MS, Galan JE. Role of the S. typhimurium actin-binding protein SipA
in bacterial internalization. Science 1999, 283(5410):2092-2095.

91



