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Abstract

Despite the rising threat of antibiotic resistance, recent decades have seen a decline in antibiotic
development. Discovery and development of compounds that inhibit the growth of Gram-negative
bacteria is especially important. Target-based antibiotic drug discovery describes the identification
of appropriate targets and establishment of bespoke assays for inhibitors of those targets. The
bacterial Sec-machinery, a major system of protein translocation across and into the cytoplasmic
membrane, is essential across bacteria, differs from the human counterpart and contributes to the
virulence and antibiotic resistance of many pathogens, namely export of most B-lactamases. It
therefore represents a promising target for development of antibiotic drugs, both as a standalone
target and in terms of potentiating B-lactam antibiotics. This work describes the design of a whole-
cell split-luciferase-based assay to monitor inhibition of the Sec-machinery. After validation with a
model Sec substrate and known inhibitors of the machinery, the assay was scaled up for use in a
local screen of 5000 diverse synthetic compounds, giving an average Z'-factor (robustness
measure) of 0.71 and primary hit rate of 0.22%. Compared to a commercially available Sec inhibitor,
hits have greater inhibitory activity against protein translocation in the Gram-negative bacterium
Escherichia coli but negligeable effects on bacterial growth. A secondary assay strategy to
complement the screen system and characterise hits is proposed. The split-luciferase-based assay
was also adapted for analysing the role of Sec in export of metallo-B-lactamases IMP-1 and NDM-
1, yielding data consistent with traditional assays for p-lactamase activity. Both enzymes are
dependent on signal recognition particle for efficient translocation, in contrast to predictions based
on signal sequence. Overall, this work further establishes the bacterial Sec-machinery as an
antibiotic target, demonstrates how to design a successful strategy for Sec inhibitor discovery and

provides insights into the types of Sec inhibitor most likely to be useful antibiotic leads.
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Chapter 1 - General Introduction

Chapter 1 General Introduction

1.1 The challenges of antibiotic innovation

Antibiotics — drugs that kill or inhibit growth of bacteria and are used to treat bacterial infections —
are the cornerstone of modern medicine. They save lives through effective treatment of common
infectious diseases and prevention of infection during routine procedures such as surgeries. Long
before their exploitation by humans, antibiotics have commonly been adopted by microorganisms
to inhibit other species competing for resources in their environment. These antibiotic-producing
bacteria are also the source of determinants allowing them to grow in the presence of these
antibiotics, a phenomenon known as antibiotic resistance (Benveniste & Davies, 1973; Marshall et
al., 1998).

Growing use of antibiotics in medicine has provided a selective pressure for the occurrence and
spread of antibiotic resistance in human pathogens, which has become a serious threat to global
health. Antibiotic resistant infections were directly responsible for 1.27 million deaths worldwide in
2019 (Murray et al., 2022). While dependence on antibiotics has increased in recent decades,
discovery of novel antibiotics has declined (Payne et al., 2007; Kinch et al., 2014). If this trend
continues, it is estimated that resistant infections could kill 20 million people per year by 2050

(Review on Antimicrobial Resistance, 2014).

The economic model for pharmaceutical research and development is said to discourage antibiotic
innovation (Payne et al., 2007). Two major reasons for this are the typical acute nature of bacterial
infections, requiring only short treatment durations compared to more long-term diseases, and
antibiotic stewardship measures in which novel antibiotics are filed away as last-resort treatments
to preserve efficacy (Butler et al., 2022). These complex financial challenges and development
incentives to help overcome them have been discussed in depth (Morel & Mossialos, 2010; Simpkin
et al., 2017; World Health Organization, 2020). However, for these incentives to succeed, it is
necessary to understand current gaps in the antibiotic arsenal. These shape the priorities for future

antibiotic development.

1.1.1 Priority pathogens

In 2017, the World Health Organisation (WHQO) created a priority list for antibiotic research and
development based on a ranking of different bacterial species with different patterns of resistance.
Criteria used to rank priority include mortality rate, healthcare burden, incidence of resistance,
transmissibility, preventability, treatability and the current development pipeline (Tacconelli et al.,
2018). The priority list, separated into three tiers based on ranking, is shown in Figure 1.1. A major
finding from the WHO analysis is that the critical priority tier is occupied solely by Gram-negative
bacteria. In Gram-negative (diderm) bacteria, the cell envelope comprises two membranes: the

cytoplasmic membrane, which is a phospholipid bilayer; and the outer membrane, of which the
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outer leaflet comprises lipopolysaccharide. Between the membranes is the soluble periplasmic
compartment, which contains the peptidoglycan cell wall (Figure 1.2a). Gram-positive (monoderm)
bacteria lack an outer membrane but have a substantially thicker cell wall (Figure 1.2b).

Priority 1: CRITICAL

Priority 2: HIGH

Acinetobacter baumannii
Gram-negative
Carbapenem-resistant

Pseudomonas aeruginosa
Gram-negative
Carbapenem-resistant

Enterobacteriaceae
Gram-negative

Carbapenem-resistant

Third generation cephalosporin-resistant

Enterococcus faecium
Gram-positive
Vancomycin-resistant

Staphylococcus aureus
Gram-positive

Methicillin-resistant
Vancomycin-intermediate and -resistant

Helicobacter pylori
Gram-negative
Clarithromycin-resistant

Campylobacter
Gram-negative
Fluoroguinolone-resistant

Salmonellae
Gram-negative
Fluoroquinolone-resistant

Neisseria gonorrhoaeae

Streptococcus pneumoniae
Gram-positive
Penicillin-non-susceptible

Haemophilus influenzae
Gram-negative
Ampicillin-resistant

Shigellae
Gram-negative
Fluoroguinolone-resistant

Gram-negative
Third generation cephalaspaorin-resistant
Fluoroquinolone-resistant

Figure 1.1 The WHO list of priority pathogens for research and development of antibiotics

In bold, bacterial species are ranked in order of priority (1 being highest) as determined by WHO

(Tacconelli et al., 2018). Enterobacteriaceae includes Escherichia coli, Klebsiella species and

Enterobacter species. Within each species, different patterns of resistance are also ranked.
Membranes act as a barrier between the different compartments of a cell and the extracellular
environment. The lipopolysaccharide-coated outer membrane provides an additional barrier for
entry of antibiotic compounds into Gram-negative bacteria (Figure 1.2a). Therefore, Gram-negative
bacteria are more difficult to treat with antibiotics than Gram-positives; only a subset of the existing
classes of antibiotics have anti-Gram-negative activity. While small, hydrophobic compounds can
diffuse directly across the outer membrane, entry of large, hydrophobic compounds is limited
(Nikaido, 1976). Sufficiently small hydrophilic compounds can enter through protein pores (porins)
studded throughout the outer membrane (Yoshimura & Nikaido, 1985). Additionally, the diderm
structure supports a greater array of efflux systems, capable of actively expelling toxic molecules
like antibiotics out of the cell. These innate properties of a bacterial cell that contribute to antibiotic
resistance are examples of intrinsic resistance. They tend to be encoded in the bacterial
chromosome, universal to that species of bacteria and independent of previous antibiotic treatment.
Bacteria can also acquire resistance by horizontal gene transfer or mutation of existing genes.
Mechanisms of antibiotic resistance can be intrinsic or acquired and include reduced uptake, active
efflux, antibiotic target modification and antibiotic inactivation (for reviews see Davies & Davies,
2010; Fair & Tor, 2014, King, Sobhanifar & Strynadka, 2016; Reygaert, 2018). Chapter 5 discusses

examples of the latter two mechanisms.
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Figure 1.2 Cell envelope structure and resistance mechanisms of Gram-negative and -
positive bacteria

The structure of the bacterial envelope (right) is given in the context of a whole cell (left).
Cytoplasmic and outer membranes are shown as bilayers, with phospholipids in grey and
lipopolysaccharide shown in green. Proteins may be integrated into, or peripherally associated
with, either membrane, or present in the soluble cytoplasmic or periplasmic compartments.
Envelope features and proteins that contribute to antibiotic resistance are labelled with
underlined text. Black arrows indicate the direction of active drug efflux through single- and multi-
component systems (a) or single-component systems only (b).

In Gram-negative bacteria, porins act as molecular sieves, allowing bacteria to control uptake of
compounds dependent on porin characteristics such as diameter (Figure 1.2a). Mutations that alter

the number or type of porins present, or that alter their selectivity, can limit drug entry and therefore
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susceptibility (Nikaido & Rosenberg, 1981; Goldstein et al., 1983). Efflux pumps are another
bacterial feature that impact a range of drugs; indeed, collectively they have been found to limit
periplasmic and/or cytoplasmic accumulation of nearly all antibiotic classes (Li & Nikaido, 2004).
Efflux systems are classified into five families based on structure and energy source. The majority
of these comprise a single cytoplasmic membrane component. Most often associated with the multi-
drug resistant phenotype is the resistance-nodulation-cell division superfamily of efflux pumps. This
is the only efflux system family to possess three key components: a cytoplasmic membrane pump,
an outer membrane channel and a periplasmic adaptor protein (Saier et al., 1994). Gram-positive
bacteria utilise efflux systems from select single-component families (Figure 1.2b), while Gram-

negatives can harbour any of the five families (Figure 1.2a).

1.1.2 The need for new antibiotic targets

Many current antibiotics were discovered by whole cell ‘kill the bug’ screening of natural products
or synthetic chemical compounds. The golden era of antibiotic discovery was pioneered by Selman
Waksman, who in the 1940s screened soil actinomycetes for their ability to suppress bacterial
growth (Lewis, 2020). This Waksman platform for discovery brought about the first aminoglycoside
antibiotics (Schatz, Bugie & Waksman, 2005) and was soon adopted by industry. Unfortunately,
this platform very quickly became overmined, yielding frequent ‘rediscovery’ of existing drug
classes. As a result, it is often said of antibiotic discovery that “the low hanging fruits are already
picked” (Fair & Tor, 2014; Lewis, 2020). Synthetic chemistry brought about new classes of antibiotic,
the most successful being the quinolones that target DNA gyrase and topoisomerase (type Il and
IV). Synthetic approaches were also essential to expanding existing antibiotic classes, through
introduction of analogs with broader spectrum and ability to overcome resistance mechanisms
(Lewis, 2020). However, since the discovery of quinolones in 1962, few new classes of antibiotic
have been discovered, none of which have activity against Gram-negative species (Tacconelli et
al., 2018). The few established antibiotic classes target even fewer cellular targets — almost all

target synthesis of DNA, RNA, protein, or the cell wall.

Focus must be placed on developing truly innovative antibiotic agents targeting priority pathogens.
The WHO defines an innovative antibiotic lead as fulfilling at least one of the following criteria:
belonging to a new chemical class, acting on a new target or by a new mechanism, or able to
obviate resistance by mechanisms currently found in bacteria (World Health Organisation, 2017).
While there has been growing interest in non-traditional antibiotic approaches, such as
immunomodulating agents, antibodies and bacteriophage therapy, traditional small molecule
antibiotics have a well-established regulatory pathway and therefore face fewer hurdles to clinical
application (Theuretzbacher et al., 2020). Critical analysis of the antibiotic development pipeline by
the WHO has been ongoing since 2017. As of summer 2021, 12 new small molecule antibiotics
have been approved worldwide since the WHO commenced this analysis. Five are active against
at least one critical priority pathogen and the rest are active on a medium/ high priority pathogen.
However, none have a novel mechanism of action and only one represents a new chemical class
(Butler et al., 2022).
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One innovative approach is target-driven antibiotic discovery. Targeted approaches bias antibiotic
discovery towards a particular mechanism of action, enabling researchers to filter out existing
antibiotic classes. To ensure broad-spectrum activity, potential targets should be conserved across
bacteria, particularly priority pathogens, and essential to viability. To avoid toxicity in humans,
appropriate antibiotic targets should lack close human homologs. Comparative analyses of bacterial
and human genomes have revealed approximately 300 essential and conserved proteins, non-
homologous with human genes, that could be targeted with antibiotics (Sakharkar, Sakharkar &
Chow, 2004; Fair & Tor, 2014). To reduce the possibility of bacterial cross-resistance to novel
antibiotics by existing mechanisms, their targets should also be distinct from those of established
antibiotics. Another consideration is that antibiotics targeting single enzymes are prone to evolution
of resistance by single-step mutation of the gene encoding their target. To minimise target-based
resistance, antibiotics or antibiotic cocktails with multiple targets could be developed. In this case,
targets could be essential to virulence, pathogenicity or resistance, so their inhibition will attenuate
affected bacteria and promote clearance by the immune system or potentiate the action of other
antibiotics. Examples of such approaches are discussed in Chapter 5. To enable inhibitor
development, selected targets should be well characterised, with known function, structure,

mechanism of action and established assays for monitoring their activity.

1.1.3 Bacterial protein translocation as an antibiotic target

Correct protein synthesis, processing and turnover is essential to bacterial physiology and therefore
a promising antibiotic target. Indeed, many approved antibiotics target bacterial ribosomes,
impairing protein synthesis. While all bacterial proteins are synthesised in the cytoplasm, many
perform their role outside this membrane-bound compartment. Extracytoplasmic proteins are vital
to construction of the bacterial cell envelope and for bacterial communication with the environment.
This includes uptake of compounds and efflux of toxins, both mechanisms playing a role in antibiotic
resistance (Figure 1.2), as well as virulence and defence. Studies in E. coli revealed that 57 of its
356 essential proteins are extracytoplasmic (Loos et al., 2019). To perform their function, each of
these proteins must be transported across (or into) membranes to their destination compartment.
This essential process could be targeted with antibiotics. However, there are no antibiotics targeting
general protein translocation approved for use in the clinic, and until recently, very little research
has been conducted on bacterial protein translocation as an antibiotic target (Segers & Anné, 2011;
Rao et al., 2014).

The first step to correct localisation of any cell envelope protein is passage across (or insertion into)
the cytoplasmic membrane. The general machineries that carry out this process in bacteria are Sec
(general secretory) and Tat (twin-arginine translocation). The mechanisms of Sec- and Tat-
mediated protein translocation are fundamentally different: while protein substrates of the Sec-
machinery must be unfolded (Arkowitz, Joly & Wickner, 1993), the Tat-machinery is involved in the
transport of folded proteins. Many Tat substrates are proteins that noncovalently associate with

cofactors in the cytoplasm (Berks, 1996; Santini et al., 1998).
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In E. coli, 96% of extracytoplasmic proteins are transported by the Sec-machinery (Orfanoudaki &
Economou, 2014). The Sec-machinery is essential and conserved across bacteria, including priority
pathogens (Oliver & Beckwith, 1981; Sadaie & Kada, 1985; Phillips & Silhavy, 1992; Tschauder,
Driessen & Freudl, 1992). Sec complexes are also ubiquitous in eukaryotes (Hartmann et al., 1994),
where they translocate pre-secretory or membrane proteins across or into the endoplasmic
reticulum membrane, but these are distinct from their bacterial counterpart (see Section 1.2 below).
The Sec-machinery therefore meets the basic criteria of a good antibiotic target. The cellular
location of Sec, being exposed in part to the periplasm, is also beneficial as it is more accessible to
inhibitors (added extracellularly) than cytoplasmic targets. It is well-characterised in function and

structure, with multiple assays available for studying its activity (see Chapter 3).

Where Tat is present, it always coexists with Sec. Unlike Sec, homologs of Tat have not been found
in animals. However, compared with Sec, the composition and function of Tat is also less conserved
across bacterial species (Dilks et al., 2003; Yamada et al., 2007; Palmer & Berks, 2012). It is even
absent in some species of bacteria, including Streptococcus pneumoniae (Dilks et al., 2003).
Several human pathogens require Tat for export of virulence determinants (De Buck, Lammertyn &
Anné, 2008), for example tatC mutants of Pseudomonas aeruginosa are attenuated in infection
(Ochsner et al., 2002). Nevertheless, the Tat-dependent proteome is substantially smaller than that
dependent on Sec — there are approximately 30 potential Tat-dependent proteins encoded within
the E. coli genome (Dilks et al., 2003; Tullman-Ercek et al., 2007). Consequently, Tat is not essential
for viability in most clinically relevant bacteria. Mycobacterium tuberculosis is the only human
pathogen in which Tat has been deemed essential in a laboratory setting (De Buck, Lammertyn &
Anné, 2008; Palmer & Berks, 2012). Thus, compounds targeting the Tat-machinery may be useful
as anti-virulence or anti-tuberculosis agents but are less likely to inhibit growth of critical priority
pathogens. In comparison to Sec, structural information and biochemical assays for Tat are limited,

which impedes efforts to establish Tat as an antibiotic target (Vasil, Tomaras & Pritchard, 2012).

1.2 Druggable targets in the Sec-machinery and their roles in

translocation

Protein translocation occurs in three stages: substrate recognition and targeting to the translocation
machinery, translocation through this machinery, then substrate release (Figure 1.4; Figure 1.7;
Figure 1.9). Broadly, translocation through Sec can occur through two pathways: translationally
coupled or uncoupled. Typically, the former pathway is reserved for integral cytoplasmic membrane
protein insertion, while pre-secretory proteins (those destined for the periplasm, extracellular
environment or outer membrane of Gram-negative bacteria) are transported by the latter (Ulbrandt,
Newitt & Bernstein, 1997; Schibich et al., 2016). Translationally coupled translocation requires co-
translational targeting of substrate, usually by signal recognition particle (SRP). Through interaction
with the SRP receptor, SRP targets translating ribosomes to the Sec channel (Powers & Walter,
1997). Membrane insertion is mediated by the Sec holotranslocon (Figure 1.4). On the other hand,

translationally uncoupled translocation only requires the core translocon (Brundage et al., 1990),
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possibly in dimer form. Adenosine triphosphate (ATP) hydrolysis by the motor protein SecA
provides the essential driving force (Economou & Wickner, 1994) and translocation is promoted by
the proton-motive-force (PMF) across the membrane (Brundage et al., 1990; Shiozuka et al., 1990).
SecA also acts as the targeting factor for this pathway (Brundage et al., 1990). Targeting by SecA
may be co- or post-translational; some pre-proteins may be fully synthesised before translocation
begins (Figure 1.7). Proteolysis either during or after translocation releases mature protein on the

extracytoplasmic side of the membrane (Josefsson & Randall, 1981).

Each of the recognition, translocation and release steps are governed by a fine balance of
interactions, each of which could be targeted by novel antibiotics to perturb the bacterial secretome.
Potential druggable targets in the Sec-machinery and the mechanisms by which they mediate

protein translocation are outlined below.
1.2.1 Substrate recognition

1.2.1.1 Signal sequences

A signal hypothesis for protein translocation into and across membranes was first proposed by
Blobel and Dobberstein (1975). Nascent Sec and Tat substrates are synthesised as pre-proteins,
with an N-terminal signal sequence (SS). This sequence contains all the information necessary for
directing the passenger protein to translocation. SSs have a conserved general structure (Figure

1.3) but with significant variation in length and amino acid composition (von Heijne, 1985).

d. Signal peptides

Mature domain

General structure Positive n-region Hydrophobic h-region Polar c-region -_—-
Tat S-R-R-X-F-L-K Positive charge - —-

Signal peptidase |

Signal peptidase Il

b. Signal anchors

- . Mature domain
General structure Positive n-region Hydrophobic h-region -—-—

|

Figure 1.3 Structure of signal sequences

Schematic representation of signal sequence types (N- to C-terminus, left to right) with scissors
indicating the signal peptidase cleavage site. The N-terminus of the mature domain is shown as
a thin black line. Consensus motifs are shown in single-letter amino acid notation; X can be any
amino acid and square brackets mean any of the listed amino acids may be present at that
position.

Typically, SSs are 20 — 24 amino acids long (Cranford-Smith & Huber, 2018; Pradel et al., 2009).

They comprise a positively charged N-terminal region (n-region) containing one or more basic
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amino acids and a hydrophobic core (h-region). Cleavable SSs, also termed signal peptides, are
found on pre-secretory proteins. In addition to the n- and h-regions, these SSs possess a C-terminal
region defining a cleavage site (c-region) for SS removal (Figure 1.3a). This cleavage reaction is
important for release of mature protein from the membrane upon translocation. By contrast, integral
cytoplasmic membrane proteins are directed to translocation by a transmembrane a-helix. This type
of SS is also known as a signal anchor (Figure 1.3b), has a more hydrophobic h-region on average,
lacks a c-region and is not cleaved upon translocation (von Heijne, 1985).

The amino acid composition of a SS determines the pathway by which the passenger protein will
be translocated. Tat-specific SSs are distinguishable from their Sec-specific counterpart by their
conserved twin-arginine motif, S-R-R-X-F-L-K, at the boundary of the n- and h-regions (Berks, 1996;
Palmer & Stansfeld, 2020).In most cases, the eponymous twin arginines are essential for efficient
recognition by Tat (Stanley, Palmer & Berks, 2000). Typically, the h-region of a Tat SS is less
hydrophobic than that of Sec signals. Increasing hydrophobicity of a Tat-specific SS does not
preclude translocation by Tat but may result in translocation by both Tat- and Sec-machineries
(Cristdbal et al., 1999). Tat-specific SSs also carry a positively charged amino acid in their c-region.
While not essential for Tat-dependent transport, this — together with lower h-region hydrophobicity
— serves as a Sec avoidance signal and likely prevents lethal jamming of the Sec channel with
folded proteins (Bogsch, Brink & Robinson, 1997; Cristébal et al., 1999; Stanley, Palmer & Berks,
2000). The twin-arginine motif and cognate binding site on the Tat-machinery likely evolved as a
means to strengthen substrate recognition in the presence of a weakly hydrophobic SS (Huang &
Palmer, 2017).

The positively charged n-region interacts with the negatively charged cytoplasmic surface of the
membrane and the h-region inserts into the hydrophobic phospholipid bilayer. The SS and early
mature domain of Sec substrates form a hairpin loop within the translocon (Figure 1.4b), with the
n-region at the cytoplasmic side of the membrane and the h-region resembling a transmembrane
helix (von Heijne, 1992; Corey et al., 2016; Ma et al., 2019). The c-region of signal peptides is
positioned at the periplasmic face of the membrane in a 3-stranded conformation (Paetzel, Dalbey
& Strynadka, 1998). By contrast, the positively charged c-region of Tat-specific SSs remains on the
cytoplasmic side of the membrane and h-region penetrates halfway across the membrane as a
hairpin-hinge. The SS must unhinge to allow translocation of the folded passenger protein across

the membrane (Hamsanathan et al., 2017).

As well as distinguishing pre-secretory proteins from integral membrane proteins, the c-region of
SSs determines the fate of pre-secretory proteins following translocation. Type | cleavable SSs
possess small, hydrophobic, neutral residues (generally alanines) at positions -3 and -1 relative to
the cleavage site. This A-X-A consensus motif is recognised by signal peptidase | (von Heijne,
1984). By contrast, a L-[AST]-[GA] motif immediately preceding the cleavage site and cysteine in
the +1 position (also known as a lipobox motif) denotes a pre-pro-lipoprotein. Such substrates are
processed by signal peptidase Il (von Heijne, 1989). Both Sec- and Tat-specific signal peptides can

be processed by either enzyme.
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Given the significant variation among SSs, a translocation inhibitor that acts by binding a SS is
unlikely to have broad-spectrum activity. Alternatively, inhibitors of SS function could target the

cytoplasmic factors responsible for SS recognition.

1.2.1.2 Co-translational targeting by SRP

Whereas Tat-dependent translocation does not require targeting factors (Palmer & Stansfeld,
2020), Sec SSs are recognised and targeted to translocation by cytoplasmic components, primarily
SRP and SecA. While only 0.02% of Sec-specific SSs in E. coli possess twin arginines, half of them
possess features that would allow productive engagement with Tat (Huang & Palmer, 2017; Palmer
& Stansfeld, 2020). Given that the timing of interaction with cytoplasmic factors would be sooner
than that with membrane-bound Tat, Sec substrates are likely triaged into the Sec pathway by SRP
or SecA before they can engage Tat (Palmer & Stansfeld, 2020).

d. Co-translational targeting b. Translationally coupled translocation

Holotranslocon

7 SecDF-YajC  YidC* Cytoplasmic

SecYEG membrane
protein
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FtsY P S e S

mRNA

Translating ribosome

Figure 1.4 Mechanism of co-translational targeting to Sec by SRP

Integral cytoplasmic membrane proteins are translated from mRNA in ribosomes. a. As their

signal anchor emerges from the ribosome exit site, they are recognised by SRP and directed to

the holotranslocon via interactions of SRP with the membrane-bound SRP receptor, FtsY. b.

Co-translational protein insertion is driven by ongoing protein synthesis. Substrate proteins are

represented as a black line with signal anchors shown as a black rectangle and other

transmembrane helices shown as grey rectangles. Black arrows indicate the direction of

transport.
SRP is conserved across prokaryotes and essential for bacterial viability (Phillips & Silhavy, 1992).
SRP is also found in eukaryotes, where it mediates protein translocation into the endoplasmic
reticulum (Walter & Blobel, 1981). However, the prokaryotic and eukaryotic complexes differ in
composition. Eukaryotic SRP comprises six proteins — SRP9, 14, 19, 54, 68 and 72 — alongside 7S
RNA. Bacterial SRP is composed of a protein homologous to eukaryotic SRP54, named Fifty-Four
Homologue (Ffh), and 4.5S (Gram-negative) or 6S (Gram-positive) RNA (Poritz, Strub & Walter,
1988; Bernstein et al., 1993). Ffh has three domains: N, G and M (Romisch et al., 1990; Zopf,
Bernstein & Walter, 1993). The N-terminal N domain mediates ribosome binding, the G domain

houses a Ras-like guanosine triphosphatase (GTPase) fold (Freymann et al., 1997) and the C-



Chapter 1 - General Introduction

terminal methionine-rich M domain contains a SS-binding groove (Keenan et al., 1998). A key
feature of eukaryotic SRP that is absent from most bacteria is the Alu element on SRP RNA, that
confers translational arrest activity on the complex (Siegel & Walter, 1988). Some Gram-positives,
such as Bacillus and Staphylococcus species, do possess this element (Regalia, Rosenblad &
Samuelsson, 2002).

E. coli SRP binds both translating and non-translating ribosomes with high affinity (Holtkamp et al.,
2012; Mercier et al., 2017), positioning itself at the polypeptide exit tunnel. Bound SRP contacts the
surface of the ribosome and positions its M domain at the ribosome exit tunnel (Figure 1.5a), where
it can scan for presence of a SS (Schaffitzel et al., 2006; Denks et al., 2017). The SS-binding groove
of the SRP M domain comprises a series of flexible hydrophobic residues forming a continuous
surface along the groove. The nature of this groove may allow SRP to bind SSs of varying lengths
and amino acid composition (Keenan et al., 1998; Janda et al., 2010). Upon elongation of nascent
polypeptide to 40 — 50 residues such that its N-terminus is exposed outside the exit tunnel, only
those possessing an SRP-specific signal maintain a high-affinity interaction with SRP (Mercier et
al., 2017). If an SRP-specific SS is not present, the affinity of SRP for the translating ribosome
decreases leading to complex disassembly. The substrate pool of E. coli SRP is the majority (87%)
of integral cytoplasmic membrane proteins and a small number (6%) of pre-secretory proteins
(Schibich et al., 2016).

Sec translocon
s .
‘5:‘_'/ fo O\ FtsY NG domain

Sec translocon

A NG | FtsY
SRP
Signal anchor

L23 o Signa|anch0r RIBOSOME Exit tunnel
Figure 1.5 The quaternary complex of ribosome, SRP, FtsY and Sec

a. The structure (PDB 5NCO) of E. coli ribosomes (ribosomal protein L23 shown for reference)
translating SRP substrate FtsQ in complex with SRP (protein component Ffh shown and SRP
RNA omitted for simplicity), SRP receptor FtsY and the Sec translocon shown in cartoon format
(Jomaa et al., 2017). Guanine nucleotides (two total) bound to the NG domains of SRP and FtsY
are shown in blue spheres format, highlighting the composite GTPase site. b. Schematic
representation of a, shown in the context of the cytoplasmic membrane and polypeptide exit
tunnel of the ribosome. The position of the FtsY A domain (which mediates most FtsY-Sec
interactions) is shown.

When bound to ribosomes displaying SRP-specific SSs, the SRP NG domain has an increased
affinity for guanosine triphosphate (GTP), a prerequisite for binding to the SRP receptor, FtsY in
bacteria (Miller et al., 1993). FtsY exists in equilibrium between membrane-associated and soluble,
cytoplasmic states (Luirink et al., 1994) and forms a complex with the Sec translocon via its N-

terminal A domain (Angelini et al., 2006). FtsY possesses N and G domains structurally similar to
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those in SRP (Figure 1.5a). The NG domains of each protein mediate formation of a heterodimer
in which both proteins share a composite GTPase active site. Upon dimerisation, the GTPase
activities of both proteins are stimulated (Egea et al., 2004). Formation of an active SRP-FtsY
heterodimer increases the affinity of FtsY for its binding sites on the membrane. Reciprocally,
membrane interaction drives conformation rearrangements in FtsY and SRP-FtsY, thus regulating

the unloading of Sec substrates (Lam et al., 2010).

Initially, FtsY binds proximal to the ribosomal exit tunnel. The Sec translocon is anchored near the
exit tunnel through interactions with FtsY (Figure 1.5b). The SS extends from the SRP M domain,
along the ribosome surface and towards the translocon (Jomaa et al., 2017). Hydrolysis of GTP is
necessary for complex disassembly, resulting in coupling of translating ribosomes to the translocon
and regenerating free SRP and FtsY (Connolly & Gilmore, 1989; Miller et al., 1993; Shan,
Chandrasekar & Walter, 2007). Inhibitors of GTPase activity disrupt this process, blocking SRP-
dependent protein translocation (Czech et al., 2022). While such inhibitors are not clinically useful
since they will also impact human GTPases, they demonstrate the potential druggability of SRP

interactions.

1.2.1.3 Co- and post-translational targeting by SecA

Translationally coupled translocation using SRP ensures that pre-proteins cannot fold before
passing through the Sec-machinery. However, it is limited by the rate of translation elongation.
Bacteria lack specialised organelles (like the endoplasmic reticulum of eukaryotes) and membrane
folding (like mitochondria) to increase the area available for protein translocation, thus the number
of Sec translocons is also limiting. SecA likely exists in bacteria to increase translocation capacity,
thus supporting the high rates of protein translocation needed for bacterial growth (Cranford-Smith
& Huber, 2018). To maximise translocation capacity, only proteins absolutely requiring

translationally coupled translocation (namely integral cytoplasmic membrane proteins) use SRP.

SecA is conserved across bacteria. Many bacteria have only one SecA, which is essential for
viability (Oliver & Beckwith, 1981; Sadaie & Kada, 1985; Benson et al., 2003). Some Gram-positives
have two SecA homologs with non-overlapping functions: SecAl and SecA2. SecAl is a
housekeeping protein with roles analogous to E. coli SecA, while SecA2 is generally nonessential
for viability but plays an important role in virulence (Braunstein et al., 2001; Bensing & Sullam, 2002;
Bandara et al., 2017). In some species, for example Clostridium difficile, SecA2 is essential (Fagan
& Fairweather, 2011). Genomics approaches have frequently shown that SecA is absent in humans
(Sakharkar, Sakharkar & Chow, 2004; Segers & Anné, 2011). The majority of cellular SecA is
present as a peripheral protein on the cytoplasmic face of the membrane, and at some stages in its
ATPase cycle, it inserts into the membrane. During these stages, accessibility for inhibitors of SecA
may be increased (Economou & Wickner, 1994; Economou et al., 1995; Eichler & Wickner, 1998;
Rao et al., 2014). Additionally, there are extensive structural, biochemical and biophysical data on
SecA and assays to assess its activity. For this reason, SecA is an attractive target for antibiotic
development, with multiple high throughput screens (HTSs) and inhibitors reported in the literature

(see Chapter 3).
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The large repertoire of intramolecular interactions, intermolecular interactions with various ligands
and enzymatic activities of SecA provides a range of options for targeting its activity (Figure 1.6a).
Each SecA molecule possesses two essential RecA-like nucleotide-binding domains (Walker et al.,
1982; Mitchell & Oliver, 1993). One nucleotide-binding domain comprises a high-affinity ATP-
binding site, and the other is an intramolecular regulator of ATP hydrolysis which binds the former
and stimulates ATP hydrolysis (Sianidis et al., 2001). SecA also contains a helical wing domain,
helical scaffold domain, pre-protein cross-linking domain and a C-terminal linker domain
responsible for autoinhibition (Karamanou et al., 1999). The helical scaffold domain contains both
a long central helix, which provides a backbone for organisation of other domains, and a two-helix
finger that contacts the translocon pore (Hunt et al., 2002; Zimmer, Nam & Rapoport, 2008; Ma et
al., 2019).

Structural and biochemical studies of SecA have revealed an SS-hinding site formed by regions of
the two-helix finger and pre-protein cross-linking domain (Musial-Siwek, Rusch & Kendall, 2007;
Gelis et al., 2007; Auclair et al., 2010; Grady, Michtavy & Oliver, 2012). The SS-binding site is large
and complex, comprising negatively charged and hydrophobic residues for recognition of the n- and
h-regions of an SS, respectively (Grady, Michtavy & Oliver, 2012). In the absence of SS, this site is
occupied by 24 residues of the C-terminal linker domain (Gelis et al., 2007). The cytoplasmic face
of SecA houses a second site neighbouring the SS-binding site, responsible for interaction with the
mature region of substrates. Interactions at both sites are necessary for activation of translocation
(Chatzi et al., 2017).

a. b.

Pre-protein cross-linking domain

Nucleotide-binding
domains

Sec translocon

domain

Helical wing domain BOEOODSDOE
Two-helix o

finger

Viewpoint

Figure 1.6 Structure of SecA

a. The structure of a SecA monomer (PDB 6ITC) is shown in cartoon format (Ma et al., 2019).
The pre-protein cross-linking domain and two-helix finger are shown in pink and blue,
respectively. The pre-protein cross-linking domain is shown in the closed conformation; a pink
curved arrow indicates the range of motion of this domain. The black dot indicates where pre-
protein passes through this structure. b. The structure from a is shown in the context of the full
PDB structure (top) and viewpoint relative to the membrane (bottom; indicated by black arrow).
The Sec translocon (SecYE) is shown in shades of yellow.
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For many years, it was accepted that the SecA targeting pathway entails pre-protein binding first to
the cytoplasmic chaperone SecB. SecB is a homotetramer that interacts with pre-proteins through
a large hydrophobic groove, thereby maintaining a translocation-competent conformation (Huang
et al., 2016). SecA has direct affinity for SecB through its C-terminal zinc-binding domain (Zhou &
Xu, 2003). It was postulated that pre-protein is transferred from SecB to SecA and finally the
channel complex (Hartl et al., 1990). However, secB mutation does not affect bacterial growth and

less than 5% of the E. coli secretome is SecB-dependent (Baars et al., 2006).

More recently, it was revealed that SecA can co-translationally interact with ribosomes and nascent
substrates via its N-terminus in a chaperone-independent manner (Figure 1.7a; Huber et al., 2011,
Chun & Randall, 1994; Huber et al., 2017). Blocking the interaction between SecA and ribosomes
slows translocation of SecA-dependent proteins. Interestingly, it also disrupts the interaction
between SecB and substrate, suggesting that SecA binding to nascent substrate precedes SecB
binding (Cranford-Smith & Huber, 2018; Huber et al., 2017). Similarly to SRP, SecA scans the
ribosomal exit tunnel for substrate (Knipffer et al., 2019). SecA engages substrates once they have
reached a nascent chain length of approximately 100 amino acids (Zhu, Wang & Shan, 2022), far

later than SRP engagement on its substrates.

Alongside its role in ribosome binding and co-translational substrate recognition, the SecA N-
terminus mediates interactions with the Sec translocon and acidic phospholipids (Jilaveanu &
Oliver, 2007; Cooper et al., 2008; Das & Oliver, 2011; Knupffer et al., 2019). Thus, SecA can only
perform co-translational targeting in its soluble, cytoplasmic state. For co-translational SecA
substrates, SecA engagement precedes membrane association (Zhu, Wang & Shan, 2022). Given
that SecA cannot simultaneously bind ribosomes and the translocon, the mechanism of how SecA

targets ribosome-bound substrates to the translocon is unclear.

Given that the majority of cellular SecA is membrane-associated (Oliver & Beckwith, 1982), it is
expected that only a small proportion of SecA is involved in co-translational substrate recognition.
In line with this, only around half of pre-secretory proteins interact with SecA before release from
the ribosome (Zhu, Wang & Shan, 2022). For those that are co-translationally targeted by SecA,
timing of SecA engagement varies substantially. This spectrum of SecA engagement timing is due
to a co-translational ribosome-binding chaperone called Trigger Factor (Figure 1.7b). The earliest
interactions with Trigger Factor have the same timing as those with SecA (around 100 amino acids).
In ribosome profiling experiments, pre-proteins that are post-translationally targeted by SecA and
approximately half of co-translational SecA substrates were found to bind Trigger Factor first (Zhu,
Wang & Shan, 2022). Together with SRP, SecA and Trigger Factor coordinate to sort Sec

substrates into the appropriate targeting pathways.
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Figure 1.7 Mechanism of co- and post-translational targeting to Sec by SecA

Pre-proteins are translated from mRNA in ribosomes. As their signal peptide emerges from the

ribosome exit site, they are recognised by a. SecA or b. Trigger Factor. Pre-proteins recognised

by Trigger Factor engage SecA at a later stage of translation or after release from the ribosome.

Pre-proteins, alone or within translating ribosomes, are targeted to the core translocon by SecA.

c. Post-translational protein translocation is driven by ATP hydrolysis by SecA. Signal peptidase

removes the signal peptide, releasing mature periplasmic protein or allowing transfer of outer

membrane proteins to periplasmic chaperones. Substrate proteins are represented as a black

line with signal peptides shown as a black rectangle. Black arrows indicate the direction of

transport.
The major challenge of post-translational targeting to Sec-mediated protein translocation is
preventing substrate folding, misfolding or aggregation prior to transport. SecA, SecB, Trigger
Factor and cytoplasmic chaperones of the heat shock response maintain substrates in an unfolded,
translocation-competent conformation. The bacterial chaperonin GroEL and its cofactor GroES
have a strong affinity for pre-secretory protein (Zahn & Plickthun, 1992) and GroEL interacts with
membrane-associated SecA (Bochkareva, Solovieva & Girshovich, 1998). While the chaperone
system DnaK-DnaJ-GrpE preferentially interacts with cytoplasmic proteins, around 17% of DnaK

interactors are putative extracytoplasmic proteins (Calloni et al., 2012). The precise roles of each
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chaperone system in protein translocation are substrate-specific and subject to functional
redundancy. The chaperone requirements of model Sec substrate TEM -lactamase are discussed
in Chapter 5.

When SecA is bound to SS, the pre-protein cross-linking domain moves towards the nucleotide
binding domains such that the polypeptide clamp transitions from a wide open to an open
conformation (Hunt et al., 2002; Gelis et al., 2007; Zimmer, Nam & Rapoport, 2008). When
substrate bound SecA binds the Sec translocon at the membrane, the pre-protein cross-linking
domain undergoes a further conformational change, closing the clamp and activating the nucleotide
binding domains (Figure 1.6a). The substrate is held by the pre-protein cross-linking domain clamp
at its point of entry into SecA (Zimmer, Nam & Rapoport, 2008; Gold et al., 2013; Collinson, Corey
& Allen, 2015; Ma et al., 2019). SecA binds cytoplasmic loops of SecY and the C-terminal SecY tail
and contacts acidic phospholipids either side of the channel (Alami et al., 2007; Zimmer, Nam &
Rapoport, 2008; Gold et al., 2010; Ma et al., 2019). Post-translational SS handover from SecA may
be mediated by the two-helix finger which inserts into the Sec channel (Figure 1.6b) and, alongside
SecY cytoplasmic loops, guides the substrate into the translocon (Zimmer, Nam & Rapoport, 2008;
Ma et al., 2019).

1.2.2 Translocation through the Sec-machinery

1.2.2.1 The core SecYEG translocon and Sec holotranslocon

The core Sec components SecY and E are universally conserved in bacteria (Tschauder, Driessen
& Freudl, 1992; Murphy & Beckwith, 1994). They are essential for translocation and bacterial
viability (Brundage et al., 1990; Hartl et al., 1990; Murphy & Beckwith, 1994). SecG is not essential
but promotes translocation through the channel (Duong & Wickner, 1997). SecY and E share
significant similarity with eukaryotic Sec61a and vy, respectively (Hartmann et al., 1994). By contrast,
the B subunit of Sec61 bears no clear homology to SecG of bacteria (Van Den Berg et al., 2004).
Some antibiotics indirectly target SecY, suggesting that there is potential to exploit this protein as a
target (Feltcher, Sullivan & Braunstein, 2010; Van Stelten et al., 2009). Multiple inhibitors that bind
the eukaryotic Sec61 complex have been discovered, offering insights into the possibility of
targeting SecYEG (see Chapter 3).

In the SecYEG complex, SecY forms the channel (Van Den Berg et al., 2004) It comprises ten
transmembrane helices (TMHSs), with cytoplasmic N- and C-termini and two large cytoplasmic loops
(Figure 1.8a). The channel is situated between the two pseudo-symmetrical halves of SecY: TMH1-
5 and TMH6-10. On the cytoplasmic side of the channel is a funnel-shaped pore serving as an
entrance. When not engaged in translocation, this pore narrows to a close at a ring of six conserved
hydrophobic residues in the middle of the lipid bilayer, and the external side of the channel is
blocked by a ‘plug’ helix (Figure 1.8b). TMH5 and 6 act as a hinge for separation of the two halves
of SecY. Reinforcing this hinge is SecE, comprising one conserved transmembrane helix and an
amphipathic helix along the cytoplasmic face of the membrane (Figure 1.8a). Opposite the hinge

region, TMH2 and TMH7 comprise the lateral gate. Separation of the two halves of SecY widens
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the channel for protein translocation across the membrane, and opens the gate to the lipid bilayer
for partitioning of integral membrane proteins (Van Den Berg et al., 2004). Dimers of SecYEG form
in a back-to-back arrangement, with SecE subunits proximal to one another (Kaufmann et al.,
1999). Dimerisation of SecYEG is required for optimal interaction with SecA (Figure 1.7; Deville et
al., 2011). However, only one copy of SecYEG is active in and essential for translocation (Osborne
& Rapoport, 2007; Park & Rapoport, 2012; Schulze et al., 2014).

A single copy of SecYEG may also associate with YidC, a membrane insertase. YidC can perform
membrane protein insertion together with SecYEG or on its own; alone, it can insert mono or bitopic
membrane proteins (Scotti et al., 2000; Samuelson et al., 2000; Serek et al., 2004). It is conserved
across bacteria and essential for viability (Scotti et al., 2000; Samuelson et al., 2000). It is a distant
homolog of mitochondrial Oxalp, widely conserved across eukaryotes (Bonnefoy et al., 1994; Scotti
et al., 2000; Zhang, Tian & Wen, 2009). Downregulation of YidC production in E. coli increases
susceptibility to antibacterial essential oils, validating it as a potential antibiotic target (Patil et al.,
2013).

a. b.

SeckE Viewpoint

|

Sec translocon

SecY

»—
Plug helix (

Pore ring
residues

TMH2  TMH7

H_/

Lateral gate

Figure 1.8 Structure of SecYEG

a. The structure of a SecYEG monomer (PDB 1RH5) is shown in cartoon with the lateral gate

at the front. SecY is shown in yellow, SecE in orange and Secf/ G in tan. b. The structure from

a is shown from a periplasmic view. The plug helix is shown in blue and pore ring residues in

red with side chains shown as sticks (Van Den Berg et al., 2004).
YidC association with SecYEG requires the accessory subcomplex SecDF-YajC, together making
up the HTL (Schulze et al., 2014). The secD, F and yajC genes are encoded on the same operon.
The individual role of YajC is unclear and it is not essential (Pogliano & Beckwith, 1994b). SecD
and F are also not essential for viability or translocation, but mutation of secD or F inhibits
translocation in vivo (Pogliano & Beckwith, 1994a). SecDF belongs to the resistance-nodulation-
cell division superfamily (which includes the PMF-driven drug efflux systems, see section 1.1.1) and
conducts protons across the membrane. The subcomplex has two major periplasmic domains, one

of which binds unfolded protein and undergoes conformational changes important for SecDF
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function (Tsukazaki et al., 2011). These large periplasmic domains are accessible to inhibitors.
Homologs of the accessory proteins SecD and F are absent in humans (Cao & Saier, 2003).
However, these proteins are not universally conserved across bacteria (Cao & Saier, 2003) and
SecDF-dependence is substrate-specific (Arkowitz & Wickner, 1994), so SecDF inhibitors are

unlikely to have broad-spectrum activity.

Both HTL and the core SecYEG complex can induce SecA ATPase activity and mediate post-
translational protein translocation across the membrane, although HTL is less efficient in this
process (Figure 1.7). While SecYE alone is capable of transducing energy from the transmembrane
PMF, HTL is more responsive to PMF stimulation, likely due to the presence of SecDF (Brundage
et al., 1990; Schulze et al., 2014). Co-translational membrane protein insertion is more efficient
through HTL than SecYEG (Figure 1.4; Schulze et al., 2014). In HTL, YidC localises to the lateral
gate of SecY (Sachelaru et al., 2013), where it facilitates partitioning of substrate TMHs into the

lipid bilayer.

1.2.2.2 Translationally coupled translocation

Upon handover to the translocon, the SS is inserted proximal to TMH2 and 7 of SecY. This triggers
a conformational change in TMH7, opening the lateral gate (Wang et al., 2004; Mitra et al., 2005;
Hizlan et al., 2012; Corey et al.,, 2016; Li et al., 2016). From here, signal anchors and
transmembrane domains of nascent membrane proteins may interact with YidC or partition into the
lipid bilayer. The translocon pore is aligned with the ribosome exit tunnel, allowing passage of
periplasmic domains (Mitra et al., 2005). In eukaryotes, protein translocation initiated by SRP is
driven by the energy of ongoing protein chain elongation. It is widely accepted that the driving force

is the same for bacterial SRP substrates.

While SRP and co-translational translocation are sufficient for insertion of transmembrane domains,
integral cytoplasmic membrane proteins with large periplasmic domains require additional
machineries (typically SecA) for translocation (Neumann-Haefelin et al., 2000; Zhu, Wang & Shan,
2022). During translationally coupled translocation, large regions of protein destined for the
periplasm accumulate at the Sec channel entrance, likely disrupting the junction between Sec and
the ribosome exit (Li et al., 2016). SecA binds and resolves the protein build-up at the translocon,
allowing recovery of the Sec-ribosome junction and continuation of translationally coupled
translocation (Zhu, Wang & Shan, 2022).

Additionally, Sec and Tat can cooperate in membrane protein insertion. Actinobacterial Rieske
proteins are the model substrates of this Sec and Tat dual transport pathway, possessing three to
five transmembrane helices preceding an extracytoplasmic cofactor-containing domain. The first
transmembrane domain comprises an SRP-specific signal anchor and the last resembles a Tat SS.
Therefore, the Sec-machinery initiates translocation but disengages with substrate at the final
transmembrane domain. The Tat-machinery takes over insertion of this domain and transport of the

folded cofactor-containing domain (Keller et al., 2012).

17



Chapter 1 - General Introduction

1.2.2.3 SecA-mediated translocation

Unlocking of the lateral gate by a SS primes SecYEG for translocation. Binding of ATP-bound SecA
to the cytoplasmic loops of SecY and insertion of the SecA two-helix finger into the channel also
causes partial opening of the lateral gate (Zimmer, Nam & Rapoport, 2008). Three of the six pore
ring residues are located on TMH2 and 7, so lateral gate opening occurs concomitantly with
widening of the channel (Figure 1.8). The plug is destabilised and moves towards the periplasm.
The pre-protein cross-linking domain of SecA clamps around the substrate and SecA ATPase
activity is fully activated (Zimmer, Nam & Rapoport, 2008; Collinson, Corey & Allen, 2015; Li et al.,
2016; Fessl et al., 2018).

SecA-mediated SS insertion can occur in the absence of ATP hydrolysis, however plug opening
and subsequent translocation requires the ATPase activity of SecA (Schiebel et al., 1991; Collinson,
Corey & Allen, 2015; Fessl et al., 2018). Translocation of pre-protein through the channel occurs in
a stepwise manner, requiring cycles of ATP hydrolysis and stimulated by the PMF. The Brownian
ratchet model explains how ATP hydrolysis may promote protein translocation through Sec: i)
polypeptides primarily pass through the channel by diffusion while SecA is in an ADP-bound state;
ii) stretches of amino acids that cannot pass perturb the two-helix finger and trigger nucleotide
exchange, opening the channel to allow passage and clamping the pre-protein cross-linking domain
shut to prevent back-sliding; iii) hydrolysis of ATP closes the channel and traps these amino acid
stretches on the periplasmic side of the membrane. The ‘ratchet’ biasing movement in the forward
direction may be folding of translocated protein in the periplasm, interaction with periplasmic
chaperones or protonation in the lower pH environment of the periplasm (Allen et al., 2016; Corey
et al.,, 2019; Allen et al., 2022). An alternative ‘power stroke’ model suggests that SecA binds
substrate, pushes it forward through the channel, then releases substrate and retracts (Erlandson
et al., 2008; Bauer et al., 2014). The evidence for either model, or a combination of the two, has
been discussed previously (Bauer et al., 2014; Allen et al., 2016; Corey, Allen & Collinson, 2016).
Inhibitors of the driving forces behind Sec-mediated transport may not only represent lead
compounds for antibiotic development but could also help illuminate the mechanism of ATP-driven

translocation.

1.2.3 Substrate release upon translocation

Type | and Il signal peptidases represent different terminal branches of protein translocation. Signal
peptidase | is responsible for the release of mature secretory proteins from the membrane following
general protein translocation (Figure 1.9). Without signal peptidase I-mediated cleavage of the
signal peptide, translocated proteins remain anchored to the membrane (Russel & Model, 1981;
Dalbey & Wickner, 1985). Signal peptidase | is conserved across bacteria. Genetic and functional
studies in E. coli and a range of human pathogens have shown that type | signal peptidase activity
is essential to bacterial viability (Date, 1983; Cregg, Wilding & Black, 1996; Zhang, Greenberg &
Lacks, 1997). Typically, Gram-negative bacteria have one chromosomal signal peptidase | gene,
apart from P. aeruginosa which has two type | signal peptidases with distinct roles (Waite et al.,

2012), and Gram-positives commonly have multiple, redundant type | signal peptidases (Tjalsma
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et al., 1997; Parro et al., 1999). Signal peptidase | also plays a role in virulence. As an example,
the Staphylococcus aureus type | signal peptidase SpsB is required for processing of virulence
proteins including extracellular proteases, lipases, superantigens and quorum sensing systems
essential for biofilm formation (Kavanaugh, Thoendel & Horswill, 2007; Schallenberger et al., 2012).
Bacterial signal peptidase | is substantially different from the human counterpart in both structure
and catalytic mechanism. For example, while human signal peptidases use a catalytic Ser/His/Asp
triad or Ser/His dyad, the bacterial enzymes are serine proteases with an unconventional Ser/Lys
dyad (Black, 1993; Paetzel, Dalbey & Strynadka, 1998). The numerous differences between
bacterial and human signal peptidase make it possible to target the bacterial enzyme without side
effects in human cells. Multiple screening attempts have validated signal peptidase | as a suitable
antibiotic target. In addition, compounds targeting signal peptidase | are being developed as a

potential new class of antibiotics (see Chapter 3).
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Figure 1.9 Type | and Il signal sequence processing following translocation

Left, pre-proteins with type | signal sequences are recognised and cleaved by signal peptidase

I, allowing release of mature periplasmic proteins, transfer of extracellular proteins to secretion

systems, or outer membrane protein transfer to periplasmic chaperones and the (-barrel

assembly machinery (BAM). Right, pre-pro-lipoproteins with a lipobox (type Il signal sequence)

are acylated by Lgt to pro-lipoprotein, cleaved by signal peptidase Il then acylated further by

Lnt. In Gram-negative bacteria, most lipoproteins are recognised by the Lol system and

transferred to the inner leaflet of the outer membrane. Substrate proteins are represented as a

black line with signal sequences shown as a black rectangle and lipobox cysteine as a small

black circle. Black arrows indicate the direction of processing.
Signal peptidase Il processes pre-pro-lipoproteins after their translocation (Figure 1.9). First, the
phosphatidylglycerol/ prolipoprotein diacylglyceryl transferase Lgt attaches a diacylglycerol to the
sulfhydryl group of the lipobox cysteine (Sankaran & Wu, 1994). The resulting pro-lipoprotein is
recognised and cleaved by signal peptidase Il (Dev & Ray, 1984), freeing up the amino group of
the +1 cysteine for N-acylation by phospholipid/ apolipoprotein transacylase Lnt (Gupta & Wu,
1991). This gives mature lipoprotein. In Gram-negative bacteria, most lipoproteins are shuttled from
the cytoplasmic membrane to the outer membrane by the Lol machinery. Gram-positive lipoproteins
remain tethered to the outer leaflet of the cytoplasmic membrane. Signal peptidase Il is an

unconventional aspartic acid protease not found in eukaryotes, and lacks the conserved D-[ST]-G
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motif found in eukaryotic aspartic acid proteases (Tjalsma et al., 1999). While signal peptidase Il is
highly conserved and essential for viability in Gram-negative bacteria, it is not essential in Gram-
positives (Gan et al., 1993; Tjalsma et al., 1999; Sander et al., 2004; Stoll et al., 2005). However,
in some bacteria lacking the Gram-negative outer membrane like M. tuberculosis, the type Il signal
peptidase is important for virulence (Sander et al., 2004). The cyclic peptide antibiotic globomycin
inhibits signal peptidase Il and growth of some Gram-negative bacteria including E. coli (Hussain,
Ichihara & Mizushima, 1980; Dev, Harvey & Ray, 1985).

1.3 Aims

This introduction has presented the need for antibiotic innovation and proposed that antibiotics
targeting the bacterial Sec-machinery could fulfil this need. It also gives an overview of the main
components of the Sec-machinery, their function and their individual suitability as drug targets. The
overarching aim of the following work is to further establish the bacterial Sec-machinery as a
promising antibiotic target and to guide future discovery and development of Sec inhibitors. The

work is divided into two objectives:

1.3.1 Objective 1: Develop a screening strategy for inhibitors of protein

translocation by the bacterial Sec-machinery

Chapter 3 reviews existing screening strategies for Sec inhibitor discovery and the most promising
antibiotic candidates inhibiting the Sec-machinery. Evaluation of the strengths and limitations of
these previous approaches provides the rationale for design of a whole cell (in vivo) primary screen
assay and counter assay based on the NanoLuc Binary Technology. The experimental portion of
this chapter follows the validation of this assay setup using a model Sec substrate and commercially
available inhibitors of Sec-mediated translocation, and deployment of the assay to screen a library

of 5000 synthetic small molecules.

Chapter 4 discusses the downstream (secondary) assays heeded to verify screen hits as bona fide
Sec inhibitors. Two established in vitro assays for Sec-mediated translocation are compared for
their ability to complement the primary and counter assays. Preliminary experiments are conducted
to assess the antibacterial activity of hits. Together, chapters 3 and 4 propose a successful

screening strategy.

1.3.2 Objective 2: Investigate the role of the Sec-machinery in a major mechanism

of antibiotic resistance

Sec inhibitors lacking antibacterial activity may not provide useful antibiotic leads but — given the
role of Sec in the correct localisation of proteins involved in virulence and resistance — could be
used to potentiate current antibiotic treatments. Besides their clinical application, Sec inhibitors and
the Sec inhibitor screen (Objective 1) are also valuable tools for investigating outstanding questions
on Sec. Chapter 5 introduces a case study of B-lactamase enzymes: a major mechanism of

antibiotic resistance in priority pathogens that relies on protein translocation often through the Sec-
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machinery. Different Sec substrates can engage different accessory proteins and pathways for
translocation, so how can researchers determine or predict the pathways used by diverse B-
lactamases? Does inhibition of B-lactamase translocation translate to loss of B-lactamase activity?
Which Sec components are the most useful targets for inhibition of B-lactamase translocation? The

work presented here provides the tools to answer these questions.
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Chapter 2 Methods

2.1 General methods

2.1.1 Bacterial strains, culture, and transformation

MC4100 is an expression strain of E. coli, commonly used for translocation assays. All strains listed
in the table below MC4100 are derivatives of this strain. Standard culture conditions are Miller’s
Lysogeny broth (LB; 10 g/l peptone 140, 5 g/l yeast extract, 10 g/l NaCl) with shaking at 200 rpm.
Standard culture temperature for MM52 is 30°C to permit growth, and 37°C for all other strains.
Under standard conditions, WAM121 cultures are supplemented with 50 ug/ml kanamycin and 0.2

% (w/v) arabinose. Unless stated otherwise, strains were grown under their respective standard

conditions.
Table 2.1 Bacterial strains used in this project
Strain Genotype Source
XL1-Blue E. coli K-12 recAl endAl gyrA96 thi-1 hsdR17(r« mk*) Agilent Technologies

supE44 relAl lac [F" proAB lacl®ZAM15 Tn10 (tetR)]
BL21(DE3) E. coli B F fhuA2 lon ompT dcm hsdS(rs” ms’) gal (A DE3) New England Biolabs
C43(DE3) E. coli B F-ompT dcm hsdSB(rs” ms’) gal (A DE3) Merck

MC4100 E. coli K-12 F-araD139 A(argF-lac)U169 A- e14 flhD5301 Coli Genetic Stock Centre
A(fruK-yeiR)725(fruA25) relAl rpsL150(strR) rbsR22
A(fimB-fimE)632(::1S1) deoC1

NR698 MC4100 IptD4213 Kind gift of Prof. Thomas
Silhavy (Ruiz et al., 2005)

MM52 MC4100 secA51(Ts) Coli Genetic Stock Centre
(Oliver & Beckwith, 1981)

WAM121 MC4100 ara* ffh::kanR attB::(oriR6K ParaBAD-ffh* tetR) Weizmann Institute of
Science (de Gier et al.,
1996)

Chemically competent E. coli stocks were prepared as follows: overnight cultures were diluted 50-
fold in fresh LB and grown under standard conditions until an optical density at 600 hm (ODsoo) of
0.3 - 0.5; cells were harvested by centrifugation at 4500 xg for 10 min, resuspended in 1/2 volume
ice-cold competency buffer (100 mM CacClz + 10 % glycerol) and incubated on ice for 20 min; cells
were pelleted by centrifugation as before and resuspended in 1/10 volume ice-cold competency

buffer; after another 20 minute incubation on ice, suspensions were aliquoted and stored at -80°C.
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Heat-shock was used for bacterial transformation. Chemically competent bacterial suspensions (10
- 50 pl) were thawed on ice, mixed with 20 - 100 ng purified plasmid DNA or 2 - 5 pl ligation reaction
and incubated on ice for 10 min. Transformation reactions were transferred to 42°C for 45 s then
placed back on ice for 5 min. Heat-shocked mixtures were supplemented with 200 - 500 pl LB and
recovered for 1 h at the standard culture temperature for that strain. Recovered cells were plated
on LB agar (1.6 % w/v) supplemented with 100 pg/ml ampicillin, 50 pg/ml kanamycin, 30 ug/mi
chloramphenicol and/or 100 pg/ml spectinomycin as appropriate and cultured overnight in a static
incubator under standard conditions. Single colonies from transformation plates were used to

inoculate cultures for experiments.

2.1.2 SDS-PAGE analysis and immunoblotting

Unless stated otherwise, samples in 1X NUPAGE LDS sample buffer (Thermo Fisher Scientific)
supplemented with 25 mM dithiothreitol (DTT) were heated to 95°C for 10 min. Samples (10 pl
unless stated otherwise) were then resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on commercially sourced Bis-Tris protein gels (Invitrogen) according
to the manufacturer’s protocols. Bolt 12% Bis-Tris mini gels were used alongside Bolt MOPS
running buffer for analysing B-lactamase constructs, while other proteins were resolved using Bolt
4 to 12%, Bis-Tris, Mini, 17-well gels with Bolt MES SDS running buffer or NUPAGE 4 to 12%, Bis-
Tris, Midi, 26-well gels with NUPAGE MES SDS running buffer.

Protein gels were stained using InstantBlue Coomassie Protein Stain (Abcam) or blotted onto
nitrocellulose membrane (Pierce) using a Power Blotter System (Invitrogen). Blots were developed
with primary antibody — a-V5 (mouse monoclonal; GeneTex), a-TEM (mouse monoclonal; Insight
Biotechnology), a-SecA C-terminus (rabbit polyclonal; laboratory stock), a-Ffh (rabbit polyclonal;
laboratory stock), a-Lacl (mouse monoclonal; Merck Millipore) — then DyLight-conjugated
secondary antibody (Thermo Fisher Scientific). Blots were visualised using the Odyssey Fc System
(LI-COR) and Image Studio (v 5.2).

2.1.3 Statistical analysis

Analysis of statistical significance was performed in RStudio (v 4.0.2). T-tests or one-way analysis
of variance (ANOVA) tests followed by TukeyHSD tests were used for pairwise comparisons, as
appropriate. For dose response assays, absolute ICso (X is concentration; Top=1; Baseline=0) was
determined in GraphPad Prism (v 8.4.3).

2.2 Plasmid construction

Expression of B-lactamase constructs in the range of bacterial strains used required careful
selection of an appropriate plasmid vector. Since WAM121 carries a kanamycin resistance gene
on its chromosome, a plasmid using kanamycin for selection would be inappropriate. Other
antibiotics to avoid include ampicillin, as this would complicate B-lactamase activity assays, and

streptomycin, due to the rpsL150(StrR) mutation carried in strains with an MC4100 background.
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MC4100 and MM52 carry the araD139 mutation, which blocks arabinose metabolism and inhibits
growth in the presence of arabinose (Englesberg et al., 1962). This, alongside the arabinose-
inducible ffh gene carried in WAM121, means that plasmids based on the arabinose expression
system cannot be used. A T7 expression system would also be inappropriate as these strains do

not produce the T7 polymerase.

pCDFT is a derivative of pCDFDuet-1 (Novagen, Sigma-Aldrich) that was generated by designing
synthetic DNA of multiple cloning sites (MCS) 1 and 2 of pCDFDuet-1 with Py, promoters replacing
the Ptz promoter region but retaining the lacO region (Eurofins GeneStrand and Standard Gene,
respectively). This gives a Lacl/ Pwc promoter system for each MCS, inducible by addition of
isopropyl B-D-1-thiogalactopyranoside (IPTG). For exchanging the promoter of MCS1, the relevant
synthetic DNA and pCDFDuet-1 were digested with New England Biolabs (NEB) restriction
endonucleases EcoNI and BamHI (High-Fidelity versions were used where available). For MCS2,
BsrGl and Mfel were used. Digested products were isolated by purification or gel extraction
(QlAquick kits, QIAGEN), then ligated with T4 DNA ligase (NEB) and transformed into chemically
competent XL1-Blue according to manufacturers’ protocols. Constructs were verified by Eurofins
Sanger sequencing with standard primers. pCDFT carries the aadA gene, which allows selection
using streptomycin or spectinomycin. As MC4100 is resistant to streptomycin, spectinomycin was

used.

The initial set of pCDFT-based B-lactamase constructs (encoding V5-tagged pTEM, pIMP-1 and
pNDM-1) were generated by polymerase chain reaction (PCR) using Q5 Hot Start High-Fidelity
DNA Polymerase (NEB), 1 ng template and 100 — 500 nM primer, following the manufacturer’s
guidelines. Plasmid pBAD/Myc-His B (Invitrogen, Thermo Fisher Scientific) was used as a template
for amplification of amp (NCBI RefSeq WP_000027060.1) using primers pTEM-F and TEM-V5-R.
Primers pIMP1-F and IMP1-V5-R were used to amplify blame-1 (NCBI RefSeq WP_003159548.1)
from pSU2718-IMP1. Similarly, pNDM1-F and NDM1-V5-R were used for amplification of blanpw-1
(NCBI RefSeq WP_004201164.1) from pSU2718-NDM1. All pSU2718-based constructs were the
kind gifts of Prof Matthew Avison (Cheung et al., 2021). Primers were designed with 5’ tails for
addition of flanking restriction sites (BamHI — Hindlll for TEM-181 and NDM-1; BamHI — Sall for
IMP-1) and DNA encoding a C-terminal minimal V5 epitope, N - IPNPLLGL - C, codon-optimised
for E. coli K-12. Purified PCR products and pCDFT were digested with the appropriate restriction

endonucleases, purified, ligated, and transformed into XL1-Blue.

The resulting constructs formed the templates for generation of respective HiBiT-tagged constructs
(pTEM-HIBIT, pIMP1-HiBiT and pNDM1-HiBiT) by PCR with universal primers BamHI-F and V5-
HiBIiT-R. These primers anneal to the regions flanking the B-lactamase insert in pCDFT. The 5’ tail
on V5-HiBiT-R was designed to add a codon-optimised DNA sequence encoding HiBiT, N -
VSGWRLFKKIS — C, preceded by a GSG linker with a Sall restriction site following the stop codon.
PCR products were inserted into pCDFT (BamHI — Sall) as above.

Mature versions of the resulting V5-HiBiT-tagged B-lactamase constructs (mMTEM-HIBIT, mIMP1-
HIiBiT and mNDM1-HiBiT) were generated by PCR with the respective forward primer (nTEM-F,
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mIMP1-F and mNDM1-F) and universal primer HindllI-R, which anneals to the Hindlll restriction
site downstream of the insert in pCDFT. The forward primers all anneal downstream of the codon
corresponding to the -1 position on the cleavage site of the respective protein and contain a 5’ tail
for addition of a BamHI restriction site followed by an ATG start codon. PCR products were inserted
into pCDFT (BamHI — Sall) as above.

SS-switched chimeric constructs iINDM1-HiBiT and nIMP1-HiBiT were generated by PCR of
pCDFT-pNDM1-HiBiT and pCDFT-pIMP1-HiBiT, respectively. The former was achieved in one step
using primers iNDM1-F and Hindlll-R and template pCDFT-pNDM1-HiBiT. Primer iNDM1-F
anneals downstream of the codon corresponding to the +6 position of NDM-1 and contains a 5’ tail
for addition of a BamHI restriction site followed by the first 24 codons of blave-1. By contrast, nIMP1-
HIBIiT was generated by two PCR steps: i) amplification of pPCDFT-pIMP1-HiBIT using nIMP1-F and
Hindlll-R and ii) amplification of the resulting product with pNDM1-F and Hindlll-R. Primer nIMP1-
F anneals downstream of the codon corresponding to the +6 position of IMP-1 and contains a 5’
tail for addition of the first 31 codons of blanom-1. A BamHI site was added to the product by
amplification with pPNDM1-F and Hindlll-R. PCR products were inserted into pCDFT (BamHI — Sall)
as above.

The expanded set of pCDFT-based 3-lactamase constructs includes pVIM1-HiBiT, pVIM2-HiBiT,
pCTXM15-HiBiT and pKPC3-HiBiT. Gene synthesis of blayim-1 (NCBI RefSeq WP_013263789.1)
and blayiv-2 (NCBI RefSeq WP_003108247.1), with DNA encoding C-terminal V5 followed by HiBIT,
was ordered from Eurofins Genomics. These genes were excised from their donor plasmids and
inserted into pCDFT (BamHI — Hindlll) as above. Primers pCTXM15-F and CTXM15-V5-HiBiT-R
were used to amplify blacrx-m-1s (NCBI RefSeq WP_000239590.1) from pSU2718-CTXM15. Primers
pKPC3-F and KPC3-V5-HIiBiT-R were used for amplification of blakec.s (NCBI RefSeq
WP_004152396.1) from pSU2718-KPC3. Primers were designed with 5’ tails for addition of flanking
restriction sites (BamHI and Sall) and DNA encoding C-terminal V5 followed by HiBiT. PCR
products were inserted into pCDFT (BamHI — Sall) as above.

Table 2.2 Primers used in this project

Primer name Primer sequence (5’ — 3’)

pPTEM-F aga ctg gga tcc ATG AGT ATT CAA CAT TTC CGT GTC

TEM-V5-R ctg aga aag ctt tta taa acc taa cag tgg gtt tgg aat CCA ATG CTT AAT CAG
TGA GGC

pIMP1-F aga ctg gga tcc ATG AGC AAG TTATCT GTATTC

IMP1-V5-R ctg aga gtc gac tta taa acc taa cag tgg gtt tgg aat GTT GCT TGG TTT TGA
TGG

pNDM1-F aga caa gga tcc ATG GAA TTG CCC AAT ATT ATG CACC

NDM1-V5-R ctg aga aag ctt tca taa acc taa cag tgg gtt tgg aat GCG CAG CTT GTC GGC
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BamHI-F

V5-HiBiT-R

MTEM-F
mIMP1-F
mNDM-F

iINDM1-F

nIMP1-F

HindllI-R

pCTXM15-F

CTXM15-V5-HiBiT-R

pKPC3-F

KPC3-V5-HIiBIT-R

ACC ACA GCC AGG ATC CAT

atc gaa gtc gac tta gct aat tit ttt aaa cag gcg cca gec gcet cac gee gga gec TAA
ACC TAA CAG TGG GTT TGG AAT

aga ctg gga tcc atg CAC CCA GAA ACG CTG GTG

aga ctg gga tcc atg GCA GAG TCT TTG CCA GAT

aga ctg gga tcc atG TGC ATG CCC GGT GAA ATC

aga ctg gat cca tga gca agt tat ctg tat tct tta tat ttt tgt ttt gca gca ttg cta ccg cag
cag agt ctt tgc cag atC GCC CGA CGA TTG GCC AG

atg gaa ttg ccc aat att atg cac ccg gtc gcg aag ctg agc acc gca tta gcc gcet gca
ttg atg ctg agc ggg tgc atg ccc ggt gaa atc TTA AAA ATT GAA AAG CTT GAT
GAA GGC

TTATGC GGC CGC AAG CTT

aga ctg gga tCC ATG GTT AAAAAATCACTG CGCC

aag ctt gtc gac tta gct aat ttt ttt aaa cag gcg cca gec get cac gec gga gec taa
acc taa cag tgg gtt tgg aat CAA ACC GTC GGT GAC GAT

aga ctg gga tcc ATG TCA CTG TAT CGC CGT C

aag ctt gtc gac tta gct aat ttt ttt aaa cag gcg cca gcc gct cac gec gga gec taa
acc taa cag tgg gtt tgg aat CTG CCC GTT GAC GCC

Upper case letters denote annealing regions of the primer.

2.3  Protein preparations

Unless otherwise stated, all centrifugation steps were performed at 4°C.

231 LgBiT

BL21(DE3) was transformed with pBAD-e4LgBIiT. This plasmid, gifted by Dr. Daniel Watkins,
encodes LgBIiT with an N-terminal hexa-histidine tag under a AraC/ Pgap promoter and confers
ampicillin resistance (Pereira et al., 2019). A single colony was inoculated into 2xYT broth (16 g/I
tryptone, 10 g/l yeast extract, 5 g/l NaCl) supplemented with 100 pg/ml ampicillin and cultured
overnight at 37°C with shaking. Overnight cultures were diluted 1/ 50 (v/v) in fresh 2xYT containing
ampicillin and grown at 37°C with shaking until ODeoo 0.6, then induced with 0.2% (w/v) arabinose
for 3 h. Cells were harvested by centrifugation at 5000 xg for 15 min. Pellets were resuspended in
buffer TKG (20 mM Tris, 50 mM KCI, 10% glycerol, pH 7.5), lysed with a cell disruptor (one pass at
25 kpsi; Constant Systems) then centrifuged at 40,000 xg for 30 min. The supernatant was loaded

onto a HisTrap HP column (Cytiva), washed with 50 mM imidazole and eluted with 330 mM
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imidazole. Using a spin concentrator with 3 kDa cut-off, the eluate was exchanged and concentrated
into TKG.

2.3.2 GST-Dark

BL21(DE3) was transformed with pGEX-GST-Dark. This plasmid, gifted by Dr. Gongalo Pereira,
confers ampicillin resistance. It encodes Glutathione-S-transferase (GST) with a C-terminal dark
peptide tag (N - VSGWALFKKIS — C) preceded by a SDPG linker under a Lacl/ Piwc promoter
system (Pereira et al., 2019). A single colony was inoculated into LB broth supplemented with 50
pg/ml ampicillin and cultured overnight at 37°C with shaking. Overnight cultures were diluted 1/ 100
(v/v) in fresh LB containing ampicillin and grown at 37°C with shaking until ODeoo 0.6 — 0.8. IPTG
(2 mM) was added to induce expression and cells grown for a further 3 h. Cells were harvested by
centrifugation at 4000 xg for 30 min, resuspended in TK buffer (20 mM Tris, 50 mM KCI, pH 7.5)
then lysed with a cell disruptor. The supernatant was clarified by centrifugation at 167,000 xg for 45
min, then subjected to affinity chromatography using a GSTrap 4B column (GE Healthcare). The
column was washed with TK buffer and GST-Dark eluted using TK + 20 mM reduced glutathione.

The eluate was concentrated in a spin concentrator (10 kDa cut-off).

2.3.3 pSpy-HiBiT

Purified pSpy-HiBiT was a kind gift of Dr. Daniel Watkins. It was prepared as described previously
(Pereira et al., 2019). The protocol is as follows: MM52 was transformed with pBAD-pSpy-HiBiT-
His. This plasmid encodes pre-secretory Spy (pSpy) with C-terminal minimal V5, HiBiT and hexa-
histidine tags under an AraC/ Psap promoter system and confers ampicillin resistance. A single
colony was inoculated into 2xYT broth supplemented with 100 pg/ml ampicillin and cultured for 24
h at 30°C with shaking. Overnight cultures were diluted 1/ 10 (v/v) in fresh 2xYT containing ampicillin
and grown at 39°C with shaking for 45 min. Expression was induced with 0.2% (w/v) arabinose for
2.5 h. Cells were harvested by centrifugation at 5000 xg for 15 min. Pellets were resuspended in
buffer (50 mM Tris, 500 mM NacCl, 30 mM imidazole, pH 8.0) supplemented with cOmplete EDTA-
free Protease Inhibitor Cocktail (Roche), lysed with a cell disruptor then centrifuged at 40,000 xg
for 20 min. The soluble fraction was loaded onto a HisTrap column and washed with resuspension
buffer. The eluate (300 mM imidazole) was exchanged into TS13o0 buffer (20 mM Tris, 130 mM NaCl,
pH 8.0), supplemented with 1 mM DTT, 0.5 mM ethylenediamine tetraacetic acid (EDTA) and 120
pg/ml TEV protease then incubated at room temperature for 3 h. The sample was then subjected
to a second HisTrap step and the flow through was collected. Using a spin concentrator (3 kDa cut-
off), this sample was exchanged into denaturing buffer (20 mM Tris, 6 M urea, pH 8.0) and
concentrated.

2.3.4 pOmpA-V5

MM52 was transformed with pBAD-pOmpA-V5. This plasmid, gifted by Dr. William Allen, confers
ampicillin resistance. It encodes full length pre-secretory OmpA (pOmpA), with its cysteines

removed by mutagenesis and a C-terminal minimal V5 epitope, under an AraC/ Psap promoter
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system (Corey et al., 2018). A single colony was inoculated into 2xYT broth supplemented with 100
pa/ml ampicillin and cultured for 24 h at 30°C with shaking. Overnight cultures were diluted 1/ 10
(v/v) in fresh 2xYT containing ampicillin and grown at 39°C with shaking for 45 min. Expression was
induced with 0.2% (w/v) arabinose for 2.5 h. Cells were harvested by centrifugation at 5000 xg for
15 min. Pellets were resuspended in TSz30 buffer supplemented with cOmplete EDTA-free Protease
Inhibitor Cocktail. Cells were lysed with a cell disruptor then centrifuged at 4000 xg for 15 min to
collect inclusion bodies and cell debris. Pellets were rinsed with water then inclusion bodies
solubilised in denaturing buffer by gentle mixing for 30 min at room temperature followed by
homogenisation. Non-soluble material was removed by centrifugation at 200,000 xg for 60 min. The
supernatant was loaded onto a HiTrap Q High Performance column (Cytiva) equilibrated in
denaturing buffer and pOmpA eluted using an 80 ml linear gradient of 0 (Buffer A) — 200 mM KCI
(20% Buffer B) at 4 ml/min. pOmpA was collected in the flow-through at approximately 10% B.

Pooled fractions were spin concentrated (10 kDa cut-off).

2.3.5 SecA

BL21(DE3) was transformed with pET-SecA. This plasmid, gifted by Dr. William Allen, confers
ampicillin resistance. It encodes SecA with its C-terminal domain replaced with a hexa-histidine tag
under a Lacl/ P17 promoter system (Gold et al., 2007). A single colony was inoculated into LB broth
supplemented with 50 pg/ml ampicillin and cultured overnight at 37°C with shaking. Overnight
cultures were diluted 1/ 40 (v/v) in fresh LB containing ampicillin and grown at 37°C with shaking
until ODesoo 0.6 — 0.8. IPTG (1 mM) was added to induce expression and cells grown for a further
1.5 h. Cells were harvested by centrifugation at 5000 xg for 15 min, resuspended in TKM2o,s.0 buffer
(20 mM Tris, 50 mM KCI, 20 mM MgClz, pH 8.0) then lysed with a cell disruptor. The supernatant
was clarified by centrifugation at 40,000 xg for 20 min, then loaded onto a column of Chelating
Sepharose Fast Flow (Cytiva) resin charged with NiSO4. The column was washed with 30 mM
imidazole followed by a pulse of 6 M urea, then SecA was eluted in TKM2o,8.0 with 330 mM imidazole.
The eluate was loaded onto a Q Sepharose Fast Flow (Cytiva) anion exchange column equilibrated
in TKMz20,8.0 with 1 mM DTT and SecA eluted using a 40 ml linear gradient of 50 mM (Buffer A) — 1
M (Buffer B) KClI at 2 ml/min. After spin concentration (50 kDa cut-off), the fractions containing SecA
(eluted at approximately 60% B) were subjected to size-exclusion chromatography (HiLoad 26/600
Superdex 200) in TKMzo0,80 with 1 mM DTT. SecA was eluted approximately 60 ml after injection;

desired fractions were pooled and concentrated as before.

2.3.6 SecYEG

C43(DE3) (Sigma-Aldrich) was transformed with pBAD22-SecYEG. This plasmid, gifted by Dr.
William Allen, encodes SecYEG with an N-terminal hexa-histidine tag on SecE under an AraC/ Peap
promoter system and confers ampicillin resistance (Collinson et al., 2001). A single colony was
inoculated into 2xYT broth supplemented with 100 pg/ml ampicillin and cultured overnight at 37°C
with shaking. Overnight cultures were diluted 3/ 200 (v/v) in fresh 2xYT containing ampicillin and

grown at 37°C with shaking until ODeoo 0.8 — 1. Expression was induced by addition of 0.2% (w/v)
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arabinose. After 3 h, cells were harvested by centrifugation at 5000 xg for 15 min, resuspended in
TSGaoo buffer (20 mM Tris, 300 mM NaCl, 10% glycerol, pH 7.5) then lysed with a cell disruptor.
The membrane fraction was pelleted by centrifugation at 167,000 xg for 45 min then resuspended
in TSGaoo supplemented with 1% n-dodecyl B-D-maltoside (DDM). The suspension was mixed
gently for 30 min at 4°C then clarified by centrifugation at 167,000 xg for 45 min. The supernatant
was loaded onto a column of Chelating Sepharose Fast Flow resin charged with NiSOs and
equilibrated in TSGsoo with 0.1% DDM. The column was washed with 30 mM imidazole then
SecYEG was eluted with 330 mM imidazole. Fractions containing SecYEG were subjected to
chromatography using HiLoad 26/600 Superdex 200 and Q Sepharose Fast Flow columns in
combination. Columns were equilibrated in TSG13o (20 mM Tris, 130 mM NacCl, 10% glycerol, pH
7.5) with 0.02% DDM. The injected sample was chased with a pulse of 5 M NaCl to determine the
void volume of the column. SecYEG was eluted at 150 — 190 ml after injection; the desired fractions

were pooled and spin concentrated (50 kDa cut-off).

2.3.7 SecYEG/ LgBiT and SecYEG proteoliposomes

E. coli polar lipids (4 mg/ml in 1% DDM) were treated with Bio-Beads until cloudy in appearance.
Polar lipids (1 ml) were then mixed at room temperature with 20 uM purified LgBIiT and 3.3 pM
purified SecYEG. Bio-Beads were removed, and the mixture extruded into unilamellar liposomes
by 11 passes through an Avanti Mini Extruder equipped with a 400 nm membrane. The extruded
mixture was dialysed (12 — 14 kDa cut-off) in TKMzos0 at 4°C overnight. Dialysis buffer was
exchanged for fresh TKMzo,8.0 at 2 and 5 h dialysis. SecYEG/ LgBiT proteoliposomes (PLs) were
pelleted by centrifugation at 345,000 xg for 20 min, washed once by resuspension in 2 ml denaturing
buffer followed by centrifugation as before, then washed twice by resuspension in 2 ml TKM2o0,8.0
then centrifugation as before. These wash steps are needed for removal of unencapsulated LgBIT.
Harvested SecYEG/ LgBiT PLs were finally resuspended in TKMzo0s8.0 to give 9.2 uM SecYEG.
Empty SecYEG PLs were made in the same way, except omitting LgBiT and halving SecYEG
concentration. Washing centrifugation steps were not required in this case. SecYEG may
incorporate into PLs with its cytoplasmic face outside (correct orientation) or inside the vesicle; it is

assumed that half the SecYEG present is correctly orientated and therefore active.

2.3.8 SecYEG!/ Sec holotranslocon inverted inner membrane vesicles

pBAD22-SecYEG or pACEMBL-HTL3 (Botte et al., 2016) were transformed into BL21(DE3).
pACEMBL-HTL3, gifted by Sophie Williams, comprises genes encoding SecY, N-terminally His-
tagged SecE, SecG and C-terminally calmodulin binding protein-tagged YajC under Lacl/ Pyc
promoter systems, and C-terminally His-tagged YidC, C-terminally His-tagged SecD and SecF
under control of AraC/ Psap. This plasmid confers ampicillin, kanamycin and chloramphenicol
resistance. Single colonies were inoculated into 2xYT broth supplemented with 100 pg/ml ampicillin
(SecYEG) or 50 pg/ml ampicillin, 25 pg/ml kanamycin and 25 pg/ml chloramphenicol (HTL) and
cultured overnight at 37°C with shaking. Overnight cultures were diluted 3/ 200 or 3/100 (v/v)

respectively in fresh 2xYT containing antibiotic and grown at 37°C with shaking until ODesoo 0.8 — 1.
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Expression was induced by addition of 0.1% (w/v) arabinose or 0.2% (w/v) arabinose and 1 mM
IPTG, respectively. After 2.5 h, cells were harvested by centrifugation at 5000 xg for 15 min,
resuspended in TKMz,75 (20 mM Tris, 50 mM KCI, 2 mM MgClz, pH 7.5) buffer then lysed by two
passes through a cell disruptor. Supernatant was clarified by centrifugation at 20,000 xg for 20 min,
then layered on top of 20% sucrose in TKM27s. Samples were centrifuged at 142,000 xg for 2 h,
then the resulting pellet was resuspended in TKMz,75. Sucrose gradients with equal volumes of
TKMz,7.5 with (from bottom to top) 1.6, 1.4, 1.2, 1.0 and 0.8 M sucrose were prepared, and the
resuspended pellets layered on top. Gradients were centrifuged in a swing-out rotor at 174,000 xg
overnight. Bands corresponding to the inner membrane fraction (bottom third of the gradient,
omitting the pellet) were carefully removed and diluted at least two-fold in TKMz,75. To pelletinverted
inner membrane vesicles (IMVs), samples were centrifuged at 310,000 xg for 1.5 h. Pellets were
resuspended in TKMz,7.5. SecYEG concentrations were determined by anti-SecY immunoblot (with
purified SecYEG as a standard) to be 5 and 3 uM in SecYEG and HTL IMV preparations,

respectively.

2.4  Screening for inhibitors of protein translocation

2.4.1 Whole cell NanoBiT screen assay and counter assay

pBAD-pSpy-HIBiT or pBAD-mSpy-HiBIiT were transformed into BL21(DE3). These plasmids, kind
gifts of Dr. Daniel Watkins and Dr. William Allen, encode Spy variants with C-terminal minimal V5
and HiBiT tags under a Psap promoter and confer ampicillin resistance. The former encodes the
pre-protein form and the latter encodes mature Spy, lacking codons 2-23 encoding the signal
peptide (Pereira et al., 2019). Single colonies were inoculated into LB supplemented with 100 pg/ml
ampicillin and cultured overnight at 37°C with shaking. Overnight cultures were diluted in fresh LB
containing ampicillin to give expression cultures of ODesoo 0.05. Expression cultures were grown at
37°C with shaking until ODeoo 0.4, then diluted in fresh LB to ODsoo 0.1, with 100 pg/ml ampicillin,
0.1% (w/v) arabinose and inhibitor at the desired concentration. Diluted cultures (75 ul) were grown
for 1.5 h in white-walled, clear flat-bottom 96-well plates (Corning 3610) at 37°C then stored at 4°C
for 1 h. For low throughput assays, 100 pul buffer 1.6XTS (32 mM Tris, 32% wi/v sucrose, pH 8.0)
containing 2 nM LgBIT and 1/250 Nano-Glo Luciferase Assay Reagent (Promega) was added and
luminescence read for 5 min. To assay NanoLuc activity from the periplasm of cells (primary assay)
25 pl of 1.6XTS containing 0.8 mg/ml lysozyme and 40 mM EDTA was injected, plates were shaken
for 5 s and luminescence read for a further 55 min. For assays of NanoLuc activity from whole cells
(counter assay) 1.6XTS was supplemented with Triton X-100 to a final concentration of 2% v/v. For
hit discovery, this assay was used to screen a DiverSET compound library (ChemBridge) of 5000
compounds in 96-well plates. For higher throughput, plates were set up using a Tecan Freedom
EVO 150 (in collaboration with BrisSynBio). In these assays, 125 pl 1.6XTS containing 1.6 nM
LgBIT, 2/625 Nano-Glo Luciferase Assay Reagent, 0.16 mg/ml lysozyme and 8 mM EDTA was
added, plates were shaken for 30 s then incubated for 1 h at 25°C before reading the luminescence

endpoint. Plates were read using a CLARIOstar microplate reader (BMG Labtech) with an
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integration time of 0.2 s/well, up to 3500 gain as required and no filter. Temperature was maintained
at 25°C for the duration of the read.

2.4.2 Invitro translocation assays

2.4.2.1 In vitro NanoBIT assays

A master mix of reconstituted SecAYEG was prepared at 25°C in TKMz,8.0 buffer (20 mM Tris, 50
mM KCI, 2 mM MgClz, pH 8.0) comprising all reaction components except test compound, substrate
(pSpy-HIBIT) and ATP. The desired amount of test compound was added to empty wells of a solid
white, U-bottom 96-well plate. Immediately before the reaction, pSpy-HiBiT was added to the
master mix then the mix was added to wells containing compound (or TKMzg.0 as an untreated
control). Luminescence was read for 10 min before injection of ATP (25 pl) and shaking (2 s), then
luminescence was read for a further 10 - 25 min. Final reaction volume was 125 pl and composition
was as follows: 0.1% Prionex, 0.1 mg/ml creatine kinase, 5 mM creatine phosphate, 1/1000
SecYEG/ LgBiT PLs (from stock with 9.2 uM SecYEG or 4.6 uM active SecYEG and 20 uM internal
LgBIiT), 1 uM SecA, 1/200 Nano-Glo Luciferase Assay Reagent, 10 uM GST-Dark, 2 uM pSpy-
HiBIiT and 1 mM ATP. Plates were read using a CLARIOstar microplate reader with an integration
time of 0.1 s/well, 3500 gain and no filter. Temperature was maintained at 25°C for the duration of

the read.

Resulting traces were analysed in pro Fit 7 (Quansoft) using a method adapted from earlier work
(Allen et al., 2020). Raw luminescence prior to ATP injection (background) was fitted to the following
function:

function Three_Exp_plus_lag(Al, ki, C, S, A2, k2, A3, k3, lag: real);

inputs

Al := @, active;
A2 := 0, inactive;
A3 := 0, inactive;

ki := @, active;

k2 := @, inactive;
k3 := @, inactive;
C := 0, inactive;

S := 0, inactive;
lag := 0, active;
var

Gl, G2, G3: real;
var xapp: real;

begin

xapp := x - lag;
if xapp < ©
then y := C
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else

begin

Gl := A1 * (1 - exp(-xapp * k1));
G2 := A2 * (1 - exp(-xapp * k2));
G3 := A3 * (1 - exp(-xapp * k3));

y =Gl + G2 + G3 + C + (S * xapp);
end;

end;

For each run, this background fit was extrapolated to tabulate data post-injection and tabulated
values subtracted from the respective data points. To account for the NanoLuc-quenching activity
of test compound, the background-subtracted data were then normalised for ‘brightness’ through
division by the amplitude (A1) determined in the background fit. The resulting transport signal data
were fitted to the same function, except with C := @, active; to give lag, apparent rate (k1,

referred to herein as A) and amplitude (A1).

2.4.2.2 Protease protection assays

Assays were performed similarly to previously described (Schulze et al., 2014, Pereira et al., 2019).
A master mix of reconstituted Sec-machinery was prepared at 25°C in TKMz,7.5 buffer comprising
all reaction components except test compound and ATP. Final composition was as follows: 0.1
mg/ml creatine kinase, 5 mM creatine phosphate, SecYEG PLs at a concentration of 0.23 uM active
SecYEG or IMVs at 0.28 UM SecYEG, 0.3 uM SecA and 0.7 uM pOmpA-V5. Master mix was added
to eppendorfs containing the desired amount of compound (or TKMz,7.5sas an untreated control) and
equilibrated at 25°C for 5 min. ATP (to final concentration 1 mM) or TKMz7.5s for -ATP controls was
added, and reactions allowed to proceed for up to 20 min. Reactions (50 pl) were quenched by
addition to 200 pl of proteinase K mix (500 mM urea, 5 mM EDTA, pH 8.0 supplemented with 0.75
mg/ml proteinase K) and incubation on ice for 45 min. To precipitate successfully translocated
pOmpA (protected from proteinase K activity), trichloroacetic acid was added to 20% (w/v) and
reactions were incubated on ice for a further 30 min. To pellet precipitated protein, reactions were
centrifuged at 18,000 xg at 4°C for 10 min. Pellets were resuspended in 30 pl 2.5X NUPAGE LDS
buffer containing 2 M urea and resolved (10 pl) by SDS-PAGE. LDS samples were not heated prior
to SDS-PAGE. The amount of translocated pOmpA-V5 from each reaction was analysed by a-V5
immunoblot.

2.4.3 Antimicrobial susceptibility testing by broth microdilution

Single colonies of the desired bacterial strain were inoculated into liquid medium (LB unless stated
otherwise) supplemented with the appropriate antibiotic and cultured overnight at 37°C with
shaking. Suspensions were prepared from overnight cultures. Serial two-fold dilutions of test
compound were set up in a clear 96-well plate alongside a no compound control. Wells were
inoculated with suspensions to a final volume of 150 pl and final ODeoo of 0.0004 - 0.0006. Plates

were cultured for 18 h at 37°C with shaking. Growth was determined by measuring ODsoo. For each
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well, ODsoo Was corrected by subtracting that of the respective blank. The minimum inhibitory
concentration (MIC) was determined as the lowest concentration of compound at which ODsoo failed
to reach a threshold of 0.1.

2.5 Interrogating B-lactamase translocation

2.5.1 In silico signal sequence analysis

B-lactamase protein sequences were analysed using SignalP 5.0 (Almagro Armenteros et al., 2019)
to detect Sec- or Tat-type signal peptides. This software can also distinguish between signal
peptides processed by signal peptidase | and those processed by signal peptidase Il. Sequences
were also analysed using TatFind 1.4 (Rose et al., 2002) and Phobius (Kall, Krogh & Sonnhammer,
2004). Predicted signal peptide sequences (consensus from the three different tools) were
assessed for hydrophobicity using the algorithm described by Huber et al. (Huber et al., 2005a) and
the hydrophobicity scale derived by Wimley and White (Wimley & White, 1996).

2.5.2 Antimicrobial susceptibility testing by disc diffusion

Desired pSU2718 constructs were transformed into MC4100 and MM52. Single colonies were
streaked onto LB agar (1.6%) supplemented with 30 pg/ml chloramphenicol and incubated
overnight at 30 °C. Cells were suspended in phosphate-buffered saline (PBS; pH 7.4) to an ODsoo
of 0.1, then streaked to lawn on Mueller Hinton (300 g/l beef infusion, 17.5 g/l casein hydrolysate,
1.5 g/l starch, pH 7.4) agar (1.6%). Cultures were challenged with 10 ug meropenem discs (Oxoid)
and incubated for 16 - 18 h at 30, 37 or 42°C. Zones of growth inhibition (diameter in mm) were

measured.

2.5.3 Whole cell NanoBiT assay for B-lactamases

MC4100 and derivative strains were transformed with pCDFT constructs. Single colonies were
inoculated into LB supplemented with 100 pg/ml spectinomycin and cultured overnight under
standard culture conditions for the respective strain. Overnight cultures were diluted in fresh LB
containing spectinomycin to give expression cultures of ODeoo 0.05. Expression cultures were
grown under desired conditions for 2 h, then induced with 10 uM IPTG. For comparison of different
strains, expression cultures in falcon tubes were induced for 1.5 h, incubated on ice for 1 h then
diluted to ODeoo 0.5 (final volume 75 pl) in solid white, U-bottom 96-well plates. For analysis of dose
response to Sec inhibitors, cultures were diluted to ODsoo 0.05 (final volume 75 pl) in white-walled,
clear, flat-bottom 96-well plates containing inhibitor at a range of concentrations at the time of
induction, then grown for 1.5 h. Following growth, plates were stored at 4 °C for 1 h. NanoLuc
activity from the periplasm of cells and from whole cells was assayed as described in section 2.4.1

for low throughput.
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2.5.4 Nitrocefin hydrolysis assays

Cultures were grown as described above in section 2.5.3. After incubation on ice for 1 h, bacteria
were resuspended to an ODeoo Of 10 in Tris-sucrose buffer (20 mM Tris, 20% sucrose, pH 8.0).
Lysozyme (0.1 mg/ml) and EDTA (5 mM) were added, and suspensions incubated on ice for 10
min. Then, 20 mM MgClz was added, and suspensions centrifuged at 12,000 xg at 4 °C for 10 min.
The supernatant (periplasmic fraction) was removed, and the pellet (spheroplasts plus membrane
debris) was washed twice by centrifugation then resuspended in 1 volume Tris-sucrose buffer.
Fractions (25 ul) were added to 50 pug/ml nitrocefin (APEXBIO, 5 mg/ml stock in dimethyl sulfoxide,
DMSO) in Tris-sucrose buffer (final volume 225 pl) and absorbance at 490 nm (A490) monitored for
1 hat 25 °C, in clear, flat-bottom 96-well plates, using a CLARIOstar microplate reader. The rate of
the colour change was calculated using pro Fit 7, by fitting the linear region of the resulting traces

to a linear function (y = mx + c¢) to determine slope (m).
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Chapter 3 Screening for inhibitors of bacterial protein

translocation

3.1 Introduction

Following identification of an appropriate antibiotic target, the next step in target-based antibiotic
discovery is developing a bespoke assay. This assay will be adapted into a HTS for lead
compounds. To provide the rationale behind the screen design proposed in this chapter, this
introduction reviews existing strategies for developing a HTS against the bacterial Sec-machinery.
The strengths and limitations of each approach are discussed, with the aim of providing insight into

what makes a successful screen.

To be high quality, a HTS assay should identify hits — compounds that exhibit activity against the
target — with confidence. The Z-factor is a measure of the integrity of the signal window, often used
to assess HTS quality. It accounts for the difference in mean signal between uninhibited wells and
positive control wells with reference inhibitor (dynamic range), and the signal variation (standard
deviation, SD) at both extremes. Z-factor is calculated according to the equation below. A higher Z-
factor of 0.5 — 1 indicates a better HTS assay (Zhang, Chung & Oldenburg, 1999).

3SD of test wells + 3SD of positive control
) | mean of test wells - mean of positive control |

Z-factors can be determined by comparing the positive and negative (untreated) controls, in which
case they are referred to as Z'-factors. The preferred approach, however, is to use non-control-
based normalisation. When unbiased compound libraries are used in HTSs, most compounds will
have no or very weak biological activity. Thus, a typical histogram of activity from test compounds
has a normal distribution centred around the mean signal of untreated samples (Figure 3.1) and the
mean and SD of test wells can be taken to represent the uninhibited population. Whereas the Z-
factor is useful for optimisation of compound library and concentration, the Z’-factor defines the
quality of the assay itself without taking test compounds into consideration (Zhang, Chung &
Oldenburg, 1999).

As well as achieving high Z-factors, assays must be optimised for speed, efficiency and low reagent
consumption. They therefore require sensitivity, small sample volumes, minimal steps such as
sample transfer, as well as reproducibility and accuracy (Zhang, Chung & Oldenburg, 1999). As an
example, traditional in vitro assays of the Sec-machinery do not meet these criteria. In such assays,
the Sec-machinery is reconstituted into membrane vesicles and pre-proteins are translocated into
the vesicle interior (Schulze et al., 2014; Brundage et al., 1990). Translocation is assessed by
monitoring protease protection (see Figure 4.6 for more details). This requires preparations of
SecYEG in vesicles, purified SecA and purified, translocation-competent pre-protein. Preparation
of these reagents is laborious, and a significant amount is consumed per reaction (see section

2.4.2.2). Vesicle-based assays for inhibitors are also susceptible to a high false positive rate due to
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hydrophobic molecules that non-specifically bind membranes and affect their integrity. Assessment
of protease protection by SDS-PAGE is slow and requires many steps in which error can be
introduced, affecting reproducibility and accuracy. Platereader-based detection of absorbance,

colorimetry, fluorescence or luminescence is often preferred for HTS.

Data variability Separation , ~ Data variability

1
A T 1.7 1T

Number of wells

\ 4

Mean Signal

Figure 3.1 Schematic of a signal window from a typical high throughput screen

The red and blue traces are an abstract representation of inhibited and uninhibited populations,
respectively. Traces show the number of wells in each population with a given signal. In a typical,
unbiased screen with a sufficiently large number of samples, these distributions are assumed to
be normal. The separation between these populations depends on their means and data
variability (3 standard deviations, SD, in this case). Better separation gives a better signal
window and higher Z-factor. Adapted from Zhang, Chung & Oldenburg, 1999.

3.1.1 Previous screens and inhibitors against protein translocation

The three major paradigms for drug discovery by target-based screening are in vitro using purified
proteins, in vivo (whole bacterial cells) and in silico by structure-based virtual ligand screening.
Previously, HTS efforts targeting bacterial Sec focused on developing assays for and identifying
inhibitors against factors with enzymatic activity — SecA and signal peptidase. This was mostly
achieved by in vitro strategies. With the transition to whole cell screening, screens against the

activity of the Sec-machinery in its entirety have also been established.

3.1.1.1 Screens and inhibitors against SecA

The first demonstration of SecA as an antibiotic target occurred in the 1990s. In E. coli and B.
subtillis, mutations conferring resistance to known antibacterial compound sodium azide (NaNs)
were primarily found in SecA (Oliver et al.,, 1990). NaNs inhibits SecA ATPase activity during
translocation by trapping SecA in a membrane-inserted, ADP-bound state (Economou et al., 1995;
Segers & Anné, 2011). However, NaNzis a general inhibitor of ATPases, also active against the Fi-
ATPase, cytochrome ¢ oxidase, superoxide dismutase and alcohol dehydrogenase (Bowler et al.,
2006; Li et al., 2008). As a result, it has significant cytotoxicity in humans and is not a useful

antibiotic.

Traditional screens for SecA inhibitors are performed in vitro, reporting on ATPase activity either of
purified SecA alone (intrinsic ATPase), alongside reconstituted membranes (membrane ATPase)
or with pre-protein substrate and membranes containing SecYEG (translocation ATPase). Release

of phosphate during ATP hydrolysis can be followed colorimetrically using malachite green dye.
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Pfizer adapted this method into a 96-well plate format suitable for screens against SecA
translocation ATPase activity. Using this assay, the first natural product inhibitor of SecA, CJ-21058
(Figure 3.2a), was identified (Sugie et al., 2002). Its half maximal inhibitory concentration (ICso)
against E. coli SecA translocation ATPase is 15 pg/ml (38.7 uM). Its effects on other ATPase
activities of SecA are not reported. In silico docking of CJ-21058 into E. coli SecA reveals that it
binds at the ATP-binding site (Huang et al., 2012). CJ-21058 has strong antibacterial activity against
select Gram-positives (MIC of 5 pg/ml) but not E. coli (Sugie et al., 2002). The factors determining
the spectrum of CJ-21058 antibacterial activity, for example whether it corresponds with inhibitory
activity against SecA from different species, have not been explored in the literature. Crucially, CJ-

21058 is moderately cytotoxic, giving 90% inhibition of HeLa cell growth at 32 png/ml.

da. CJ-21058 b. Pannomycin 0 OH

HO e, o "“\\\\\\/

Figure 3.2 Structures of SecA inhibitors CJ-21058 and Pannomycin

Other in vitro screening approaches based on SecA ATPase assays exploit SecA mutants with
elevated intrinsic activity, for example through mutation of residues (e.g. W775) involved in
intramolecular regulation (Segers et al., 2011) or truncation to remove the C-terminal domain
involved in autoinhibition (Huang et al., 2012). This circumvents the requirement for additional, more
complex reagents (reconstituted membrane-bound Sec and purified, translocation-competent pre-
protein) while still allowing sufficiently high ATPase activity to give a large dynamic range for the
assay. The drawback of such assays is that they omit the (many) regulatory interactions of SecA
and only identify active site inhibitors. An assay using W775A SecA was adapted to give a robust
HTS with an average Z'-factor of 0.89 (using 50 mM EDTA as a positive control for inhibition) and
identifying inhibitors of intrinsic, membrane and translocation ATPase activities of SecA. These
inhibitors belong to a range of chemical classes, namely pyrrolo-pyrimidines and nipecotic acid
derivatives (Segers et al., 2011). In vitro low throughput screens using C-terminally truncated SecA
identified the fluorescein analogs, including Rose Bengal (RB; Figure 3.3) and Erythrosin B (EB),
as inhibitors of SecA. RB and EB yield ICso values of 0.9 and 10 uM against translocation ATPase,
respectively. They bind at the ATP-binding site in the same position and orientation as CJ-21058
and are competitive inhibitors of ATP binding at low ATP concentrations. While wildtype E. coli is
not susceptible to RB, the compound is antibacterial against outer membrane-permeable E. coli
and Gram-positive bacteria (MIC 3.1 uM). This indicates that the antibacterial activity of RB is limited

by its ability to penetrate the Gram-negative cell envelope (Huang et al., 2012). Structure-activity
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relationship studies (SARS) suggest the xanthene ring moiety of the compound is essential for

activity — lower molecular weight analogs have comparable potency against SecA (Cui et al., 2013).

Rose Bengal ¢l

cl

Figure 3.3 Structure of SecA inhibitor Rose Bengal

Elucidation of the structure of SecA paved the way for an in silico approach to inhibitor discovery.
In this approach, compound structures are docked into the active site (or other ligand-binding sites)
and the theoretical binding energy is calculated. Compounds giving high predicted binding energies
are then evaluated in the laboratory (De Waelheyns et al., 2015). Around 60,000 compounds were
screened in silico against the active site cleft of E. coli SecA yielding 31 hits, of which the most
potent had ICso values of 100 uM in vitro against truncated SecA. Chemical optimisation gave
substituted thiouracils with improved in vitro activity against intrinsic ATPase (ICso < 60 uM) and
modest antibacterial activity against outer membrane-permeable E. coli and Gram-positives, but no
activity against wildtype E. coli (Li et al., 2008; Chen et al., 2010; Chaudhary et al., 2015; Jin et al.,
2016). Based on the same E. coli structure (and later optimised using additional PDB structures)
3D homology models of SecA from the Gram-negative plant pathogen Candidatus Liberibacter
asiaticus were built and used for screening. A small nhumber of compounds selected based on
predicted SecA active site binding were found to strongly inhibit intrinsic ATPase activity with 1Cso
values as low as 0.25 pM. They additionally have antibacterial activity against another plant
pathogen, the Gram-negative Agrobacterium tumefaciens, with minimum bactericidal
concentrations (MBCs) of of 128 to 256 pg/ml (Akula et al., 2011, 2012).

Despite these efforts, no potent and selective inhibitors of SecA have been found. Hits identified by
anti-SecA screens are often ATPase inhibitors and, given the similarities between SecA ATPase
domains and important eukaryotic ATPases, these hits are likely not selective enough to be useful
antibiotic leads. While previous in silico approaches targeted the ATPase cleft of SecA, a more
recent study identified two additional druggable pockets on the surface of SecA that are conserved
across a range of bacterial species and important to SecA activity in vivo. One site was located at
the pre-protein cross-linking domain and C-terminal domain interface, presumably involved in
regulating ATPase activity and transmitting conformational changes, and the other was the SS-
binding site. A library of 500,000 compounds were virtually screened against the SS-binding region,

yielding 1040 small molecule hits for in vitro testing. The most potent gave ICsp values of 24 to 65
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uM against SecA translocation ATPase. The compounds display a moderate effect on growth of S.
aureus (ICso <100 uM) and P. aeruginosa (ICso 31.8 puM), but even the most potent possess only

weak activity against E. coli (De Waelheyns et al., 2015).

As seen in the examples above, in vitro and in silico approaches for target-based antibiotic
discovery have a low success rate. Hits often have high target-specific potency but are unsuited to
bacterial uptake or evasion of efflux systems. This barrier is even more significant in Gram-
negatives, due to the presence of the outer membrane and greater range of efflux systems available
to these bacteria (Nikaido, 1976; Li & Nikaido, 2004). Target-based inhibitor screening in whole
bacterial cells could help mitigate these issues. A frequently used platform for whole cell target-
based screens exploits antisense RNA to downregulate translation of a target protein. Bacterial
strains producing this RNA have increased sensitivity to inhibition of that protein or pathway. This
technology was used at Merck in a strain of S. aureus that produces antisense RNA against secA.
Hits were identified in a two-plate agar-based differential sensitivity screen comparing the response
of the hypersensitive strain to the wildtype. This screen of over 115,000 natural products identified
a hit, Pannomycin (Figure 3.2b), that has weak antibacterial activity (in the mM range) against some
Gram-positives (Parish et al., 2009). It is structurally similar to CJ-21058, also possessing a decalin
moiety. The greater antibacterial activity of CJ-21058 has been attributed to its tetramic acid group,
presenting possible routes for optimisation of the decalin scaffold (Rao et al., 2014). As this
particular approach used a Gram-positive strain for the primary screen, the hits identified are not
selected for uptake in Gram-negative cells. For discovery of broad-spectrum antibiotics, a Gram-

negative test strain is more appropriate.

3.1.1.2 Screens and inhibitors against signal peptidase

Amongst the signal peptidase enzymes, signal peptidase | is the most attractive target for broad-
spectrum agents. The 1990s saw the discovery of B-lactam type signal peptidase | inhibitors. These
inhibitors include the monocyclic azedtinones, which inhibit E. coli signal peptidase | in vitro in the
high mM range (Kuo et al., 1994), and stereoisomers of 5 S-Penem, which are irreversible inhibitors
with in vitro ICso values as low as 0.38 uM (Perry, Ashby & Elsmere, 1995; Rao et al., 2014). They
were validated on purified signal peptidase | in vitro using a continuous assay with fluorogenic
substrate or quantification of cleavage products by high-performance liquid chromatography
(HPLC), respectively. The latter method was used at GlaxoSmithKline in low throughput screening
and optimisation efforts. The penem-type inhibitors screened had moderate antibacterial activity,

with MICs against E. coli of 64 ug/ml and above (Perry, Ashby & Elsmere, 1995).

More scalable in vitro assays for type | signal peptidase activity include fluorescence resonance
energy transfer (FRET)-based systems. These were developed using synthetic peptide substrates
containing signal peptidase | recognition and cleavage sites and resembling signal peptides. The
substrates are fluorescent, but internally quenched until cleavage by signal peptidase I. Such
assays have achieved high average Z’-factors of 0.73 (Rao et al., 2009, 2014). In the early 2000s,
Eli Lilly and Company used a FRET system to screen 50,000 natural products for signal peptidase
I inhibition (Peng et al., 2001; Kulanthaivel et al., 2004). As a result, Arylomycin C was identified as
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an inhibitor with an in vitro ICso of 0.11 — 24.9 uM, depending on bacterial species, and some
antibacterial activity (MICs of 4 — 8 uM against E. coli). At the same time, an academic research
group reported that the A and B series of arylomycins possess anti-bacterial activity against Gram-
positives but not E. coli (Schimana et al., 2002). In total, there are 4 series of arylomycins, A — D.
Their mechanism of action was elucidated by crystallography of the catalytic domain from E. coli
signal peptidase | with Arylomycin A2 bound in the active site (Paetzel et al., 2004). Structural
studies were also used to characterise a major determinant of arylomycin resistance: a serine to
proline substitution in a signal peptidase | substrate binding pocket, reducing the affinity of
arylomycin binding (Smith et al., 2018). Compared to their SecA counterpart, in vitro screens
against signal peptidase | have shown greater success in discovering hits with activity in Gram-
negative bacteria. This may be due to the periplasmic localisation of signal peptidase, which omits

the additional permeability barrier of the cytoplasmic membrane, in contrast with cytoplasmic SecA.

As seen with the secA antisense RNA system, whole cell assays for signal peptidase | inhibition
typically involve up- or downregulation of the gene encoding this protein. One such system was
used as a secondary assay to verify hits from an in vitro HTS. Underexpression of the signal
peptidase | gene in E. coli increased susceptibility to an established penem inhibitor (used to
validate the assay) while increased expression rescued growth. The novel hits had poor
antibacterial activity against wildtype E. coli, but two were found to inhibit growth of E. coli in the
presence of the outer membrane-permeabilising agent polymyxin B nonapeptide (Barbosa et al.,
2002). This system has since been adopted for inhibitor discovery against M. tuberculosis signal
peptidase I, with the majority of hits belonging to the phenylhydrazone class of compounds (Bonnett
et al., 2016). In secondary testing, compounds gave MICs as low as 4 uM against wildtype M.
tuberculosis and the most potent compound in vitro yielded an ICsp of 12 uM against signal
peptidase | activity (using internally quenched fluorescent substrate). However, there was no
correlation observed between MIC and in vitro activity. None of the compounds tested affected
membrane permeability or membrane potential, yet most compounds exhibited some cytotoxicity.
The most potent compounds against M. tuberculosis tended to have greater cytotoxicity (Bonnett
et al., 2016).

In a similar vein, a screen developed at Merck employed 245 S. aureus antisense RNA strains,
each with downregulated expression of a distinct essential gene. Compounds, usually with known
antibacterial activity, are simultaneously screened against all strains to determine which are
sensitised to each compound — informing on the compound’s target and mechanism of action
(Donald et al., 2009). This strategy (termed S. aureus fitness testing, SaFT) identified several
natural compounds with novel activities, including inhibitors of signal peptidase I. These signal
peptidase | inhibitors, actinocarbasin and krisnomycin, were first discovered in high-throughput
assays for compounds that potentiate B-lactam activity against methicillin-resistant S. aureus
(MRSA). They have anti-MRSA activity, with MICs of 8 and 64 pg/ml, respectively. They both act

as imipenem adjuvants at concentrations 16 times lower than their MIC, but this effect is specific to
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MRSA (Therien et al., 2012). Actinocarbasin represents the D series of arylomycins, while

krisnomycin belongs to another structural class.

GO775 NH;

H>N

Figure 3.4 Structure of type | signal peptidase inhibitor optimised arylomycin (G0775)

Given the repeated detection of arylomycins in antibacterial or anti-signal peptidase | screens, they
have attracted attention as a potential new class of antibiotic. A synthetic derivative of
actinocarbasin in combination with p-lactam was shown to be effective in reducing bacterial counts
in mouse models of MRSA infection. When used in this combination, emergence of antibiotic
resistance was suppressed (Therien et al.,, 2012). To improve anti-Gram-negative activity,
arylomycin analogs were engineered for increased affinity for Gram-negative signal peptidase | and
improved penetration through the outer membrane. An optimised arylomycin developed at
Genentech (Figure 3.4) has strong antibacterial activity against a range of priority multidrug
resistant Gram-negative pathogens, with MICs less than 0.5 pg/ml in 90% of E. coli and Klebsiella
pneumoniae strains tested (Smith et al., 2018). This demonstrates that the compound evades
existing mechanisms of resistance, further validating the secretory pathway as a novel antibiotic

target.

3.1.1.3 Screens and inhibitors against the Sec-machinery as a whole

The plethora of screens targeted at SecA and signal peptidase have demonstrated the sustained
interest in inhibitors of bacterial protein translocation as potential antibiotics (including among major
pharmaceutical companies Pfizer, Eli Lilly and GlaxoSmithKline). Some have yielded useful
compounds for mechanistic studies or further lead optimisation. Other protein components of the
Sec-machinery may be more druggable but targeting them is a greater challenge due to their lack
of intrinsic enzymatic activity. As explained above, in vitro assays of protein translocation through
Sec are not appropriate for HTS. However, screen assays using whole cells allow for targeting of
complex machineries like Sec in their entirety, potentially identifying novel druggable sites on

currently unexplored components.
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While the antisense screens discussed above are focused on a single protein target, it is expected
that they would respond to inhibitors of any step of the pathway in which that protein functions.
However, comparison of growth of wildtype versus antisense bacterial strains can be a lengthy task:
in the SecA-specific screen, this was achieved by measuring diameters of zones of inhibition on
agar plates (Parish et al., 2009), while SaFT requires optimisation of strain-specific primers,

guantitative PCR and substantial data analysis (Donald et al., 2009).

An alternative approach with an easier readout is to use genetic reporters of protein translocation
inhibition. One genetic reporter-based screen exploited the autogenous upregulation of SecA
synthesis under genetic and chemical conditions inhibiting translocation (Alksne et al., 2000). A
secA-lacZ fusion was constructed in E. coli to report on hits that induce SecA production, either
directly or indirectly by acting on other Sec components. Such hits would cause an increase in -
galactosidase activity, which can be measured as an increase in absorbance upon addition of a
colorimetric substrate. A set of synthetic and natural compounds was screened, yielding six hits
that increase SecA production by at least 1.4-fold and have MICs against S. aureus of less than
128 pg/ml. For half of these hits, secondary immunoassays of a model pre-protein could not rule
out the possibility that they affected a metabolic or biosynthetic step prior to translocation (e.g.
translation). Importantly, all the hits had a deleterious effect on membrane integrity, not only in
bacteria but in eukaryotic cells. Many were cytotoxic, inhibiting growth of human cells by over 70%
when used at just 10 pg/ml (Alksne et al., 2000). Thus, this approach is inappropriate for antibiotic

discovery since it preferentially identifies membrane active compounds.

A similar study identified other bacterial genes (with no prior links to Sec) that exhibited upregulation
in response to SecA depletion and used these to drive the production of luciferase (luxCDABE) in
P. aeruginosa. The proposed gain of signal screen using the ATP-dependent luciferase should be
insensitive to compounds that damage cellular energy generating capacity, namely uncouplers and
membrane active agents that marred the previous screen, and general protein synthesis inhibitors.
Typical Z’-factors from a screen of over 70,000 natural and synthetic compounds were around 0.38.
Of the 96 primary hits, only 9 were validated as specific inhibitors by direct measurements of
secretion of reporter protein through Sec and type 2 secretion systems. None inhibited Sec-
mediated translocation of B-lactamase. None inhibited bacterial growth, consistent with the non-
essentiality of type 2 secretion systems in a laboratory setting (Moir et al., 2011). The major
limitation of gene reporter-based systems is that their readout of Sec inhibition is indirect;
transcriptional and translational responses are complex and poorly understood. This increases the
likelihood of false positives through non-specific effects. While efforts were made to confirm the
luciferase reporter does not respond to stressors such as heat shock, peroxide and general growth
inhibition (Moir et al., 2011), they cannot feasibly cover the plethora of potential drug targets. As
more direct measures of protein translocation, the secondary assays applied in this work were able

to mitigate these false positives.

More recent screens take this direct approach from the start, reducing the amount of secondary

testing required. Based on the knowledge that periplasmic B-galactosidase is enzymatically
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inactive, a gain of signal screen assay was designed in E. coli using a fusion protein -galactosidase
with a Sec-specific SS. During normal protein translocation, the 3-galactosidase is exported and
inactive. When translocation is blocked, the enzyme accumulates in the cytoplasm and is able to
mature to its active form. This system was validated against a panel of antibiotics that do not affect
Sec, with each giving the expected effect (generally loss of signal) on B-galactosidase activity
measured by absorbance (Crowther et al., 2012). A library of 57,000 samples including natural
product extracts was screened, using 0.25 mM NaNs as a reference inhibitor. Z’-factors were
variable, ranging from 0 to 0.74. To offset this variability, compounds were screened in duplicate
and signal from each well was corrected in post based on observed plate effect. This resulted in
367 primary hits, of which 211 were selected for retesting in the primary assay. Ten of these were
abandoned as they interfered with absorbance readout and 67 were confirmed. A counter screen
using B-galactosidase lacking a SS was performed to select against general enhancers of
transcription or translation, eliminating all but 11 hits. The hit chosen for further study has a half
maximal effective concentration (ECso) of 25 pM in the primary assay. At 400 pM, it inhibits log
phase growth of E. coli to 60% that of the untreated control. Unfortunately, the compound was more
toxic to human cells than E. coli, with an ICso of just 101 pM. Secondary assays evaluated the effect
of the hit on other reporter proteins in vivo — it caused similar reductions in periplasmic 3-lactamase
activity and activity of a cytoplasmic enzyme (Crowther et al., 2015). This suggests that the
compound has non-specific effects and is unlikely to represent a promising antibiotic lead. However,
this work demonstrates the power of a thoroughly designed and optimised primary screen assay

and suitable counter and secondary assays in narrowing down the search for Sec inhibitors.

An alternative protein reporter of Sec activity is alkaline phosphatase A (PhoA). This protein
requires translocation into the periplasm, where it dimerises and undergoes disulfide oxidation, to
function. PhoA activity in E. coli was assayed with a chemiluminescent substrate, so inhibition of
Secreduces luminescence. For screens based on PhoA, 4 mM NaNswas used as a positive control.
Z'-factor was determined but is not specified. Counter assays involved incubation of hits with
purified PhoA to measure their effects on enzymatic activity, alongside immunoblotting for PhoA
production in treated bacteria. However, no fully quantitative assays of PhoA synthesis, nor assays
of inhibition of PhoA dimerization or oxidation, were performed. Around 2000 primary hits were
discovered amongst 240,000 small molecules screened. Eight hits (and six analogs) showed dose
dependent inhibition (ICso < 50 uM in primary assay) and passed counter assay. Of these, five
reduced growth of Gram-negative and/or -positive bacteria, with ICso values of 37 uM or lower.
These compounds had relatively high cytotoxicity, with a 50% lethal dose towards HEK293T cells
of 6.7 — 20.1 pM, so are not appropriate antibiotic leads. None of the compounds inhibited SecA
activity in vitro (Hamed et al., 2021). Given these findings alongside the lack of further secondary
assays, it is not possible to conclude that hits from this screen are bona fide inhibitors of bacterial

Sec.

Inhibitor discovery approaches for the analogous eukaryotic Sec61 complex also offer insights into
screen design. Generally, inhibitors of the eukaryotic Sec-machinery have been discovered by

screens for inhibitors of other cellular processes, such as cell adhesion (heptadepsipeptides),
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endoplasmic-reticulum-associated protein degradation (eeyarestatin), cancers (decatransin) and
viral infection (CADA). Eeyrastatin 24 and decatransin have been found to also inhibit SecYEG and
possess antibacterial activity (Junne et al., 2015; Steenhuis et al., 2021). Sec61 inhibitors are often
categorised into two types: broad ranging and specific inhibitors. The former inhibits translocation
of all Sec61-dependent proteins and the latter impacts a specific subset of proteins, for example
through SS interactions (Klein et al., 2018b). At low concentrations, heptadepsipeptides like
cotransin inhibit Sec61-mediated translocation of a small subset of proteins (Garrison et al., 2005)
yet higher concentrations inhibit almost all secretory proteins while integral membrane proteins
remain unaffected (Klein et al., 2015). These compounds are said to exhibit a mixed-type inhibition
— selective, but not specific. By contrast, mycolactone is a mycobacterial toxin that non-selectively
inhibits translocation through Sec61 (Hall et al., 2014). Apratoxin A, produced by marine
cyanobacteria, inhibits a subset of Sec61 substrates (Liu, Law & Luesch, 2009). No antibacterial
activity has been reported for either bacterial toxin. Given that bacteria can deploy Sec inhibitors
against eukaryotes, this gives further strength to antibiotic discovery approaches attempting the
opposite. The multiple pathways for translocation through SecYEG make it probable that the two
types of Sec inhibition also apply to bacteria. This highlights a key limitation of previous protein
reporter-based assays for Sec inhibitors: they rely on the intrinsic activity of the reporter protein and
are not readily adaptable to other proteins of interest. Therefore, previous screens may have
identified specific inhibitors of reporter protein transport, which are unlikely to be useful in

attenuating bacterial pathogens.

3.1.2 The proposed screen platform: NanoBiT

Based on these insights, it was decided that the most successful screen assays would be whole
cell-based using Gram-negative bacteria, against the bacterial Sec-machinery in its entirety and
using direct, adaptable protein reporters of translocation. Assays should be compatible with

reference inhibitors, as well as robust counter and secondary assays for hit validation.

The chosen screen platform is the recently developed split-luciferase assay for monitoring protein
translocation (Pereira et al., 2019). This assay exploits a hon-covalent complementation system
based on NanoLuc, a small, bright luciferase (NanoLuc Binary Technology or NanoBiT; 27).
Cleavage of the C-terminal 3-strand of NanoLuc yields two non-luminescent fragments: Large BiT
(LgBiT; 18 kDa) and Small BiT (SmBIT; 11 residues). Luciferase activity is restored upon interaction
of LgBIiT and SmBIT, giving luminescence in the presence of the substrate furimazine (Dixon et al.,
2016). For monitoring protein translocation, LgBIT is contained in the destination compartment and
a high-affinity variant of SmBIT, HiBIT, is fused to a pre-protein of interest. Before translocation,
NanoBIiT fragments are separated by one or more membranes. Translocation of HiBiT-tagged pre-

proteins allows complementation of NanoBIT fragments (Pereira et al., 2019).

The NanoBiIT reporter system has numerous advantages over previous systems. The use of a HiBIiT
tag allows the assay to be adapted to study any protein of interest, regardless of its (lack of) intrinsic

enzymatic activity. The HiBIiT peptide resembles a native Sec substrate (polypeptide), unlike
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fluorescent dyes used in previous studies of protein translocation (Liang, Bageshwar & Musser,
2009), yielding more physiologically relevant results. Unlike dyes, HiBiT is produced and fused to
proteins in situ, reducing cost and labour. It is smaller than other peptide tags used for this purpose
— namely the 42-amino acid -galactosidase fragment used in CAPT assay systems (Wehrman et
al., 2005) and the 3 kDa fragment of split-green fluorescent protein (GFP; Smoyer et al., 2016) —
so should have a negligible effect on biosynthesis of the attached protein. Moreover, while readouts
using split-GFP require GFP maturation following translocation, HiBiT is a single B-strand that does
not depend on folding for successful NanoBiT complementation. Thus, while the rate-limiting
maturation of split-GFP following translocation impedes real-time measurements (Smoyer et al.,
2016), the rapid, high-affinity association of LgBiT and HiBiT is compatible with such analyses
(Pereira et al., 2019). Luminescence assays such as NanoBIiT generally offer a greater dynamic
range and sensitivity. Unlike absorbance and fluorescence readouts, luminescence is rarely
affected by background absorbance or autofluorescence of reagents. Luminescence assays are
also not constrained by the absorbance, fluorescence or quenching properties of compounds being
screened (Moir et al., 2011; Crowther et al., 2012).

While the NanoBIT system has been established in vitro (Pereira et al., 2019), further development
is necessary to establish a NanoBiT protein translocation assay for whole cells. This chapter
describes the design and validation of a whole cell NanoBIiT assay. To demonstrate its utility in
development of HTSs for novel inhibitors of the Sec-machinery, the assay was deployed in a local
screen of 5000 small, synthetic compounds, yielding a median Z'-factor of 0.71 and confirmed hit
rate of 0.08%. These results are discussed in the context of previous, comparable screening

strategies.

3.2 Design of the whole cell NanoBiT assay

Assay design was carried out in collaboration with Prof lan Collinson and Dr. William Allen.
Optimisation, validation and deployment of the assay as a HTS were performed by the author alone.
Development of a whole cell system began by designing the major components of the assay: HiBiT-
tagged pre-protein and LgBiT. The HiBIiT tag should be added to the C-terminus of a protein of
interest, to minimise the possibility of it interfering with translocation. The model protein from
previous NanoBiT studies, Spy, was used to establish this assay (Figure 3.5a). Unlike the traditional
model protein OmpA, which aggregates into inclusion bodies upon overexpression in E. coli, Spy
is a small, globular, soluble protein that functions as a chaperone and is therefore suited to
overexpression. Previous in vitro studies of HiBiT-tagged pre-secretory Spy show that it produces
a strong luminescent signal in the presence of LgBiT and furimazine and it undergoes translocation
by the core Sec-machinery (SecYEG and SecA alone) in a SS-dependent manner (Pereira et al.,
2019).

To achieve luminescent signal specifically under the correct condition (translocation of HiBiT-
tagged pre-protein of interest into the periplasm), LgBiT was purified and added to the buffer

surrounding cells. The outer membrane and cell wall were permeabilised (using 0.1 mg/ml lysozyme
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and 5 mM EDTA) to release periplasmic contents, so extracellular LgBiT could bind HIiBiT attached
to exported Spy. Sucrose (20% w/v) was also added to suspensions, to maintain osmotic pressure
and prevent spheroplasts from releasing cytoplasmic contents. This yields a luminescent signal that
corresponds specifically to the amount of HiBIiT construct exported (Figure 3.5b). A loss of signal

would indicate inhibition of translocation.

d. Induction
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Figure 3.5 Design of the whole cell NanoBiT assay for protein translocation

Schematic of a Gram-negative bacterial envelope. This assay uses the native Sec-machinery.
The NanoLuc luciferase is split into two non-luminescent fragments, LgBiT and HiBiT. Functional
association of these fragments restores luciferase activity and gives luminescence. a. E. coli are
transformed with a plasmid encoding pre-protein with an N-terminal Sec signal sequence and
C-terminal HiBiT under control of an arabinose-inducible promoter. When cultured in the
presence of arabinose and absence of inhibitor, E. coli synthesise this protein, which is then
transported through the Sec-machinery. b. At the end of the growth period, LgBIT is added to
the extracellular buffer, alongside NanoLuc substrate furimazine. EDTA and lysozyme are
added for periplasmic extraction, to release exported HiBiT-tagged construct. c. LgBIT is added
to the extracellular buffer, alongside NanoLuc substrate furimazine and Triton X-100. EDTA and
lysozyme are added to release exported and unexported HiBiT-tagged construct (whole cell
lysis). This gives active luciferase and a luminescent signal that informs on b. the level of export,
or c. the level of synthesis, of the pre-protein of interest.
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Designing a screen to report on target inhibition as a gain of signal would be a favourable choice,
because such systems are impervious to common non-specific compounds that impact general
protein synthesis and membrane integrity (Moir et al., 2011; Crowther et al., 2015). Since such
compounds are more likely to have a negative impact by reducing viability or biosynthetic capacity
of affected cells, they would result in a loss of signal and be filtered out by the primary assay.
Inhibitors of reporter enzyme activity would also be deselected in this way. NanoBIiT gain of signal
assays were attempted through use of a NanoBiT-quenching peptide alongside HiBiT constructs.
This peptide binds LgBIT in the same way as HiBIiT but is catalytically inactive (Pereira et al., 2019).
However, these approaches require fine-tuning of the respective levels of HiBiT and quenching
peptide. This complicates readouts, as compounds that simply offset this balance may show up as

a false positive. To maintain simplicity in the primary screen, a loss of signal system was used.

An advantage of the NanoBIT design is the ease with which it can be adapted into a counter assay
to control against conditions that inhibit periplasmic accumulation of Spy-HiBiT by non-specific
mechanisms. In this counter assay, Triton X-100 (2% v/v) was also added to disrupt the cytoplasmic
membrane. Here, LgBIT will be able to access the total amount of HiBiT constructs produced by
the cell, giving a signal that corresponds to protein synthesis. If E. coli are treated with specific
inhibitor of the Sec-machinery, the counter assay signal in this case will not differ substantially from

the untreated control (Figure 3.5¢).
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Figure 3.6 Design of a gain of signal NanoBiT assay for protein translocation

Schematic of a Gram-negative bacterial envelope. This assay uses the native Sec- and Tat-
machineries. The NanoLuc luciferase is split into two non-luminescent fragments, LgBiT and
HIiBiT. Functional association of these fragments restores luciferase activity and gives
luminescence. E. coli are transformed with plasmids encoding pre-protein with an N-terminal
Tat signal sequence and C-terminal HiBiT, alongside plasmids encoding pre-protein with an N-
terminal Sec signal sequence and C-terminal dark peptide. a. When cultured in the absence of
inhibitor, E. coli synthesise and translocate both proteins through their respective machineries.
The Sec-machinery is more abundant, so more dark peptide construct is translocated to the
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periplasm than HiBiT. Dark peptide outcompetes HiBiT for binding LgBIiT and there is no
luminescence. b. In the presence of a specific Sec inhibitor, only HiBIiT constructs reach the
periplasm. Addition of LgBIT leads to luminescence. Inhibitors targeting protein synthesis or
non-specific membrane active agents that will impair both Sec and Tat will not generate a
luminescent signal.
The whole cell NanoBIiT assay and counter assay were first validated using HiBiT-tagged pre-
secretory (pSpy) and mature (mSpy, lacking the signal peptide) constructs, under control of an
arabinose-inducible promoter. For each experiment, data were normalised by dividing by the mean
maximum signal achieved by the respective pSpy sample (Figure 3.7). When arabinose is omitted
(Uninduced pSpy) no HiBiT-tagged protein is synthesised and negligeable signal is observed upon
addition of LgBIT, furimazine and either periplasmic release or whole cell lysis treatment (mean *
standard deviation of 0.0092+0.0011 and 0.011+0.0018 RLU, respectively). When E. coli carrying
the gene encoding pSpy-HiBIiT are induced, a substantial and reproducible luminescent signal
occurs after both periplasmic release and whole cell lysis (1£0.15 and 1+0.066 RLU, respectively).
Producers of mSpy-HiBiT give negligeable signal following periplasmic release (0.023+0.0023
RLU), but large signal (albeit lower than that of respective pSpy-HiBiT samples) following whole cell
lysis (0.56+0.14 RLU). The requirement for lysozyme, EDTA and Triton X-100 for detection of signal
from cells producing mSpy-HiBiT confirms that this protein remains in the cytoplasm. Since pSpy-
HiBIT is known to be translocated by the Sec-machinery, while mSpy-HiBiT is not (Pereira et al.,
2019), these results verify that the signal observed upon periplasmic release results specifically
from successful translocation of HiBiT-tagged construct.
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Figure 3.7 E. coli producing pSpy-HiBiT exhibit luminescent signal after periplasmic
release and whole cell lysis while those producing mSpy-HiBiT only exhibit activity after
the latter

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT (pSpy) or mature Spy-HiBiT
(mSpy) were diluted to ODeoo 0.1 in 96-well plates, supplemented with 0.1% (w/v) arabinose
(except Uninduced pSpy), and incubated at 37 °C for 1.5 h then 4 °C for 1 h. a. LgBIiT and
furimazine (primary assay/ periplasmic release); b. LgBiT, furimazine and Triton X-100 (counter
assay/ whole cell lysis) were added. Luminescence was measured for 5 min prior to and up to
1 h following injection of EDTA and lysozyme. Luminescence was normalised to the mean of
maximum luminescence recorded for the respective pSpy samples. Data from three biological
replicates are shown as mean + standard error of the mean. c. The maximum normalised
luminescence for each sample was calculated. Data from three biological replicates are shown
as mean =* standard deviation.
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Prior to injection of lysozyme and EDTA, pSpy-HiBiT-producing E. coli already present with high
luminescence (Figure 3.7a, b). This is likely due to the greater than two-fold dilution of bacteria
(from rich LB cultures) into salt-free buffer, which may cause osmotic shock and release periplasmic
contents. In support of this suggestion, E. coli expressing the mSpy-HiBiT construct give almost no
signal prior to treatment with EDTA and lysozyme, even in the presence of Triton X-100 (Figure
3.7b).

3.3 Assay validation using inhibitors of the Sec-machinery

Following initial validation, the effects of specific inhibitors of the Sec-machinery and expected non-
specific inhibitors were investigated in the NanoBiT assay. Inhibitors were added to cultures of E.
coli carrying pSpy-HiBiT constructs at the same time as induction. For each experiment, data were
normalised by dividing by the maximum signal achieved by the respective untreated sample. CJ-
21058, which inhibits SecA (Sugie et al., 2002), was the first compound tested (Figure 3.8a).
Consistent with its low antibacterial activity against E. coli, high concentrations of CJ-21058 (>100
UM) are needed to reduce luminescent signal from the periplasm. At concentrations over 200 uM,
addition of CJ-21058 also diminishes luminescent signal during whole cell lysis. CJ-21058 is poorly
soluble in water (Sugie et al., 2002), so a 10 mM stock solution in DMSO was prepared for these
experiments. At the high concentrations needed for CJ-21058 to inhibit Sec-dependent
translocation of pSpy-HiBIiT into the periplasm, the DMSO concentration is also high. DMSO
concentrations above 2% (v/v; corresponding to 200 uM CJ-21058) decrease luminescent signal
resulting from both periplasmic release and whole cell lysis (Figure 3.8b). The plots of maximum
luminescence after whole cell lysis with increasing CJ-21058 concentrations and corresponding
values for DMSO follow a similar trend, suggesting that the observed decrease is a due to the high
levels of DMSO present and not due to CJ-21058. By contrast, luminescent signal upon periplasmic
release exhibits a much steeper decline for E. coli treated with increasing concentrations of CJ-
21058 (ICso0 of 227.1 uM; 95% confidence interval, Cl, of 186.7 — 276.4 uM) than for DMSO (ICso
could not reliably be calculated). This indicates that the SecA inhibitor CJ-21058 specifically inhibits
periplasmic accumulation of pSpy-HiBiT and demonstrates the validity of this assay in identifying

inhibitors of Sec-dependent translocation.

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) is an uncoupling ionophore. It equilibrates
protons across the cytoplasmic membrane of bacteria, thereby dissipating the PMF required for
Sec-dependent translocation (Brundage et al., 1990; Economou et al., 1995). The luminescent
signal upon periplasmic release displays a dose-dependent response to treatment with CCCP (from
a 4 mM stock in DMSO; Figure 3.8c). At concentrations greater than 0.2 uM, luminescence from
the periplasm begins to decrease and CCCP concentrations of 50 UM or more abolish the signal.
The ICso for CCCP on periplasmic signal is 1.82 uM (95% CI 1.45 — 2.31 uM). By contrast, the dose
response curve of luminescence upon whole cell lysis is shifted to the right; concentrations over 5
UM are needed to reduce whole cell lysis signal, then signal rapidly declines with increasing
concentration (ICso 18.6 uM, 95% CI 13.4 — 26.6 uM). This suggests that CCCP concentrations up
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to 5 UM have a specific inhibitory effect on periplasmic accumulation of pSpy-HiBiT; total protein
synthesised is unaffected by CCCP up to this concentration. However, at higher concentrations,
CCCP has a non-specific effect on the assay. Given that AraE, the major transporter of arabinose
(the inducer used in this assay) is a proton symporter dependent on the PMF (Daruwalla, Paxton &
Henderson, 1981), it was considered that this non-specific effect might be due to CCCP inhibition
of pSpy-HiBIiT induction. Measurement of ODsoo following incubation with CCCP and prior to
luminescence assay revealed that concentrations higher than 5 pM inhibit bacterial growth
compared to the untreated control. This antibacterial effect of higher CCCP concentrations
correlates with the decreased signal seen after whole cell lysis, suggesting that the lower signal
observed is most likely due to reduced numbers of bacteria.
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Figure 3.8 Inhibitors of the Sec-machinery specifically reduce periplasmic NanoBiT
signal in a dose-dependent manner

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODeoo 0.1 in 96-
well plates, supplemented with 0.1% (w/v) arabinose and varying concentrations of a. CJ-21058
in DMSO, b. DMSO, c. CCCP in DMSO, d. NaNs, and incubated at 37 °C for 1.5 h then 4 °C for
1 h. LgBIiT and furimazine were added in the absence (primary assay/ periplasmic release; solid
circles) or presence (counter assay/ whole cell lysis; open circles) of Triton X-100, followed by
EDTA and lysozyme. The maximum luminescence in each sample was normalised to the
maximum signal in the respective untreated control (black dotted line) and plotted against
concentration. c. The final optical density at 600 nm of cultures in plates prior to addition of
buffer, normalised to that of the respective untreated control (no inhibitor added but EDTA and
lysozyme added at endpoint; black dotted line), was recorded and plotted against concentration.
Data from three independent replicates are shown as mean +* standard deviation.

NaNs is another inhibitor of SecA ATPase. It is more extensively characterised than CJ-21058

(Huang et al., 2012) and has been used in previous screens for inhibitors of the Sec-machinery as
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a positive control (Alksne et al., 2000; Moir et al., 2011; Crowther et al., 2015; Hamed et al., 2021).
High concentrations of NaNs are needed to have an effect in the NanoBiT assay (Figure 3.8d). The
dose response curves of luminescent signal arising from pSpy-HiBiT-producing E. coli to NaNs are
comparable for both periplasmic release and whole cell lysis. At concentrations greater than 400
MM, signal begins to decrease to approximately half that of the untreated positive control (0.53+0.17

and 0.44+0.13 RLU for periplasmic and whole cell, respectively) before reaching a plateau.
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Figure 3.9 Effect of non-specific inhibitors on the NanoBIT assay

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODeoo 0.1 in 96-

well plates, supplemented with 0.1% (w/v) arabinose and varying concentrations of polymyxin

B (orange), kanamycin (pink) or tetracycline (yellow) and incubated at 37 °C for 1.5 h then 4 °C

for 1 h. LgBIT and furimazine were added in the absence (primary assay/ periplasmic release;

solid circles) or presence (counter assay/ whole cell lysis; open circles) of Triton X-100, followed

by EDTA and lysozyme. The maximum luminescence in each sample was normalised to the

maximum signal in the respective untreated control (black dotted line) and plotted against

concentration. Data from three independent replicates are shown as mean + standard deviation.
To further determine the capacity of the NanoBIT assay and counter assay to select against non-
specific inhibitors, polymyxin B, which is a bactericidal antibiotic that primarily acts by destabilising
the outer membrane, and antibacterial protein synthesis inhibitors kanamycin and tetracycline were
also investigated in this system. Since these compounds are expected to indirectly interfere with
bacterial protein secretion, they are commonly used as negative controls in Sec inhibitor screens
(Crowther et al., 2012). As was the case for NaNs, the dose response curve for periplasmic release
was comparable to that of whole cell lysis for all three antibiotics, consistent with a non-specific

mechanism and validating the counter assay for exclusion of non-specific inhibitors (Figure 3.9).

3.4  Optimisation of local screen and initial hit discovery

As the condition that decreased luminescent signal upon periplasmic release the most, without
impacting whole cell lysis signal, 5 uM CCCP (yielding 0.26+£0.0091 RLU) was taken forward as the
positive control for a hit. Screens were performed against 5000 ChemBridge DiverSET small
synthetic compounds in 10 mM DMSO stocks in 96-well plates. Compared to natural product

extracts, these compounds are more affordable and have simpler structures facilitating identification
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of pharmacophores and subsequent lead optimisation. To further help optimisation, structural
analogs are readily available through ChemBridge. To trial the HTS, one plate (62416) was
screened at two concentrations by hand. For each plate or each independent experiment using the
same plate, data were normalised by dividing by the mean luminescent signal reached by DMSO
controls in column 1. A hit was defined as a compound that resulted in less than 0.8 RLU after
normalisation. At 10 uM, a possible weak hit (position A11) which reduced luminescence to 0.74
RLU was identified (Figure 3.10a). At 100 puM, the effect of this compound was increased, giving a
strong hit at 0.16 RLU (Figure 3.10b). At this concentration, several other compounds diminished
luminescence to as low as 0.76 RLU, but this was not reproducible, suggesting that this screening

concentration is high enough to detect compounds with non-specific inhibitory activity (false

positives).
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Figure 3.10 Summary data for local screen of 5000 compounds

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODesoo 0.1 in 96-
well plates and supplemented with 0.1% (w/v) arabinose. Diluted cultures were treated with
(Column 1) DMSO equivalent to the amount present in columns 2-11, (Column 12) 5 uM CCCP,
(a. Columns 2-11) 10 uM compound library from 10 mM stock in DMSO, (b. Columns 2-11) 100
UM compound library, (c, d. Columns 2-11) 50 uM compound library. Plates were incubated at
37 °C for 1.5 h then 4 °C for 1 h. LgBiT and furimazine were added followed by EDTA and
lysozyme (periplasmic release). a, b. The luminescence for each well after 1 h was normalised
to the mean signal in the untreated controls and shown as a heatmap. d. The median normalised
luminescence for each well position across all plates screened at 50 uM shown as a heatmap.
A lighter shade of colour on the heatmap indicates lower luminescence (scale of colour vs. RLU
given on the right of each graph). c. Z'-factor for each plate was calculated according to the
equation derived by Zhang, Chung & Oldenburg (1999).

To facilitate screen optimisation, both Z- and Z'-factors were calculated (Zhang, Chung &
Oldenburg, 1999). Both pilot runs had a Z'-factor over 0.5 (0.71 at 10 uM and 0.62 at 100 uM)
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suggesting an excellent assay for screening compounds. Their Z-factors were comparable (0.63
and 0.65, respectively) indicating that test compound concentration has little effect on signal
window. Moving forward, the first set of 6 plates were assayed at 10 uM, to avoid false positives.
However, no further hits were detected, so the assay concentration was increased to 50 uM. All
remaining plates were screened at this concentration, yielding a median Z’'-factor of 0.71. While Z'-
factors were high on average, this was dependent on liquid handling equipment; screens of plates
62420 to 62437 were subject to greater error, which was resolved upon servicing the equipment
(Figure 3.10c). Overall, median well values for each plate position show minimal plate effect across
test wells in columns 2 to 11 using this screen setup (Figure 3.10d). On average, column 1 yielded
lower signal than columns 2 to 11, when it is expected to give comparable signal. This suggests
that the outermost wells are subject to some plate effect — likely evaporation of cultures during the

1.5 h incubation step — but this effect is subtle and does not affect interpretation of results.

In addition to a pre-determined threshold for hit selection (<0.8 RLU compared to the positive
control), a second condition for hit selection from the local screen was defined. This condition
requires that hits yield signal less than x-3SD, where X is the mean signal and SD is the standard
deviation of signal from columns 2 to 11 in the respective plate. This condition accounts for plates
with low Z’-factors and high standard deviation due to erroneous liquid handling — false positives
from such errors are less likely to generate a hit (Makarenkov et al., 2007). Using these criteria, 11

hits were taken forward for confirmatory testing. The hit rate from the primary screen is 0.22%.

3.5 Hit confirmation by dose response and counter assay

Compounds taken as hits from the primary screen were re-tested by the primary assay at a range
of concentrations, to assess whether their activity is reproducible and to determine the ICso of each
compound under these assay conditions. Counter selection was performed in parallel using the
whole cell lysis counter assay. Only one compound (Figure 3.11a) had no activity when re-tested.
For five compounds, re-testing confirmed activity, but counter assay revealed that their effects were
predominantly non-specific; the dose response curves for the counter assay were comparable to
those for the primary assay (Figure 3.11b - f). For the six compounds that did not pass confirmatory
testing and counter assay, ICso for the primary assay could not reliably be calculated from the dose
response data.

On the other hand, the response of the primary assay to each of the confirmed hits follows a
sigmoidal shape when plotted against compound concentration on a logarithmic scale (base 10).
This enables estimation of ICso; under these assay conditions, the 1Cso values of all confirmed hits
against periplasmic accumulation of pSpy-HiBIT in intact E. coli are less than 20 uM. For these hits,
the plotted dose response of the counter assay is shifted to the right compared to the primary assay,
suggesting the compounds exhibit specific inhibitory activity against periplasmic accumulation of

Spy constructs.
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Figure 3.11 Dose response of rejected hits in primary and counter assays

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODsoo 0.1 in 96-

well plates and supplemented with 0.1% (w/v) arabinose and varying concentrations of

compounds from 10 mM DMSO stocks at the following positions from the compound library a.

62410-A02, b. 62421-E04, c. 62424-B04, d. 62444-D07, e. 62451-F09, f. 62552-C10. Following

incubation at 37 °C for 1.5 h then 4 °C for 1 h, LgBIiT and furimazine were added in the absence

(primary assay/ periplasmic release; solid circles) or presence (counter assay/ whole cell lysis;

open circles) of Triton X-100, followed by EDTA and lysozyme. The maximum luminescence in

each sample was normalised to the maximum signal in the respective untreated control (black

dotted line) and plotted against concentration. Data from one replicate are shown.
Initially, the compound from 62416-A11 (Hitl) gave an ICso of 18.1 uM in the primary assay (95%
Cl 15.9 — 20.8 uM; Figure 3.12a). However, upon ordering more compound, subsequent batches
have no activity (ICso could not reliably be calculated; Figure 3.12b). Liquid chromatography mass
spectrometry analysis revealed that the initial batch of compound differed from the subsequent
batches, and from the supplier's mass spectrometry analysis, but could not determine its identity.
Hit2 (62431-G04 in the compound library) has an ICso of 5.23 uM (95% CI 3.73 — 7.40 uM) on
periplasmic accumulation of pSpy-HiBIT (Figure 3.12c). Like CCCP, its ICso for whole cell levels of
the construct is approximately one order of magnitude greater than its specific activity (53.5 puM;
95% CI 39.2 — 72.1 pM). Hit2 has a molecular weight of 370 Da and is lipophilic, with a positive
LogP (4.61, calculated by ChemBridge) indicating a preference for octanol as a solvent over water.

Its structure is shown in Figure 3.12d.
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Figure 3.12 Dose response of Hitl and Hit2 in primary and counter assays

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODsoo 0.1 in 96-

well plates and supplemented with 0.1% (w/v) arabinose and varying concentrations of

compounds from 10 mM DMSO stocks of a. Hitl from the initial compound library; b. Hitl from

subsequent batches; c. Hit2. Following incubation at 37 °C for 1.5 h then 4 °C for 1 h, LgBiT

and furimazine were added in the absence (primary assay/ periplasmic release; solid circles) or

presence (counter assay/ whole cell lysis; open circles) of Triton X-100, followed by EDTA and

lysozyme. The maximum luminescence in each sample was normalised to the maximum signal

in the respective untreated control (black dotted line) and plotted against concentration. Data

from up to three independent replicates are shown as mean + standard deviation. d. Chemical

structure of Hit2.
In the periplasmic release assay, Hit3 (62556-A06) yields an ICso of 6.79 uM (95% CI 6.09 — 7.59
UM; Figure 3.13b). By contrast, its ICsp in the counter assay is approximately twenty times greater
at 145.0 uM (95% CI 113.3 — 197.5 uM). Hit3 has a similar molecular weight and lipophilicity to Hit2
(398 Da and logP of 4.16). Assessment of structural analogs of Hit3 helped elucidate characteristics
of the compound that are required for its activity in the assay (structures shown in Figure 3.13a, d,
e, h). Only analog Hit3-c retains comparable activity (ICso in primary assay 16.4 uM; 95% CI 15.0 —
18.0 uM; ICso in counter assay could not be calculated) to Hit3 (Figure 3.13g). Hit3-a has no activity
in primary or counter assays (Figure 3.13c) and Hit3-b activity is similar in the primary and counter
assays, suggesting that it only has a non-specific inhibitory effect (Figure 3.13f). Hit3-a, b and c are
all smaller (355, 369 and 377 Da) and have lower logP (3.02, 3.27 and 3.74) than Hit3. Based on
qualitative assessment of the region that differs in structure across the four analogs, attachment of
the amide nitrogen to a CH2 group bound to a ring structure appears essential for specific inhibitory
activity. All four compounds were received as racemic samples; it is important for future

development of these into promising drug leads to determine which enantiomers have activity.
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Figure 3.13 Dose response of Hit3 and structural analogs in primary and counter assays
LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODeoo 0.1 in 96-
well plates and supplemented with 0.1% (w/v) arabinose and varying concentrations of
compounds from 10 mM DMSO stocks of b. Hit3, c. Hit3-a, f. Hit3-b, g. Hit3-c. Following
incubation at 37 °C for 1.5 h then 4 °C for 1 h, LgBiT and furimazine were added in the absence
(primary assay/ periplasmic release; solid circles) or presence (counter assay/ whole cell lysis;
open circles) of Triton X-100, followed by EDTA and lysozyme. The maximum luminescence in
each sample was normalised to the maximum signal in the respective untreated control (black
dotted line) and plotted against concentration. Data from up to three independent replicates are
shown as mean + standard deviation. Chemical structure of a. Hit3, d. Hit3-a, e. Hit3-b, h. Hit3-
c. Regions that differ between analogs are highlighted in colour: green for compounds more
active in primary assay than counter assay, orange-red for compounds with no activity and
yellow for compounds with comparable activity in primary and counter assays.

Hit4 (62558-C08) inhibits periplasmic accumulation of pSpy-HiBiT with ICso 16.1 uM (95% CI 14.0
—18.4 uM; Figure 3.14a). Its non-specific inhibitory activity is just under ten times its specific activity
(ICs0 110.4 puM, 95% CI could not reliably be calculated). It has LogP 3.42 and molecular weight
330 Da and was received as a racemic mixture (structure shown in Figure 3.14b). Strikingly, the
compound from position 62562-A02 (Hit5) has very little non-specific activity (Figure 3.14c). After
treatment with 200 pM of compound, luminescent signal upon whole cell lysis remains high at
0.77+0.023 RLU. In contrast, its ICso against periplasmic signal is low at 12.2 uM (95% CI 10.0 —
14.9 uM). Removal of the trifluoromethyl group from, and attachment of a chlorine atom to, its benzyl
ring abolishes this activity (Figure 3.14d, e). Hit5 and the Hit5-a analog have LogP 3.32 and 2.98,

respectively, and their molecular weights are 420 and 387 Da, respectively.
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Figure 3.14 Dose response of Hit4, Hit5 and structural analogs in primary and counter
assays

LB cultures of BL21(DE3) producing pre-secretory Spy-HiBiT were diluted to ODeoo 0.1 in 96-
well plates and supplemented with 0.1% (w/v) arabinose and varying concentrations of
compounds from 10 mM DMSO stocks of a. Hit4, c. Hit5, d. Hit5-a. Following incubation at 37
°C for 1.5 hthen 4 °C for 1 h, LgBiT and furimazine were added in the absence (primary assay/
periplasmic release; solid circles) or presence (counter assay/ whole cell lysis; open circles) of
Triton X-100, followed by EDTA and lysozyme. The maximum luminescence in each sample
was normalised to the maximum signal in the respective untreated control (black dotted line)
and plotted against concentration. Data from up to three independent replicates are shown as
mean + standard deviation. b. Chemical structure of Hit4. e. Chemical structure of Hit5 (top) with
the region that differs in Hit5-a (bottom). Regions that differ between analogs are highlighted in
colour: green for compounds more active in primary assay than counter assay and orange-red
for compounds with no activity. The region that is not highlighted is common to Hit5 and Hit5-a.

3.6 Discussion

This chapter demonstrates the design, validation, optimisation and small-scale deployment of a

novel whole cell-based screen for inhibitors of the Sec-machinery. Based on the NanoBIiT assay for
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protein translocation (Pereira et al., 2019), this screen system is straightforward, offering high

sensitivity and adaptability to any Sec-dependent protein of interest (demonstrated in Chapter 5).

The screen assay designed here is a loss-of-signal system. As non-specific inhibitors are not
deselected in such a system, this created a need for a high throughput counter assay for rapid
identification of these agents. In previous screens, this was achieved using cells producing SS-less
reporter protein that remains in the cytoplasm. Specific inhibitors of translocation would not impact
cytoplasmic reporter activity, while non-specific inhibitors would do so (Crowther et al., 2015; Klein
et al., 2018b). The advantage of this approach over screening primary hits against purified reporter
enzyme (Hamed et al., 2021) is that it will identify inhibitors of cellular functions as well as reporter
activity. The drawback of both options is that they require incubation of compounds with additional
samples to the primary assay. It was shown above that the HiBiT-tagged reporter protein remains
capable of complementing LgBIT in the absence of its SS. However, the periplasmic release and
whole cell lysis methods developed in this work enable parallel assessment of hit activity in primary

and counter assays from the same samples, significantly increasing throughput of hit confirmation.

In the counter assay, mSpy-HiBIiT yields a lower signal compared to the respective pSpy-HiBiT
sample. One explanation is that upon whole cell lysis, LgBiT may not be able to access HiBiT on
unfolded cytoplasmic Spy constructs as efficiently as those that have been translocated and
matured in the periplasm. If this were true, a decrease in whole cell signal would be expected
following treatment of pSpy-HIiBIT producers with secretion inhibitors, since these would also result
in accumulation of HiBIT in the cytoplasm. However, the SecA inhibitor CJ-21058 does not reduce
whole cell signal of such cells compared to a DMSO control. Alternatively, SS-less mSpy may
occupy different conformations in the cytoplasm than unexported pSpy, rendering HiBiT less
accessible for LgBIiT. This is unlikely, as folding transitions of the Spy mature domain are not
affected by the presence or absence of SS (Tsirigotaki et al., 2018). Therefore, the most plausible
explanation is that deletion of the Spy SS results in lower expression or stability of the protein,
resulting in decreased whole cell levels of mSpy-HiBiT compared to pSpy-HiBiT. Importantly,
validation with CJ-21058 confirms that HIiBIiT activity is unaffected by the subcellular location or

conformation of associated Spy constructs.

Thorough assay validation using a panel of compounds with known activities is important both for
assay optimisation and for uncovering any weaknesses in the assay design. Dose response of the
primary assay to NaNs reveals that even the highest concentrations (3 mM) only achieve
approximately 50% inhibition. This poor activity may explain the low and variable Z’-factors resulting
from earlier screens using up to 0.5 mM NaNs as a positive control for inhibition (Moir et al., 2011,
Crowther et al., 2015). Interestingly, in assays of periplasmic PhoA activity, 4 mM NaNs3s inhibited
signal by over 90% (Hamed et al., 2021). With different assay systems and different Sec substrates,
sensitivity to a given inhibitor will vary. The contrasting results with NaNs demonstrate the

importance of optimising positive controls for each assay system, to improve the signal window.

The comparable response of both primary and counter assays to NaNs suggest that it

predominantly affects periplasmic accumulation of pSpy-HiBiT by a non-specific mechanism. This
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is consistent with the general ATPase inhibitor activity of NaNsz and its known impact on the
respiratory chain (Bowler et al., 2006). The counter assay was also effective in deselection of two
different classes of protein synthesis inhibitor as well as a non-specific membrane active agent.
Uncouplers like CCCP also impact membrane integrity, increasing proton permeability. Ideally,
uncouplers would also be deselected, but up to 5 mM CCCP was determined to have a specific
effect on the periplasmic levels of reporter protein without affecting whole cell levels. Nevertheless,
this is not a shortcoming of the specific assay setup described here, but an unavoidable property
of the native Sec-machinery. The transmembrane proton gradient is a major driving force of
translocation through Sec, so uncouplers like CCCP specifically inhibit this process as well as other
cellular functions (Brundage et al., 1990; Economou et al., 1995; Schulze et al., 2014; Allen et al.,
2022). These results confirm that the assay specifically reports on translocation of pSpy-HiBIT but
demonstrate the importance of screening compounds at a range of concentrations to identify off-

target effects.

A typical screening concentration for a high-purity, diverse small molecule library is 10 uM.
Unbiased libraries will generally give a hit rate of up to 1% under these conditions. When challenged
with 10 uM compound, the NanoBiIT screen assay gave a primary hit rate substantially lower than
1%. A concentration of 50 UM was used instead, yielding a primary hit rate of 0.22%. Indeed,
previous whole cell screens of synthetic compounds also used higher than standard concentrations,
ranging from 20 — 100 uM (Alksne et al., 2000; Moir et al., 2011; Crowther et al., 2012, 2015; Hamed
et al., 2021). Their primary hit rates were similar to this work: 0.14, 0.64 and 0.83% (Moir et al.,
2011; Crowther et al., 2015; Hamed et al., 2021, respectively). The need for a higher screening
concentration is not surprising, given that for effective use, current antibiotics require concentrations
up to a thousand times larger than drugs with a eukaryotic target. The binding of antibiotics to their
respective targets is comparable to that of eukaryotic drugs; the major constraint of activity is poor
permeation in bacteria (Lewis, 2013). Commercial synthetic compound libraries are optimised for
physicochemical properties that promote oral bioavailability and absorption into the gastrointestinal
tract (Lewis, 2020). Attempts to screen synthetic libraries for compounds with bacterial targets

would therefore be aided by establishment of an equivalent set of rules for bacterial uptake.

Previously, lower primary hit rates were associated with greater rates of hit confirmation by retesting
and counter assays, showing that more stringent primary assay selection results in fewer false
positives. Confirmation rates were 9.3, 5.2 and 0.4%, respectively (Moir et al., 2011; Crowther et
al., 2015; Hamed et al., 2021). Given the small size of the local screen in this work, thresholds for
hit confirmation were more lenient. While only one primary hit (Hit5) specifically inhibited the primary
assay with negligeable effect on the counter assay, four hits were taken as true positives due to
their demonstration of a reproducible dose response and lower activity in counter assays (36% of
hits were confirmed). More typical confirmation criteria would still allow a high true positive rate

(9.1%), comparable to previous work with a similar primary hit rate (Moir et al., 2011).

The identified hits had strong activity in the primary assay, with ICso values ranging 5 — 20 uM.
These values were substantially lower than that of CJ-21058 (227.1 uM) and closer to that of CCCP
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(1.82 pM). This ICso range appears typical for whole cell screens against the Sec-machinery; hits
from other systems had a half-maximal effect on their respective primary assay at 3 — 57 uM
(Crowther et al., 2015; Hamed et al., 2021). Similarity searches (2D and 3D, standard parameters)
on the Hit2Lead website (ChemBridge) confirmed that the hits identified in this work all belong to
distinct chemotypes. Where available, structural analogs of each hit were obtained from Hit2Lead
and tested in primary and counter assays to elucidate the chemical substructures that affect their
observed activity. Amide bonds, resembling peptide structures, and bulky ring moieties are common
to the majority of active compounds. It would be interesting to know whether the differences in
activity between analogs are target-specific or due to differences in bacterial uptake and efflux.
Furthermore, it would be useful from a medicinal chemistry perspective to determine whether the
identified hits are analogous to known promiscuous binders or pan-assay interference compounds
that often show up as false positives (Klein et al., 2018b). From a biochemical standpoint, hits from

the primary screen can be validated in a range of secondary assays instead.
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Chapter 4 Secondary assays for translocation inhibitor screens

4.1 Introduction

The introduction to the previous chapter summarises published target-based screening approaches
for discovery of bacterial Sec inhibitors. Where full information is available, the combinations of
primary screen platform and secondary assays (including counter assays) used in these
approaches are summarised in Table 4.1. Each of the primary screens enrich for compounds that
impact Sec-mediated protein translocation, either through specific inhibition of SecA/ signal
peptidase | or by interfering with the broader pathway. The different primary screening strategies
employed necessitate different counter and secondary assays to demonstrate the utility of identified
inhibitors. It is important to assess the strengths of the chosen primary screen and design secondary
assays to mitigate any limitations. Overall, all approaches should show i) direct interaction with the
Sec pathway in vitro; ii) lack of off-target effects; and iii) cellular activity, ideally on translocation in

whole cells as well as growth inhibition.

4.1.1 Existing secondary assays for Sec inhibitors

With the exception of the whole cell differential sensitivity approach, all strategies targeting SecA
investigated whether hits directly interact with SecA in vitro by assessment of ATPase activity in
either primary or secondary assays (Li et al., 2008; Segers et al., 2011; Akula et al., 2011, 2012;
Huang et al., 2012; De Waelheyns et al., 2015). Of these, only one considered the off-target activity
of identified inhibitors, reporting cytotoxicity on eukaryotic cells, but still failed to identify the
mechanisms of off-target activity (De Waelheyns et al., 2015). This is particularly troublesome for
SecA-targeted screens, given the tendency for SecA inhibitors to inhibit other ATPases. While three
of the five strategies included secondary assays for inhibitory activity on bacterial growth (Akula et
al., 2012; Huang et al., 2012; De Waelheyns et al., 2015), none assessed the impact of inhibitors
on protein translocation in cells. Overall, none of these approaches satisfy all three of the criteria

above.

The advantage of whole cell screens over in vitro systems is that hit compounds have confirmed
inhibitory activity against translocation in a cellular context. Nevertheless, this does not guarantee
an inhibitory effect on bacterial growth, which is also investigated in the majority of cases (Alksne
et al., 2000; Parish et al., 2009; Crowther et al., 2015; Hamed et al., 2021). Additionally, whole cell
assays are more prone than in vitro systems to non-specific inhibitors and do not confirm a direct
interaction with the desired target. Successful counter assays will rule out inhibition of reporter
transcription and translation, as well as reporter activity (Crowther et al., 2015). It is important to
note that, unlike SecA, homologs of core channel SecYE are present in both bacteria and
eukaryotes. As illustrated by pan-Sec inhibitors eeyarestatin 24 and decatransin, it is possible that

bona fide inhibitors of the core bacterial Sec-machinery may also inhibit eukaryotic Sec. Therefore,
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Table 4.1 Combinations of primary and secondary assays used in previous Sec inhibitor screens

Target

Primary assay

Secondary assays

Reference

SecA

In vitro intrinsic ATPase activity
(activated mutant)

In vitro intrinsic ATPase activity
(activated mutant)

In silico docking into ATPase cleft

In silico docking into ATPase cleft

In silico docking into signal
sequence-binding site

Whole cell differential sensitivity

In vitro intrinsic, membrane and translocation ATPase activity
(wildtype E. coli SecA)
In vitro translocation of pPhoA (protease protection)

In vitro intrinsic, membrane and translocation ATPase activity
(wildtype E. coli SecA)

In vitro translocation of pOmpA (protease protection)
Bacterial growth inhibition and bactericidal activity
(wildtype and outer membrane permeable E. coli, B. subtilis)
In silico docking into ATPase cleft

In vitro intrinsic ATPase activity (activated mutant)

In vitro intrinsic ATPase activity (Ca. L. asiaticus SecA)
Bactericidal activity (A. tumefaciens)

In vitro intrinsic, membrane and translocation ATPase activity
(wildtype E. coli SecA)

Bacterial growth inhibition (E. coli, P. aeruginosa, B. subtilis
and S. aureus)

Cytotoxicity (growth inhibition of human T lymphoblasts)

Bacterial growth inhibition (E. coli, B. subtilis, S. aureus, E.
faecalis, S. pneumoniae and Haemophilus influenzae)
Cytotoxicity (growth inhibition of C. albicans)

(Segers et al., 2011)

(Huang et al., 2012)

(Li et al., 2008)

(Akula et al., 2011, 2012)

(De Waelheyns et al., 2015)

(Parish et al., 2009)

Signal peptidase |

In vitro fluorogenic substrate

Whole cell differential sensitivity

In vitro accumulation of cleavage products (HPLC)

Bacterial growth inhibition (E. coli, S. aureus, S. pneumoniae
and H. influenzae)

B-lactamase secretion (into medium by S. aureus)

Bacterial growth inhibition (M. tuberculosis)
In vitro fluorogenic substrate

(Peng et al., 2001; Kulanthaivel et
al., 2004)

(Bonnett et al., 2016)
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Target Primary assay Secondary assays Reference

3. Membrane permeability and potential (M. tuberculosis)
4. Cytotoxicity (growth inhibition of Vero cells)

Entire Sec pathway = Whole cell genetic reporter (gain of 1. Bacterial growth inhibition (S. aureus) (Alksne et al., 2000)
signal) 2. Protein production and secretion (into medium by S. aureus)

measured by immunoblot/ enzyme-linked immunoassay

3. Pre-protein accumulation (in E. coli) measured by pulse-
chase labelling and immunoprecipitation

4. Cytotoxicity (growth inhibition of human cell lines)

5. Membrane disruption (outer membrane permeable E. coli and
human red blood cells)

Whole cell genetic reporter (gain of 1. Counter assay of reporter signal when under stress-inducible (Moir et al., 2011)
signal) promoters unrelated to Sec
2. B-lactamase translocation (into P. aeruginosa periplasm)
3. Elastase and phospholipase C secretion (into medium by P.
aeruginosa type 2 secretion systems) and counter assay
against enzyme activity

Whole cell protein reporter
(cytoplasmic, gain of signal)

Counter assay of reporter transcription, translation and activity =~ (Crowther et al., 2015)
Bacterial growth inhibition (E. coli)

Cytotoxicity (growth inhibition of human B lymphocytes)

Protein production and processing measured by immunoblot

B-lactamase translocation (into E. coli periplasm)

Counter assay of cytoplasmic enzyme production

Thermal shift assay of SecA binding

NogapwbhE

=

Whole cell protein reporter Counter assay of reporter activity and expression (immunoblot) (Hamed et al., 2021)
(periplasmic, loss of signal) 2. Cytotoxicity (killing of HEK293T cells)
3. Bacterial growth inhibition (wildtype, outer membrane
permeable and efflux-deficient E. coli, B. subtilis, S. aureus,
WHO priority pathogens)
4. In vitro intrinsic, membrane and translocation ATPase activity
(activated mutant and wildtype E. coli SecA)
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cytotoxicity assays are not useful for identification of off-target activity in this case. Instead, methods
to deselect non-specific inhibitors include measuring biosynthetic capacity (Alksne et al., 2000;
Crowther et al., 2015), studying induction of known stress-response pathways (Moir et al., 2011) or
checking for membrane disruption (Alksne et al., 2000; Bonnett et al., 2016). With the exception of
the M. tuberculosis signal peptidase | screen (Bonnett et al., 2016), all of the previous whole cell-
based screening approaches lack confirmation of inhibitor interaction with the Sec pathway in vitro
(Alksne et al., 2000; Parish et al., 2009; Moir et al., 2011; Crowther et al., 2015; Hamed et al., 2021).
Those that attempted to achieve this focused only on SecA as the target site, despite these screens
targeting the pathway as a whole (Crowther et al., 2015; Hamed et al., 2021). This shows that in
vitro assays incorporating the broader Sec-machinery — other components as well as SecA — are

better suited for this purpose.

All assays risk interference of reporter activity, which can result in false positives. In the absence of
counter assays, a frequently used method for deselecting compounds that interfere with readout is
through use of secondary assays based on a different reporter system. For example, in vitro
screens of SecA ATPase activity using a colorimetric reporter were accompanied by in vitro
protease protection assays, involving detection by radiography or immunoblot (Segers & Anné,
2011; Huang et al., 2012). Whole cell-based screens strategies similarly employed immunoblot-
based secondary assays (Alksne et al., 2000; Crowther et al., 2015) or alternative protein reporters
of translocation, such as B-lactamase (Moir et al., 2011; Crowther et al., 2015). The additional
impact of testing hits against a range of Sec substrates is that this will elucidate whether they

operate as substrate-selective or broad inhibitors.

4.1.2 Proposed secondary assays to complement whole cell NanoBiT

Considering the successes and limitations of past searches for inhibitors of Sec, priorities for
secondary assays to complement the whole cell NanoBiT screen were determined. First, in vitro
assays should confirm a direct interaction with the broader Sec-machinery. After this, more targeted
in vitro systems, such as SecA ATPase assays could be employed. Alongside counter assays, in
vitro assays are expected to deselect compounds that act through non-target-specific mechanisms.
Therefore, the second priority is determination of antibacterial activity. To differentiate between
bacteria-specific Sec inhibitors that are promising antibiotic leads and pan-Sec inhibitors,

cytotoxicity assays could then be performed.

In vitro assays for activity of the broader Sec-machinery require, at a minimum, SecA and lipid
vesicles containing SecY, E and optionally G (Brundage et al., 1990). Translocation-competent pre-
proteins are added and translocated into the vesicle interior in an ATP-dependent reaction (Figure
4.1a; Figure 4.6a). There are broadly two types of vesicles used in these assays: proteoliposomes
(PLs) and inverted inner membrane vesicles (IMVs). While PLs are made by mixing purified integral
membrane proteins of Sec with commercial preparations of phospholipids, IMVs are isolated from
bacteria overexpressing sec genes and house the Sec-machinery in its native lipid environment.

As an example, anionic lipids like cardiolipin bind Sec in vivo so may be enriched around the Sec-
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machinery in IMVs compared to PLs (Corey et al., 2018). Cardiolipin is important for SecA
recruitment and ATPase activity (Gold et al., 2010) and PMF stimulation of Sec (Corey et al., 2018).
Furthermore, PLs and IMVs may be prepared with additional components of the Sec-machinery
(SecDF-YajC and YidC, yielding HTL) or separate protein machineries such as bacteriorhodopsin,
a light-driven proton pump that produces a PMF (Schulze et al., 2014). In IMVs, other membrane
proteins (namely ATP synthase which generates the PMF) will be present in trace amounts. Each
of these factors can impact Sec activity. Thus, analysis of inhibitor activity against different in vitro
preparations of the Sec-machinery can help elucidate their mode of action. Do they target the core
machinery or auxiliary proteins? Do they require a specific lipid environment? Are they non-specific

membrane active agents that interfere with the PMF?

The traditional method of monitoring protein translocation in vitro is by assessing protease
protection (Figure 4.6a, b). The in vitro NanoBiT system is a more recent alternative (Figure 4.1a).
As expressed in Chapter 3, the traditional assays can be laborious. NanoBiT assays have higher
throughput and give continuous reads with far higher time resolution compared to protease
protection assays (Pereira et al., 2019). Such precise monitoring of protein transport allows
extraction of more data informing on the kinetics of transport (Allen et al., 2020, 2022). The
drawback of this system is that it uses the same reporter as the primary screen, so will be
susceptible to hits that impair readout. On the other hand, counter assays were used to deselect
against such hits. This chapter compares the two assay systems to determine the most suitable

approach for confirming inhibitor activity in vitro.

Additionally, efforts were made to determine antibacterial activity of hit compounds by standard
antimicrobial susceptibility testing. None have detectable inhibitory activity on growth of E. coli
strains under the conditions studied. Results suggest that hit antibacterial activity is due to
insufficient inhibition of target, rather than bacterial cell envelope permeability constraints, but
further experimentation is needed to confirm this. The implications of this on whether hits represent
useful antibiotic leads are discussed.

4.2 Invitro NanoBiT assays for hit validation

For NanoBiT-based assays of translocation in vitro, pre-protein is tagged with HiBiT, and vesicles
contain LgBIT. Transport of HiBiT-tagged pre-protein via Sec into the vesicle lumen, analogous to
the Gram-negative periplasm, allows complementation of NanoBiT fragments, giving luminescence
in the presence of furimazine (Figure 4.1a). Signal is fit to a lag phase followed by a single
exponential (Figure 4.1b). Alongside lag, the apparent rate constant (A) and amplitude (A) of the
signal can be derived (Allen et al., 2020).
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Figure 4.1 Design of in vitro NanoBiT assays for protein translocation

a. Proteoliposomes or inverted inner membrane vesicles containing the membrane-bound Sec-

machinery and LgBIiT are combined with purified SecA, agents for regeneration of ATP from

ADP, furimazine and translocation-competent, C-terminally HiBiT-tagged Sec substrate. Upon

addition of ATP, SecA drives translocation of substrate from outside to inside the vesicle. HiBiT

attached to substrate can access LgBIT inside liposomes, giving luminescence. b. Luminescent

signal from the reaction is monitored in a platereader. Signal prior to ATP injection is fit to a

single exponential and extrapolated values are subtracted from post-ATP signal (background

subtraction). Corrected luminescence, omitting signal decay, is fit to a single exponential plus

lag (equation shown) and parameters lag, A (amplitude) and A (indicated in green) are derived.
Lag is the minimum time taken for signal to be generated. Since reaction components are
equilibrated together prior to initiation of translocation with ATP, lag corresponds to the time taken
for pre-formed complexes of Sec and substrate to complete translocation. It is therefore a measure
of transport rate; longer lag means slower transport. Amplitude is proportional to the amount of
substrate that has been translocated upon reaction completion. Under the assay conditions used
here, translocation is largely single turnover, so amplitude is proportional to the number of active
Sec-machinery sites (Allen et al., 2022). The most complex parameter is A, which contains
information not only on transport rates, but on probability of translocation stalling or failure (Allen et
al., 2020, 2022). Data from in vitro NanoBIiT assays have facilitated elucidation of the number and

size of transport steps (Allen et al., 2020) and how they are impacted by different polypeptide
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sequences and exposure to inhibitors (Allen et al., 2022). It follows that the mode of action of

primary hits can be uncovered based on their effect on each of these three transport parameters.
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Figure 4.2 Activity of control inhibitors assessed by in vitro NanoBIiT assay

Proteoliposomes containing SecYEG and LgBiT were combined with purified SecA, ATP

regeneration reagents, furimazine, translocation-competent pSpy-HiBiT and varying

concentrations of a. CJ-21058 or b. CCCP. Luminescence was measured for approximately 10

min prior to, and 20 min after, reaction initiation by injection of ATP. Data from 3 — 6 technical

replicates are shown as mean + SEM.
As the simplest possible reconstitution of Sec, SecYEG PLs containing LgBiT were challenged with
inhibitor. They were mixed with purified SecA, ATP regeneration reagents, furimazine and
translocation-competent pSpy-HiBiT (the same substrate as in primary screen assays). CJ-21058
is a known SecA inhibitor, so should hinder pSpy-HiBIT translocation into SecYEG PLs and reduce
NanoBiT complementation. By contrast, CCCP abrogates the PMF, which is absent in this system,
so should have no effect on signal generation. In primary NanoBiT assays, up to 100 uM CJ-21058
(which corresponds to 37.5 uM during the endpoint read) has no effect on recorded signal (Figure
3.8). In the reconstituted system, 25 uM or more CJ-21058 decreases the maximal signal reached
within 20 min of reaction initiation with ATP (Figure 4.2a). This response is dose dependent.
Interestingly, the apparent rate for samples treated with 25 pM CJ-21058 is noticeably (and
reproducibly) slower compared to the untreated control and adjacent tested concentrations; signal
fails to reach a plateau in the 20 min time window. Final signal reached is approximately half-
maximal during 40 uM treatment (mean + standard error of the mean, SEM of 1,367,000+376,500
compared to 2,437,000+430,400 for the untreated control). Treatment with 100 uM CJ-21058
almost completely abolishes signal.

However, these treatments also impair signal formation prior to ATP addition (Figure 4.2a). This
background signal is caused by complementation of HiBiT with any LgBiT that may have leaked
out of vesicles or not been washed from their external surface after vesicle preparation. It acts as
an internal control against compounds that quench luminescence from NanoBiT or impair NanoBiT
complementation. This suggests that, under the conditions used in these experiments, NanoBiT
itself is sensitive to CJ-21058. From these signal traces, it is not possible to conclude the specific

effect of CJ-21058 on Sec-mediated translocation in vitro.

CCCP similarly affects signal generation before and after addition of ATP in a dose-dependent

manner (Figure 4.2b). Qualitatively, the shape of the signal curve appears unchanged regardless
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of CCCP treatment; the only noticeable difference is in amplitude. It is possible that the NanoBiT
enzyme is also quenched by CCCP. To confirm that the apparent NanoBiT quenching activities of
CJ-21058 and CCCP are not due to the presence of DMSO from their respective stock solutions,
DMSO concentrations up to 0.5% (equivalent to 50 uM CJ-21058, 50 uM hit compound or 20 uM
CCCP) were assayed. DMSO treatment did not result in a reproducible, dose-dependent decrease
in luminescence before or after ATP addition (Appendix 1).

All four primary hit compounds affected both background and signal in the in vitro NanoBIT assay
(Figure 4.3). This response is dose dependent in all cases; the highest concentration of compound
yields the lowest signal pre- and post-addition of ATP. The untreated signal trace has lower

amplitude than expected in all three replicates of the Hit4 treatment series (Figure 4.3c).
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Figure 4.3 Activity of hits on SecYEG proteoliposomes assessed by in vitro NanoBiT
assay

Proteoliposomes containing SecYEG and LgBiT were combined with purified SecA, ATP
regeneration reagents, furimazine, translocation-competent pSpy-HiBiT and varying
concentrations of a. Hit2, b. Hit3, c. Hit4 or d. Hit5. Luminescence was measured for
approximately 10 min prior to, and 20 min after, reaction initiation by injection of ATP. Data from
three technical replicates are shown as mean + SEM.
For all in vitro NanoBIT traces, raw luminescence is plotted as mean + SEM of the replicates. The
error in all cases is considerable, giving overlap between signal traces from consecutive
concentrations of CJ-21058 or hit compounds. This error is due in part to the sensitivity of the signal
amplitude (maximum possible NanoBIT luciferase brightness) to inhibitor, as mentioned above, as
well as small differences in experimental setup and is a common occurrence in such assays (Allen

et al.,, 2020). To mitigate against this, the same batch of PLs were used for all experiments.
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However, to obtain useful quantitative data, each signal trace should be normalised by its respective
NanoBIT brightness. This was achieved by fitting the background to a single exponential and not
only subtracting tabulated background from post-ATP signal (as seen in Figure 4.1b) but also
normalising signal by the respective background amplitude. Additionally, the injection carried out
by the platereader takes longer than each read step, introducing error to the measured time post-
injection of ATP. For accurate calculation of lag, a time correction factor must be calculated for each

well based on its position.
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Figure 4.4 Fits of control activity on in vitro NanoBiT

Signal traces shown in Figure 4.2 were normalised by background amplitude, time-corrected

and fit to the equation shown in Figure 4.1. Parameters A (a., b.) and lag (c., d.) are shown over

different concentrations of each control compound: CJ-21058 (a., c.) and CCCP (b., d.). Data

from 3 — 6 technical replicates are shown as mean + SEM. Data from untreated controls are

shown as dashed (mean) and dotted (+ SEM) black lines.
These corrections substantially decreased error for each of the three parameters. However, error
in amplitude remained too great for confident assessment of dose response (Appendix 2). For CJ-
21058, neither apparent rate (A) nor lag values (Figure 4.4a and c, respectively) deviate appreciably
from those of the untreated control at any concentration of inhibitor. The A resulting from 25 pM
treatment is lower than all other concentrations tested, consistent with its raw luminescence trace
(Figure 4.2a). Overall, these data indicate that CJ-21058 does not affect the kinetics of Sec-
mediated transport in this system in a dose-dependent manner. Surprisingly, given the lack of PMF
in PLs, CCCP treatment results in a dose-dependent decrease in A from approximately 0.39 /min
to approximately 0.23 /min for CCCP concentrations of 6.25 pM or greater (Figure 4.4b). Contrary
to the hypothesis, this suggests that CCCP does impact Sec-mediated translocation in PLs, either

by decreasing rate or increasing probability of stalling or failure. Lag does not increase with CCCP
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concentration, suggesting CCCP does not impact translocation rate (Figure 4.4d). To assess
whether this inhibitory effect of CCCP is related to dissipation of the PMF, in vitro NanoBiT was
performed with ionophores valinomycin and nigericin. Valinomycin is a potassium ionophore that
diminishes the electrical component of PMF and nigericin is an electroneutral antiporter of
potassium ions and protons that dissipates the pH component of PMF. When used in combination,
their effects on PMF-dependent Sec-mediated translocation mimic those of CCCP (Yamane,
Ichihara & Mizushima, 1987). The NanoBiT signal trace was unaffected by valinomycin/ nigericin
treatment (Appendix 3). This suggests that the observed effect of CCCP on these assays is
unrelated to PMF.
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Figure 4.5 Fits of hit activity on in vitro NanoBiT

Signal traces shown in Figure 4.3 were normalised by background amplitude, time-corrected

and fit to the equation shown in Figure 4.1. Parameters A (a., b., c.,d.) and lag (e., f., g., h.) are

shown over different concentrations of each primary hit compound: Hit2 (a., e.), Hit3 (b., f.), Hit4

(c., g.) and Hit5 (d., h.). Data from three technical replicates are shown as mean + SEM. Data

from untreated controls are shown as dashed (mean) and dotted (+ SEM) black lines.
When comparing A from untreated controls for each series of experiments (different compounds),
that of Hit2 is greater than for the other series. Even when this is considered, there is a noticeable
(although small) tendency for A to decrease with increasing concentrations of Hit2 (Figure 4.5a).
Hit4 decreases A to a similar extent (Figure 4.5c) while treatment with increasing concentrations of
Hit3 results in the most dramatic decrease in A (Figure 4.5b). Treatment with up to 50 uM Hit5 does
not give a significant (based on error bars) difference in A (Figure 4.5d). This suggests that Hit2 — 4
(but not Hit5) either decrease translocation rate or probability of successful translocation in this
system. Moreover, there is a clear upwards trend in lag with increasing concentrations of Hit3
(Figure 4.5f); concentrations of 12.5 uM or higher give substantially different lag values compared
to the untreated control. By contrast, lag resulting from treatment with up to 50 uM Hit2, 4 or 5 does
not deviate considerably from that of untreated controls (Figure 4.5e, g, h). It is therefore likely that
Hit3 decreases the rate of translocation, while Hit2 and 4 reduce apparent rate through another
mechanism.
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4.3 Alternative in vitro assays for hit validation

The setup for protease protection assays is largely similar to in vitro NanoBiT: they require all the
same components, except LgBIiT and HiBiT (Figure 4.6a). At defined time points after reaction
initiation with ATP, samples are taken and treated with proteinase K. Pre-proteins translocated by
Sec are protected from proteolysis while untranslocated proteins are degraded (Figure 4.6b). The

progress of translocation is monitored by SDS-PAGE against substrate protein, giving traces similar
to NanoBiT (Figure 4.6¢c — e).
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Figure 4.6 Design of in vitro protease protection assays for protein translocation

a. Proteoliposomes or inverted inner membrane vesicles containing the membrane-bound Sec-
machinery are combined with purified SecA, agents for regeneration of ATP from ADP and
translocation-competent Sec substrate. Upon addition of ATP, SecA drives translocation of
substrate from outside to inside the vesicle. b. At desired time intervals after initiation, samples
of reaction are quenched with buffer (lane 1) or proteinase K. Translocated substrate is
protected from proteolysis while untranslocated protein is degraded. Proteins are resolved by
immunoblot. c. — e. Translocation-competent V5-tagged pOmpA was subjected to protease
protection assay in c. Proteoliposomes (PLs) containing SecYEG or d., e. inner membrane
vesicles (IMVs) from bacteria overexpressing d. genes encoding SecYEG only or e. genes
encoding the Sec holotranslocon (HTL). Protease protection over time was assessed by anti-
V5 immunoblot and bands corresponding to pOmpA (indicated with arrow) were quantified. Lane
1, 10% of the total pOmpA present in each sample prior to proteinase K treatment (loading
control). Lane 2, sample taken from 20 min reaction in the absence of ATP (negative control).

For lanes 3 — 9, the percentage of total pOmpA translocated was calculated. Data from one
replicate are shown.
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Whereas NanoBiT assays were optimised using pSpy as the substrate protein, protease protection
assays typically use pre-secretory OmpA (pOmpA). Attachment of a V5 tag to the pOmpA C-
terminus allows protease protection to be assessed by V5 immunoblot. Due to constraints on time
and reagents, it was not possible to assess the full dose response with each compound with time
resolution. Protease protection assays were instead carried out as endpoint experiments. An
additional caveat is that only one replicate of each condition could be obtained. However,

preliminary results are sufficient to evaluate whether this system is worth pursuing as a secondary

assay.
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Figure 4.7 Activity of controls and hits on SecYEG proteoliposomes assessed by in vitro

protease protection assay

Proteoliposomes containing SecYEG were combined with purified SecA, ATP regeneration

reagents, translocation-competent pOmpA-V5 and a. DMSO, CJ-21058, b. CCCP, c. Hit3, Hit4,

d. Hit2 or Hit5, as indicated. Reaction was initiated by addition of buffer (lanes 1 and 2) or ATP.

After 5 min, samples were quenched with buffer (lane 1) or proteinase K and resolved by

immunoblot. Lane 1, 10% of the total pOmpA present in each sample prior to proteinase K

treatment (loading control). Lane 2, sample taken from 5 min reaction in the absence of ATP

(negative control). Data from one replicate are shown.
SecYEG PLs were the first system to be challenged with inhibitor in protease protection assays.
Using time-resolved data of pOmpA protection (Figure 4.6c) it was decided that 5 min was a suitable
reaction window. Signal at 5 min is substantially greater than that of the -ATP control, but the signal
trace is just starting to plateau at this point. This should give the maximum possible dynamic range
while avoiding signal saturation. The highest three concentrations of CJ-21058 used for in vitro
NanoBIT, encompassing its reported ICso against translocation ATPase in vitro (38.7 puM, Sugie et
al., 2002), were assessed in this system. All three concentrations of CJ-21058 reduced the degree
of pOmpA protection to -ATP levels (Figure 4.7a). The respective concentrations of DMSO had no

effect, confirming that this inhibition is specific to CJ-21058 activity.
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For CCCP, 5 uM was selected as the highest concentration for protease protection assays. In the
primary whole cell assay, 5 uM CCCP gives over 70% inhibition and is the highest concentration
that exhibits no activity in counter assay (Figure 3.8). As expected for a system lacking PMF,
treatment with up to 5 uM CCCP does not impact protease protection of pOmpA compared to the
untreated control (Figure 4.7b). This further supports the suggestion that the sensitivity of in vitro
NanoBIT assays with pSpy-HiBiT and PLs is related to an off-target activity of CCCP, potentially on

the NanoBiT enzyme, rather than its function as a PMF uncoupler.

Hit compounds at 12.5 — 50 pM were also assessed in this system; for all four compounds, this
concentration range encompasses or exceeds their ICsp in the primary assay. Contrary to NanoBiT
assays on YEG PLs, even the highest concentration of each primary hit had a negligeable effect
on pOmpA transport into YEG PLs (Figure 4.7c, d).
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Figure 4.8 Activity of controls and hits on SecYEG inner membrane vesicles assessed by
in vitro protease protection assay

Inverted inner membrane vesicles from bacteria overexpressing SecYEG genes were combined
with purified SecA, ATP regeneration reagents, translocation-competent pOmpA-V5 and a.
DMSO, CJ-21058, b. CCCP, valinomycin and nigericin at 1 and 2 pM respectively, c. Hit3, Hit4,
d. Hit 2 or Hit5, as indicated. Reaction was initiated by addition of buffer (lanes 1 and 2) or ATP.
After 1 min, samples were quenched with buffer (lane 1) or proteinase K and resolved by
immunoblot. Lane 1, 10% of the total pOmpA present in each sample prior to proteinase K
treatment (loading control). Lane 2, sample taken from 1 min reaction in the absence of ATP
(negative control). Data from one replicate are shown.

Initial experimentation with IMVs from E. coli overexpressing secY, E and G — at comparable
concentrations of SecYEG (0.28 uM) to YEG PLs (0.23 uM correctly orientated SecYEG) and
identical conditions otherwise — did not detect any difference in the amount of pOmpA translocated
into a protease-protected environment over 5 min upon CJ-21058 treatment. The apparent rate of
pOmpA transport is noticeably faster in YEG IMVs compared to YEG PLs (Figure 4.6c, d). As a
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result, for PLs there is a considerable difference between band intensities at 2 and 5 min, but this
difference is much smaller for IMVs. Thus, 5 min is not the optimal reaction time for a good signal
window when using IMVs. Instead, reactions were quenched after 1 min.

Using a 1 min endpoint, it was found that 50 uM CJ-21058 does noticeably impair translocation of
pOmpA (Figure 4.8a). However, the amount of translocated, protease-protected pOmpA is still
higher upon 50 uM treatment than in the -ATP control. This suggests that YEG IMVs are less
sensitive to CJ-21058 than YEG PLs. Since the same degree of inhibition was observed for YEG
PLs treated with 30 and 40 uM CJ-21058 compared to 50 uM (Figure 4.7a), a broader concentration
range was tested for IMVs. Some inhibition is seen at 12.5 pM CJ-21058 and the response of YEG
IMVs appears dose-dependent. Treatment with respective concentrations of DMSO did not reduce

levels of transported pOmpA.

IMVs made from wildtype bacteria contain some ATP synthase. Upon addition of ATP, the reverse
action of ATP synthase generates a PMF, which stimulates the Sec-machinery. Previous NanoBiT
studies found that YEG IMVs translocating pSpy-HiBiT are sensitive to uncouplers such as
valinomycin and nigericin (Allen et al., 2022). However, neither a combination of valinomycin and
nigericin (at 1 and 2 pM respectively, the same concentrations as in previous studies) nor 50 uM
CCCP visibly inhibit pOmpA transport measured by protease protection in YEG IMVs (Figure 4.8b).
This may reflect a lower PMF requirement for pOmpA transport compared to pSpy, or the decreased
sensitivity of endpoint protease protection assays compared to in vitro NanoBIT.

Intriguingly, treatment of YEG IMVs with 50 uM Hit2 or 3 reduces levels of pOmpA detected
following protease treatment, suggesting that these compounds inhibit translocation (Figure 4.8c,
d). This is consistent with the observed decreases in A and/ or increases in lag observed in NanoBiT
assays with either compound. Lower concentrations of these compounds have a negligeable effect
on observed pOmpA band intensity. Translocation by YEG IMVs appears unaffected by treatment

with up to 50 pM Hit4 or 5 under these conditions.

IMVs from E. coli overexpressing secY, E, G, D and F alongside yajC and yidC (HTL IMVs) give a
fast apparent rate and short lag when assessed for pOmpA protection over time, similarly to YEG
IMVs (Figure 4.6e). When translocated pOmpA is normalised by the loading control, the amplitude
of HTL IMV transport is over twice that of YEG transport. For protease protection experiments, an
equivalent final concentration of SecYEG (0.28 uM) was used in reactions with YEG and HTL IMVs.
However, active HTL is known to carry one copy of SecYEG, while SecYEG in the absence of
auxiliary factors is expected to function in dimers (Schulze et al., 2014). The difference in amplitude
observed in the work presented here is consistent with this stoichiometry. However, more replicates

are needed to confirm whether this is a real result or loading error.

As with YEG IMVs, translocation reactions with HTL IMVs were quenched after 1 min. Lower levels
of translocated pOmpA are seen in HTL IMVs treated with CJ-21058 compared to the untreated
control (Figure 4.9a). These IMVs present a similar dose response to CJ-21058 to YEG IMVs and
are insensitive to DMSO. Unlike YEG IMVs, however, HTL IMVs are sensitive to inhibition by CCCP

74



Chapter 4 - Secondary assays for translocation inhibitor screens

in a dose-dependent manner (Figure 4.9b). Treatment with 20 uM or more CCCP reduces pOmpA
protection in HTL IMVs to -ATP levels, suggesting translocation is completely inhibited under these
conditions. Valinomycin and nigericin in combination has a similar effect, confirming that pOmpA

transport by HTL IMVs is sensitive to PMF uncouplers.
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Figure 4.9 Activity of controls and hits on holotranslocon inner membrane vesicles

assessed by in vitro protease protection assay

Inverted inner membrane vesicles from bacteria overexpressing Sec holotranslocon genes were

combined with purified SecA, ATP regeneration reagents, translocation-competent pOmpA-V5

and a. DMSO, CJ-21058, b. CCCP, valinomycin and nigericin at 1 and 2 pM respectively, c.

Hit3, Hit4, d. Hit 2 or Hit5, as indicated. Reaction was initiated by addition of buffer (lanes 1 and

2) or ATP. After 1 min, samples were quenched with buffer (lane 1) or proteinase K and resolved

by immunoblot. Lane 1, 10% of the total pOmpA present in each sample prior to proteinase K

treatment (loading control). Lane 2, sample taken from 1 min reaction in the absence of ATP

(negative control). Data from one replicate are shown.
On the other hand, YEG and HTL IMVs exhibit comparable levels of translocation inhibition upon
treatment with Hit2 and 3 (Figure 4.9c, d). Unlike YEG IMVs, HTL IMVs may also be sensitive to
Hit4 and 5 — all three tested concentrations of these compounds yield lower pOmpA band intensities
in immunoblot. For Hit5 but not Hit4, a slight dose-dependent decrease in detected pOmpA levels
is seen. While both IMV preparations give a response to Hit2 and 3, improving confidence that the
observed effects are real, more experiments are needed, especially for Hit4 and 5, to confidently
conclude whether any of these compounds inhibit transport measured by in vitro protease protection

assays.

4.4  Effect of hit compounds on growth of E. coli

Given that hits were identified in a cell-based assay, it is known that they can access their target in

intact cells. However, this does not always translate into bacteriostatic or bactericidal activity.
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Sufficient amounts of compound would need to accumulate in bacterial cells to inhibit target activity

to sufficiently low levels to affect viability.

Treatment with 400 uM CJ-21058 inhibits transport of pSpy-HiBiT in BL21(DE3) to 15.2+3.5% that
of the untreated control (mean + SEM, Figure 3.8). However, 400 uM CJ-21058 does not inhibit
growth of E. coli MC4100 (Table 4.2). This corroborates earlier characterisation of this inhibitor,
where it was found to inhibit growth of some Gram-positive bacteria but not Gram-negatives (Sugie
et al., 2002). The cause of E. coli insensitivity to CJ-21058 has not yet been investigated. Here, the
MC4100 derivative NR698 was also challenged with compounds of interest. NR698 harbours an
IptD4213 mutation and is defective in its outer membrane permeability barrier (Ruiz et al., 2005).
This strain was substantially more susceptible to CJ-21058, with a MIC of 3.1 pM, consistent with

failure of CJ-21058 to cross the Gram-negative outer membrane.

The MIC of CCCP could be determined for both E. coli strains (Table 4.2). As expected for a
compound that enters cells by diffusion through lipid bilayers, CCCP has a lower MIC against the
more outer membrane permeable NR698 (6.3 uM) compared to MC4100 (78.2 uM). The CCCP
concentration required for killing of MC4100 is marginally higher than that required for maximal
inhibition of pSpy-HiBIT translocation in BL21(DES3) cells (50 uM, 0.012+0.003 signal compared to

the untreated control, Figure 3.8).

Table 4.2 Minimum inhibitory concentrations of translocation inhibitors for E. coli

Strain Compound MIC (uM)

MC4100 CJ-21058 >400
CCcCP 78.2
Hit2 >200
Hit3 >200
Hit4 >200
Hit5 >200

NR698 CJ-21058 3.1
CCcCP 6.3
Hit2 >200
Hit3 >200
Hit4 >200
Hit5 >200

Data from one replicate are shown.
MIC, minimum inhibitory concentration
NR698 (MC4100 IptD4213) outer membrane permeable

The MICs of primary hits were too high to be determined (Table 4.2). Both MC4100 and NR698
grew to a similar ODsoo When left untreated or treated with up to 200 pM of Hit2 — 5. Beyond 200

MM, most hit compounds have limited solubility in water. Culturing MC4100 in minimal media — to
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upregulate outer membrane porin levels — did not reduce MIC to detectable levels. This suggests
that the activity of these compounds against E. coli cannot be increased by increasing permeability
of the outer membrane lipid bilayer or porin overproduction. In primary assays, 200 uM Hit2, 3, 4
and 5 inhibit periplasmic accumulation of pSpy-HiBiT to 4.5+2.2, 10.8+1.3, 12.0+5.8 and 9.3+3.9 %
compared to untreated controls, respectively (Figure 3.12, Figure 3.13, Figure 3.14). Thus, for all
hit compounds, inhibition at 200 uM is greater than that of 400 uM CJ-21058 but less than that of
50 uM CCCP. This suggests there may be a threshold level of translocation below which bacterial
growth is affected. Alternatively, hit compounds may be unstable under culture conditions for

extended periods of time.

4.5 Discussion

Past attempts at finding potential inhibitors targeting the Sec-machinery demonstrate the utility of
secondary assays for validating screen hits (Alksne et al., 2000; Moir et al., 2011; Crowther et al.,
2015; Bonnett et al., 2016; Hamed et al., 2021). To study the target pathway more directly, in vitro
secondary assays are adopted. The time-resolution of in vitro NanoBIT assays allows acquisition
of large quantities of data with minimal effort (Pereira et al., 2019; Allen et al., 2020, 2022). However,
unlike the whole cell NanoBIT assay used for primary screens, the reconstituted system is highly
sensitive to off-target effects resulting in substantial noise. Some noise could be mitigated by data
correction and normalisation, but this is a complicated and laborious process. Also, to confidently
deselect compounds that act on the reporter enzyme rather than the desired target, it is preferable
to have secondary assays that rely on different reporters than the primary assay. For this reason,
protease protection assays were evaluated as an alternative. As this system uses a different Sec
substrate compared to whole cell and in vitro NanoBiIT, it can also be used to help determine the

substrate specificity of putative inhibitors.

The responses of different assay systems to known and putative Sec inhibitors are summarised in
Table 4.3. From in vitro NanoBiT data, plots of A and lag against CJ-21058 concentration suggest
that pSpy-HiBIT transport into PLs is insensitive to this inhibitor. By contrast, when assessed by
protease protection, CJ-21058 treatment drastically inhibits pOmpA transport into PLs (Table 4.3).
This discrepancy may reflect the different Sec substrates used, suggesting that pOmpA is more
SecA-dependent for transport than pSpy. However, it is possible that CJ-21058 treatment affected
the total amount of pSpy-HiBIT translocated, proportional to amplitude of NanoBiT signal, but noise
in the data impeded assessment of this. YEG PLs used for protease protection assays also show
greater sensitivity to CJ-21058 treatment than either type of IMV. The presence of cardiolipin in the
latter, known to stimulate SecA ATPase activity (Gold et al., 2010), may dampen the effects of CJ-
21058.

HTL IMVs present with higher sensitivity to uncouplers of transmembrane proton gradients than
their YEG counterpart (Table 4.3). This is consistent with studies of bacteriorhodopsin PLs where
HTL had a greater dependence on the PMF for optimal translocation compared to SecYEG alone

(Schulze et al., 2014). Under the experimental conditions explored here, pOmpA transport by YEG
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IMVs is not inhibited by uncoupling ionophores. This contradicts previous studies of pOmpA
transport in bacteriorhodopsin PLs with SecYE(G) (Brundage et al., 1990; Schulze et al., 2014) and
in vitro NanoBIT studies of pSpy-HiBiT transport in YEG IMV preparations equivalent to those used
in this work (Allen et al., 2022). PMF generation in IMVs is comparable to that in whole cells (Allen
et al., 2022). In such IMVs, where ATP synthase is not overexpressed, PMF generation will likely
be less than that of bacteriorhodopsin PLs. The improved sensitivity of in vitro NanoBiT compared
to protease protection may be necessary to detect PMF-dependent differences in translocation in
YEG IMVs.

Table 4.3 Summary of inhibitor activities against translocation in vitro

Activity
ICs0in
primary pSpy NanoBIT pOmMpA protease protection
Inhibitor assay (UM) YEG PLs YEG PLs YEG IMVs HTL IMVs
CJ-21058 227.1 - ++¢ + +
CCCP 1.82 +2 - - +
Hit2 5.23 + - + +
Hit3 6.79 ++b - + +
Hit4 16.1 + - - ?d
Hit5 12.2 - - - ?d

Inhibitor activity: -, not active; +, active; ++, very active; ?, possibly active/ data inconclusive.

a This is likely an off-target effect, unrelated to its uncoupling ionophore activity.

® Hit3 both reduced rate and increased lag of translocation in a dose-dependent manner,

whereas other active inhibitors only reduced A.

¢ CJ-21058 (50 uM) inhibited translocation of pOmpA to a greater extent in YEG PLs than either

type of IMVs.

4 Translocation into HTL IMVs is reduced at all tested concentrations of Hit4 and 5 compared to

untreated control; more experiments are needed to confirm a dose-dependent response.
The comparable responses of relatively PMF-independent YEG IMVs and PMF-dependent HTL
IMVs to Hit2 and 3 suggest that these compounds are not uncouplers and do not target auxiliary
Sec proteins (Table 4.3). In addition, both Hit2 and 3 are active on systems using distinct pre-
secretory proteins: globular, periplasmic pSpy and B-barrel outer membrane protein OmpA. This
indicates that they are not substrate specific. Although IMVs translocating pOmpA are inhibited by
Hit2 and 3, YEG PLs do not display sensitivity to these inhibitors under the conditions tested. Hit4
is also active against pSpy in vitro NanoBiT, however pOmpA protease protection assays on this
compound (and Hit5) are inconclusive. YEG PLs/ IMVs transporting pOmpA are insensitive to Hit4
and 5 while HTL IMVs may be sensitive to these compounds. The limited range of concentrations
and endpoint setup of the protease protection assays mean that the effects of compounds on
translocation may have been missed. It is therefore not possible to conclude that any compound is
entirely inactive on any protease protection system. To rule out inactive compounds with greater
certainty, transport of pOmpA in each sample should be monitored over time and using a greater

range of concentrations.
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Because multiple factors vary between YEG PLs, YEG IMVs and HTL IMVs, it is not possible to
draw conclusions on the precise mode of action of hits by comparison of transport assays alone.
Additional secondary assays that would be useful for this project include assays for membrane
integrity and membrane potential, in vitro ATPase assays on SecA and binding assays such as
fluorescence resonance energy transfer. Membrane-active compounds (including but not limited to
uncouplers) often present as hits in screens for Sec inhibitors (Alksne et al., 2000; Segers & Anné,
2011). Fluorescent membrane potential indicator dyes such as diethyloxacarbocyanine (Novo et
al., 1999) can be used to determine whether compounds are membrane-active. Whereas the above
in vitro assays for specific translocation inhibitors are laborious and require purified reaction
components, fluorescent dye-based testing of membrane potential can be performed at high
throughput in whole bacteria. Therefore, it would be practical to filter out membrane-active agents
using the PMF indicator dyes before moving on to in vitro assays. Following confirmation of
translocation inhibition in vitro, validated compounds should then be assessed in a more target-

specific manner by SecA ATPase assays or binding studies with particular Sec components.

To determine whether hits are promising antibiotic leads, MICs were assessed by broth
microdilution against two laboratory strains of E. coli: MC4100 and the outer membrane-permeable
NR698. None of the primary hits identified by the NanoBiT-based screen inhibit growth of either
strain. Hit compounds inhibit translocation to as low as 4.5+2.2% maximum capacity in primary
whole cell NanoBIT assays against whole BL21(DE3) cells. Confirming translocation inhibition in
MC4100 and NR698 by whole cell NanoBIiT would be useful. The different susceptibilities of
MC4100 and NR698 to these compounds may be detectable using more sensitive growth assays,
such as calculation of log-phase growth rates (Crowther et al., 2015). Alternatively, MICs could be
determined in environments that better mimic conditions of infection. For example, tatC deletion
mutants of P. aeruginosa grow under laboratory conditions but not under oxygen restriction or
increased osmolarity, conditions often seen in cystic fibrosis-associated mucoid infection (Ochsner
et al., 2002). To fully understand why hit compounds lack antibacterial activity, it is important to
confirm specific Sec inhibitory activity and stability in overnight culture. Nevertheless, target
accessibility is unlikely to be the major limiting determinant of antibacterial activity for these hits.
Crowther et al. (2015) similarly found a potent hit of translocation in vivo, but found that the growth
rate of E. coli treated with the compound only begins to decline at concentrations at which the
compound has maximal activity in the primary assay. It is hypothesised that almost complete

inhibition of the Sec-machinery is needed for inhibition of growth.

If this is the case, then the hunt for a Sec inhibitor sufficiently potent for use as a standalone
antibiotic will be challenging. Previous screens against SecA or the Sec-machinery as a whole often
employ far larger compound libraries than used here — up to 100 times more compounds (De
Waelheyns et al.,, 2015; Hamed et al., 2021). This increases the possibility of discovering
compounds with strong activity against translocation. Additionally, screens may be used in
conjunction with hit expansion studies, including analog searches and SARS development for
improved activity (Crowther et al., 2015; Bonnett et al., 2016; Hamed et al., 2021). Conversely,

inhibitors of Sec-mediated translocation may need a secondary mechanism of bacterial killing to be
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promising antibiotic leads. Indeed, the most promising translocation inhibitor currently in antibiotic
development — signal peptidase | inhibitor arylomycin — exhibits antibacterial activity through two
mechanisms. As well as reducing translocation of essential extracytoplasmic proteins, arylomycins
cause the accumulation of pro-lipoproteins in the cytoplasmic membrane, thereby compromising

membrane structure (Smith & Romesberg, 2012).

However, Sec inhibitors may still be clinically useful even if they have high MICs under laboratory
conditions. Unlike existing classes of antibiotic, sub-MIC arylomycin treatment inhibits translocation-
dependent virulence mechanisms such as flagellum biogenesis, biofilm formation, motility and
horizontal gene transfer mediated by type IV secretion systems (Walsh et al., 2019). Arylomycins
also disrupt the function of extracytoplasmic antibiotic resistance determinants (Therien et al.,
2012). This illustrates how, alongside potential bactericidal and bacteriostatic activities, inhibitors
of protein translocation can (re)-potentiate existing antibiotics or disarm pathogens to improve
clearance by the immune system. In the absence of antibacterial killing, compounds showing up as
hits in screens for Sec inhibitors could also be pursued as antibiotic adjuvants or anti-virulence

drugs.
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Chapter 5 Role of protein translocation in B-lactamase mediated

resistance

51 Introduction

Antibiotic adjuvants, also known as resistance breakers or antibiotic potentiators, have limited or
no antibacterial activity on their own. However, when used alongside antibiotics, they either block
mechanisms of resistance to the drug or potentiate the antibacterial activity of the drug. Well-
explored antibiotic adjuvant strategies include efflux pump inhibitors and outer membrane
permeabilisers. By far the most clinically successful type of antibiotic adjuvant is -lactamase
inhibitors. However, as discussed in more depth below, the non-essential, highly mutable single
enzyme target of these inhibitors has enabled bacterial evolution to overcome their activity. The
relative immutability of the strongly conserved Sec-machinery offers a more robust target for
antibiotic adjuvant approaches. The role of Sec in biogenesis of efflux pumps, outer membranes
and B-lactamases points to a potential application of Sec inhibitors as adjuvants of a broad range

of antibiotics.

This chapter focuses on the possibility of inhibiting Sec-mediated translocation of 3-lactamases as
an approach to (re-)potentiate and prolong the lifespan of B-lactam antibiotics. The success of B-
lactamase inhibitors has hinged on extensive studies on the structure, biochemistry and mechanism
of action of their enzyme target (reviewed in Tooke et al., 2019). Conversely, knowledge on the

mechanisms of B-lactamase translocation is lacking.

5.1.1 The B-lactam arms race

Since the discovery of the first B-lactam antibiotic, benzylpenicillin, as a natural product from
Penicillium species in 1929 (Fleming, 1929) and its first use in a clinical setting in the 1940s (Tooke
et al., 2019), the B-lactam class of drugs has played a central role in medicine. The B-lactams are
attributed with more prescriptions and sales than any other antibiotic class (Klein et al., 2018a). All
four B-lactam subclasses feature on the WHO list of critically important antibiotics in human
medicine (Collignon et al., 2016). Their position at the forefront of antibiotic chemotherapy, even
after over 70 years of clinical use, has been put down to their potency, broad spectrum of activity

and low toxicity in humans (King, Sobhanifar & Strynadka, 2016).

Besides the penicillins, three other subclasses of p-lactam have been uncovered, each having a
natural origin: cephalosporins (Newton & Abraham, 1954), the last resort antibiotics carbapenems
(Rolinson, 1976) and monobactams (Sykes et al., 1981; Imada et al., 1981). Common to these four
classes of f-lactam is the eponymous four-membered cyclic amide ring. In penicillins,
cephalosporins and carbapenems, the B-lactam ring forms part of a bicyclic structure, while
monobactams are monocyclic. Over the years, chemical modification of these core structures has
yielded semi-synthetic B-lactam derivatives with altered uptake, potency, spectrum of activity and

ability to evade resistance (Tooke et al., 2019).
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5.1.1.1 Mechanisms of B-lactam action and B-lactam resistance

B-lactams target bacterial cell wall synthesis and maintenance. The cell wall, found in the periplasm,
is composed of a mesh-like peptidoglycan network. Peptidoglycan comprises polysaccharide
chains with short peptide branches. Crosslinking between peptides from adjacent chains by
transamidation forms the peptidoglycan network. This is mediated by peptidoglycan transpeptidase/
transamidase (Izaki, Matsuhashi & Strominger, 1966), also known as penicillin binding protein
(PBP). A PBP attacks the terminal two residues (D-alanyl-D-alanine) of the "donor" chain, releasing
one D-alanine residue and forming an acyl-enzyme intermediate. A neighbouring "acceptor" chain
attacks the intermediate, forming a covalent link between the two peptidoglycan chains (Tipper &
Strominger, 1965; Sauvage et al., 2008). The B-lactam ring structure resembles the D-alanyl-D-
alanine moiety of the donor chain. Thus, B-lactams react with the PBP transamidase active site.
The B-lactam ring opens up and irreversibly acylates the enzyme (Tipper & Strominger, 1965;
Tooke et al., 2019). This inhibits further transamidation, compromising the structural integrity of the
peptidoglycan cell wall and eliciting bacterial cell death (Figure 5.1).
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Figure 5.1 Entry and mechanism of action of B-lactams in Gram-negative bacteria
Straight, black arrows indicate the path of entry of different types of antibiotics. Once in the
periplasmic space, 3-lactams bind and irreversibly acylate penicillin binding proteins (PBPs) that
catalyse the transamidation of adjacent peptidoglycan strands (indicated by curved arrows).
This extracytoplasmic target is a major advantage of (-lactams; they do not need to cross the
cytoplasmic membrane to function. For this reason, B-lactams are some of the few antimicrobials
that can be deployed against both Gram-positive and Gram-negative bacteria. Despite their initially
broad-spectrum activity, the B-lactams now face diverse bacterial mechanisms of resistance (Figure
5.2). The mechanisms adopted differ between Gram-positive and -negative bacteria. Often, a

combination of these mechanisms interplay to produce a resistant phenotype.
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Gram-positive strains including MRSA, penicillin-resistant S. pneumoniae and multi-drug resistant
C. difficile were the first to emerge as a B-lactam resistance threat (Fair & Tor, 2014). Often, Gram-
positive strains exhibit B-lactam resistance through acquisition of modified PBP genes (Figure 5.2).
For example, MRSA possesses a mecA gene that encodes a PBP with reduced reactivity with -
lactams (Hartman & Tomasz, 1984; Matsuhashi et al., 1986). Up until recently, antibiotic
development has focused on Gram-positive bacteria. However, Gram-negatives have emerged as
a threat, now ranking higher than MRSA on the WHO global priority pathogens list (Tacconelli et
al., 2018; Figure 1.1). These strains may adopt any of the B-lactam resistance mechanisms shown
in Figure 5.2. However, the primary mechanism of 3-lactam resistance in Gram-negative bacteria
is the deployment of B-lactamases (King, Sobhanifar & Strynadka, 2016).

.......................
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Figure 5.2 Mechanisms of B-lactam resistance in Gram-negative bacteria
Top left, the porins through which B-lactams enter the cell may be downregulated or mutated to
restrict entry as indicated by the straight, black arrow. Bottom left, production of single-
component and multi-component efflux systems allows bacteria to expel antibiotics from the cell
(direction of efflux shown by black arrows). Right, bacteria may acquire mutant penicillin binding
proteins (PBPs) that no longer recognise and react with B-lactams, or 3-lactamase enzymes
that bind B-lactams, open the B-lactam ring and can release the inactivated drug and regenerate
active enzyme (indicated by curved arrow).
5.1.1.2 B-lactamases
The B-lactamases are enzymes that hydrolyse the B-lactam ring (Figure 5.2). Shortly after the
discovery of the first B-lactam benzylpencillin, and before its introduction to clinical use, a (-
lactamase capable of its inactivation was discovered (Abraham & Chain, 1940). The frequent use
(and misuse) of B-lactams has driven the evolution and dissemination of B-lactamases; there are
now over 4000 such enzymes, encoded by homologous but diverse genes and found in many
different microbial communities (Naas et al., 2017). Together, the B-lactamases can inactivate all

B-lactam drugs currently approved for use in the clinic (King, Sobhanifar & Strynadka, 2016; Naas
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et al., 2017). B-lactamases may be carried on bacterial chromosomes but most clinically relevant
enzymes are found on mobile DNA elements, which facilitate dissemination and often carry
additional resistance factors for other antimicrobial classes (Bush & Bradford, 2020).

Two systems for B-lactamase classification exist: molecular classification based on protein
sequence (Ambler, 1980; Jaurin & Grundstrom, 1981; Ouellette, Bissonnette & Roy, 1987;
Philippon et al., 2019) and functional classification based on substrate and inhibitor profiles (Bush,
Jacoby & Medeiros, 1995; Bush & Jacoby, 2010). There are four molecular classes of p-lactamase:
A, B, C and D. Classes A, C and D are serine-B-lactamases (SBLs) that utilise a catalytic serine,

while class B are metallo-B-lactamases (MBLSs) with a zinc centre.

Many important Gram-negative bacteria carry chromosomal ampC genes encoding a class C SBL.
AmpC is capable of hydrolysing penicillins and first generation cephalosporins (Bush & Jacoby,
2010; Tooke et al., 2019). Extended-spectrum B-lactamases (ESBLSs), including members of the
class A TEM, SHV and CTX-M families and class D OXA family, later emerged. These hydrolyse
later generation cephalosporins. Dissemination of ESBLs drove up the use of carbapenems, which
in turn led to the spread of carbapenemases (Tooke et al., 2019; Bush & Bradford, 2020). These
include the class A SBLs of the KPC family (Yigit et al., 2001) and the MBLs, namely the IMP
(Osano et al., 1994; Laraki et al., 1999), VIM (Lauretti et al., 1999) and NDM (Yong et al., 2009; Li
et al., 2013) families. KPCs can degrade all 3-lactam subclasses and MBLs can break down all -
lactams except monobactams (Tooke et al., 2019; Bush & Bradford, 2020). Since carbapenems
are often used as a last resort antibiotic, the dissemination of carbapenemases is a particularly
pressing concern. Infections with carbapenem-resistant Enterobacteriaceae have been associated
with mortality rates as high as 71% (Friedman, Temkin & Carmeli, 2016).

Alongside use of different subclasses of B-lactam or development of semi-synthetic derivatives, a
major approach against B-lactamase-mediated resistance is the administration of B-lactams
alongside B-lactamase inhibitors (Bush & Fisher, 2011; King, Sobhanifar & Strynadka, 2016; Tooke
et al., 2019). However, broad spectrum inhibitor development is difficult to achieve. For example,
the inhibitors sulbactam, clavulanate and tazobactam are B-lactam-based inhibitors developed to
target class A B-lactamases. They have no activity against class A carbapenemases like KPCs and
limited activity against other classes (Bush & Bradford, 2016). Avibactam, a bridged
diazabicyclo[3.2.1]octanone (DBO) non-B-lactam B-lactamase inhibitor, is also approved for clinical
use, having shown activity against class A, C and some class D SBLs including the KPCs (Tuon,
Rocha & Formigoni-Pinto, 2018). Despite the recent introduction of DBO inhibitors to the clinic, KPC
and AmpC variants with reduced susceptibility have been generated in the laboratory and some

clinical isolates have been found possessing DBO-resistant KPC variants (Tooke et al., 2019).

Of major concern is the lack of inhibitors against MBLs in or close to clinical use. To make matters
worse, evidence has arisen that MBLs may degrade DBOs (Tooke et al., 2019). Attempts at MBL
inhibitor discovery include compounds that displace or chelate zinc active site ions and compounds
that bind the active site (Tooke et al., 2019). The most promising class of MBL inhibitor is the bicyclic

boronates that mimic a tetrahedral oxyanion intermediate of hydrolysis (Brem et al.,, 2016).
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However, their spectrum of activity may not even cover all MBLs. For example, the subclass B3

enzyme L1 is not inhibited by bicyclic boronates (Calvopifia et al., 2017).

The divergence of not only the molecular classes of B-lactamases, but the subclasses and families
within them, makes it difficult to track which combinations of drug and inhibitor will work for a given
enzyme. This issue is exacerbated by the fact that bacteria can carry multiple B-lactamases with
complementary substrate and inhibitor profiles. In a particularly alarming case, a clinical isolate was
found carrying at least 8 different p-lactamase genes (Moland et al., 2007; King, Sobhanifar &
Strynadka, 2016). Given the limitations of mechanism-based inhibitor discovery, focus has recently

shifted to understanding and targeting B-lactamase biogenesis.

5.1.2 A new paradigm: Targeting B-lactamase translocation

In both Gram-positive and -negative bacteria, the PBPs that build the peptidoglycan cell wall are
situated on the extracytoplasmic side of the cytoplasmic membrane. As a result, B-lactamases must
also exit the cytoplasm, where they can bind B-lactam antibiotics in the PBP enzymes’ stead. For
full activity, B-lactamases from all classes require disulfide bridges (Furniss et al., 2021). Disulfide
bridge formation only occurs in the oxidising conditions of the periplasm. The MBLs require
acquisition of one or more zinc ions for catalytic activity and stability; this is not favoured in the
relatively zinc-depleted cytoplasm (Moran-Barrio, Limansky & Viale, 2009). An essential step of -

lactamase biogenesis is therefore translocation across the cytoplasmic membrane.

Mobilisation of 3-lactamase genes allowed their spread by horizontal gene transfer between diverse
bacterial hosts, but different p-lactamases have different host ranges. Their dissemination and
subsequent evolution are largely dictated by their compatibility with host machinery (Socha, Chen
& Tokuriki, 2019). To confer a B-lactam resistance phenotype, newly acquired B-lactamases need
to be present in the correct subcellular location at a high enough concentration. This depends on
gene copy number and efficiency of transcription, translation, folding and translocation of the
resulting protein (Bharathwaj et al., 2021). However, these processes rely on host machineries that
did not co-evolve with the newly acquired gene. Failure to translocate nascent -lactamase,
resulting in accumulation of pre-protein, is associated with a high fitness cost (Lépez et al., 2019).
The N-terminal SS of B-lactamases has been shown to contribute substantially to their ability to
confer resistance to antibiotic or a fitness cost in its absence (Lopez et al., 2019; Zalucki et al.,
2020). However, the exact mechanism by which the translocation system of one organism could be
incompatible with a SS that evolved in another species is unknown. Both the SBLs and MBLs exhibit
low sequence similarity outside of their active site — pairwise amino acid identities for the MBLs are
as low as 20%. This is especially true of their N-terminal SSs (Socha, Chen & Tokuriki, 2019).
Phylogenetic analysis of B-lactamase SS does not reveal any clustering according to their host
range (Lopez et al., 2019). Elucidating the relationship between B-lactamase SSs and the
machineries required for their translocation is crucial to anticipating the spread of these enzymes

between different bacterial species.
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Figure 5.3 Summary of published data on the translocation pathways of B-lactamases
During translation by ribosomes in the cytoplasm, B-lactamase precursors associate with co-
translational chaperones, either SRP, SecA or Trigger Factor. Pre-B-lactamases are either
translocated co-translationally by Sec, post-translationally by Sec or by Tat after translation and
folding. Post-translational Sec substrates may associate with cytoplasmic chaperones including
SecB, DnaK-DnaJ-GrpE or GroEL/ GroES. Following or during translocation, pre-B-lactamases
are processed to their mature form by signal peptidases | or Il. In Gram-negative bacteria, some
B-lactamases are exported in outer membrane vesicles (OMVs). For each machinery involved
in translocation, the B-lactamases shown to be dependent on that machinery are listed next to
it. B-lactamases of Gram-negative or -positive origin are written in pink or purple, respectively.
The species from which experimental data were obtained was E. coli unless given in brackets.
Abbreviations: Ab, Acinetobacter baumannii; Ms, Mycobacterium smegmatis; Xc, Xanthomonas
campestris; Bp, Burkholderia pseudomallei; Ye, Yersinia enterocolitica; Mc, Moraxella
catarrhalis; Bc, Bacillus cereus; Sa, Staphylococcus aureus.

Gram-positive and

5.1.2.1 B-lactamase translocation: Sec or Tat

Multiple studies have looked at the propensity of B-lactamases to undergo translocation by either
of the two major machineries: Sec and Tat (summarised in Figure 5.3). A bioinformatic analysis of
400 B-lactamase SSs predicted that few B-lactamases (16%) are likely to be translocated by the
Tat-machinery. Of the known Tat-dependent (-lactamases, only one is found on a mobile DNA
element, while most are the products of chromosomal genes (Mcdonough et al., 2005; Pradel et
al., 2009; Lee et al., 2012; Schriefer et al., 2013; Balder, Shaffer & Lafontaine, 2013; Randall et al.,
2016; Bharathwaj et al., 2021). Notably, the exception — class A enzyme BKC-1 — is not exclusively

dependent on Tat (see below). Together with the relatively low conservation of Tat across bacterial
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species (Dilks et al., 2003; Yamada et al., 2007), this suggests that Sec-dependent 3-lactamases

are more compatible with mobilisation across a range of host species.

There is some overlap between Tat and Sec. Previous research has shown that TEM-type enzymes
are strictly Sec-dependent upon expression in E. coli (Pradel et al., 2009) but their mature protein
domains are compatible with translocation through the Tat machinery (McCann et al., 2007). The
class A SBL BlaC is Tat-dependent in its native genus Mycobacterium but Sec-dependent in E. coli;
this may be due to differences in the Tat machineries of each species (Mcdonough et al., 2005;
Pradel et al., 2009). Not only can a B-lactamase use different translocation pathways in different
species, but it may also exploit multiple pathways in the same organism. In bacteria producing BKC-
1, the Tat-machinery is required for full conferral of B-lactam resistance, but Tat deletion mutants
can still export the enzyme presumably via Sec (Bharathwaj et al., 2021). BKC-1 contains a Tat-
specific motif but acquired a duplication in its h-region. While BKC-1 is encoded on a mobile genetic
element similar to KPC-2, related enzymes have only been identified in one clinical isolate
suggesting limits to its dissemination. This duplication might have been selected to allow
compatibility of the BKC-1 gene with expression in Enterobacteriaceae and may represent an
interim stage of evolution (towards Sec-specificity) for more effective translocation of the protein in
a broader host range (Bharathwaj et al., 2021). Another example of dual-targeted transport is the
class A CTX-M-15 found in a pathogenic strain of E. coli. In this strain, CTX-M-15 is translocated
to the extracellular environment either by the type 1 secretion system that spans the entire Gram-
negative envelope or by Sec followed by the type 2 secretion system (Rangama et al., 2021).
Together, these studies support Sec as the default mechanism of translocation for mobilisable -

lactamases, but bacteria can also evolve specialised pathways for B-lactamase transport.

5.1.2.2 B-lactamase sorting after translocation

An important step of B-lactamase sorting either during or after export is removal of the SS by signal
peptidase (Josefsson & Randall, 1981). While most 3-lactamases are predicted to be cleaved by
signal peptidase I, both SBLs and MBLs exist with a lipobox motif for processing by signal peptidase
Il (Figure 5.3). Lipidated B-lactamases are particularly common in the cytoplasmic membrane of
Gram-positive bacteria, presumably because lipidation prevents diffusion of the enzyme away from
the producer bacterium, but are also found in the Gram-negative outer membrane (Bootsma et al.,
1996; Balder, Shaffer & Lafontaine, 2013; Gonzélez et al., 2016; Randall et al., 2016). The most
notable example is the class B NDM family of enzymes. NDM-1 is lipidated following SS cleavage
and becomes localised to the inner leaflet of the outer membrane. This localisation protects the
lipoprotein from degradation in zinc-limited conditions, which otherwise destabilises MBL structures
(Gonzalez et al., 2016). Lipobox-containing B-lactamases including NDM-1, the class A enzyme
BRO-1 and class D OXA-58, are found in both soluble and membrane-bound forms, suggesting
processing by both signal peptidase I- and ll-type enzymes. The ratios of soluble enzyme and
lipoprotein vary depending on host (Gonzalez et al., 2016; Zalucki et al., 2020; Bootsma et al., 1996;
Liao et al., 2015).
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Lipidated B-lactamases are often packaged into outer membrane vesicles (OMVs), spherical
structures formed from the outer lipid bilayer of Gram-negative bacteria, sometimes along with DNA
coding for these enzymes (Liao et al., 2015; Gonzélez et al., 2016; Lépez et al., 2019). Soluble
periplasmic enzymes can also associate with OMVs; their packaging into vesicles is mediated by
electrostatic interactions with the outer membrane (Lépez et al., 2021). These OMVs both protect
neighbouring susceptible bacteria from B-lactam treatment through their B-lactamase activity and
promote dissemination of these -lactam resistance determinants through horizontal gene transfer.
This complicates B-lactam therapy and has been cited as a reason for treatment failure
(Bielaszewska et al., 2021). By targeting translocation of such p-lactamases, the deleterious effects

of Gram-negative OMVs will also be reduced.

The processes following translocation also affect the levels of active B-lactamase in the periplasm.
Mutation of mreB, which encodes a bacterial actin homologue important for maintenance of rod-
shaped cells and thought to play a role in sorting of PBPs, causes accumulation of the pre-protein
form of TEM (Pradel et al., 2009). In the periplasm of Gram-negative bacteria, many B-lactamases
are processed by thiol-disulfide oxidoreductases from the disulfide bond formation (DSB) system.
DsbA catalyses the formation of disulfide bonds between cysteine side chains. All four Ambler
classes A — D include enzymes possessing pairs of cysteines. Mutation of dsbA significantly
increases [(-lactam susceptibility in bacteria producing cysteine-containing class A, B or D (-
lactamases, including the inhibitor-resistant KPC and OXA families (Furniss et al., 2021). Since
inhibiting B-lactamase translocation would also prevent acquisition of disulfide bonds in these

proteins, it is similarly expected to be a viable adjuvant approach that reverses B-lactam resistance.

5.1.2.3 B-lactamase sorting before Sec-mediated translocation: how does protein sequence
determine targeting?

As discussed in Chapter 1, a complex network of chaperones is involved in Sec substrate
recognition, targeting and maintenance of a translocation-competent conformation. Experimental
data on the pathways utilised by different Sec-dependent B-lactamases are limited, and the majority
of existing knowledge is on TEM B-lactamase (Figure 5.3). TEM is translocated across the
cytoplasmic membrane and processed to its mature form after completion of its translation
(Josefsson & Randall, 1981; Koshland & Botstein, 1982). Consistent with a post-translational
translocation mechanism, TEM does not bind SRP or depend on SRP for translocation in vitro
(Beha et al., 2003). The post-translational nature of TEM as a Sec substrate raises the question of
how it maintains a translocation-competent state. In the absence of chaperones, the pre-protein
form of TEM (pTEM) folds significantly slower than the mature enzyme (Laminet & Pluckthun,
1989). This suggests that its SS delays folding. However, SS-stabilised folding intermediates can
be aggregation prone due to exposure of hydrophobic patches, requiring chaperones to shield them
(Tsirigotaki et al., 2018). Ribosome profiling has revealed that the co-translational chaperone
Trigger Factor interacts with nascent pre-B-lactamases (Oh et al., 2011; Kaderabkova et al., 2022).
Deletion of secB or depletion of DnaK-DnaJ-GrpE alone do not affect translocation of TEM, but

absence of both SecB and DnaK-DnaJ-GrpE impairs translocation (Laminet, Kumamoto &
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Plickthun, 1991; Wild et al., 1996). This suggests that these two chaperone systems are
functionally redundant in sorting of TEM. More severe defects in translocation of TEM are seen
when GroEL or GroES are inactivated by mutation (Kusakawa et al., 1989). The GroEL/ GroES
system recognises early folding intermediates of pTEM, but not mature TEM, preventing misfolding
steps that would otherwise lead to aggregation of the protein (Zahn & Plickthun, 1992). TEM may
be targeted post-translationally to the translocon through GroEL interaction with SecA at the

membrane (Bochkareva, Solovieva & Girshovich, 1998).

However, insights into the translocation of other B-lactamases show that the chaperone network
involved in TEM translocation does not apply to all B-lactamases. Processing of Sec-dependent
AmpC by signal peptidase, and therefore AmpC translocation, is entirely co-translational (Josefsson
& Randall, 1981; Pradel et al., 2009). Translocation of class B3 MBL GOB-18 is Sec-dependent
and reduced in cells lacking Trigger Factor. Similar to TEM, GOB-18 is unaffected by secB deletion
alone. Contrary to TEM, however, GOB-18 translocation is dependent on the DnaK-DnaJ-GrpE
pathway and not GroEL/ GroES (Moran-Barrio, Limansky & Viale, 2009). Unlike Tat-specific
substrates and pre-pro-lipoproteins, which possess clear motifs in their SS allowing them to be
predicted bioinformatically, consensus motifs for substrates of different Sec targeting pathways and

chaperones do not exist.

The most commonly cited predictor of targeting pathway for Sec substrates is SS hydrophobicity.
Generally, substrates with a sufficiently hydrophobic SS (usually integral cytoplasmic membrane
proteins) will be targeted to the Sec channel co-translationally by SRP, while proteins with lower
SS hydrophobicity are targeted by SecA (Lee & Bernstein, 2001; Huber et al., 2005a). Recently, it
has become clear that SecA targeting itself exists as a hierarchy of co- to post-translational, where
substrates with the least hydrophobic SSs tend to be targeted to translocation entirely post-
translationally (Zhu, Wang & Shan, 2022). Newer research has also demarcated SRP substrates
from the broader pool of SRP-dependent proteins. As an example, DsbA has a highly hydrophobic
SS and was assumed to be an SRP substrate because translocation directed by its SS is co-
translational and impaired in cells depleted for SRP (Schierle et al., 2003). However, DsbA was
found not to associate with SRP in ribosome profiling studies (Schibich et al., 2016). Instead, DsbA
is an early, co-translational substrate of SecA (Zhu, Wang & Shan, 2022). DsbA is therefore SRP-
dependent for optimal translocation in vivo, but not an SRP substrate. It follows that other early co-

translational substrates of SecA would be similarly SRP-dependent.

The dependence of a given B-lactamase on different chaperones and pathways for translocation
will affect the types of translocation inhibitors that can be deployed against it. Effective inhibitors
would reduce extracytoplasmic levels of active enzyme to a sufficient extent to abrogate B-
lactamase resistance and potentiate the clinically important 3-lactam class of antibiotics. Given the
thousands of different (-lactamase enzymes in circulation, it is not possible to determine
translocation requirements on a case-by-case basis. Elucidation of protein sequence properties
associated with different types of Sec substrates would therefore be beneficial. With a focus on

determining SRP and SecA dependence, the following work is a step towards understanding the
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requirements of diverse B-lactamases for translocation. The whole cell NanoBiT assay described
in previous chapters is adapted to follow the translocation of 3-lactamases from different molecular
classes and with different substrate profiles. In previous studies, the intrinsic activity of B-lactamase
enzymes was exploited to track their export using traditional antimicrobial susceptibility testing or
assays with chromogenic B-lactam substrate. The NanoBiT-based assay complements these
traditional assays, with greater specificity and signal: noise ratio, and the counter assay allows
differentiation between conditions that specifically inhibit export and those that affect other stages
of B-lactamase biogenesis. This work reveals that IMP-1 and NDM-1 are sensitive not only to
inhibition of SecA but also depletion of SRP, while translocation of TEM is SecA-dependent and
SRP-independent.

5.2  Signal sequence prediction and hydrophobicity analysis

Previous work determined the SRP dependence of SSs with a range of hydrophobicities (Huber et
al., 2005a). Figure 5.4a is a histogram representing the distribution of hydrophobicity scores of SSs
included in that work, based on the Wimley-White scale (Wimley & White, 1996). From this
histogram, a minimum threshold score for SRP dependence was determined as 4.56, and it was
postulated that no pre-secretory protein with a score below this threshold will depend on SRP for
export in E. coli. The model protein DsbA, which is SRP-dependent but not an SRP substrate, has
a SS hydrophobicity score of 4.66. 3-lactamase SSs (81 total) were extracted from UniProt and
scored by Dr. Damon Huber and Prof lan Collinson. pB-lactamase SS scores span a range of
hydrophobicities, both above and below the threshold (Figure 5.4b). The median SS hydrophobicity
score for the B-lactamases is in the 4.5 — 4.56 range, compared to a median score of 4.44 — 4.5 for
the previous dataset of proteins with diverse functions. This suggests that B-lactamases are
targeted to translocation by a range of pathways, with a tendency towards SRP dependence

compared to the general E. coli secretome.

There is no noticeable correlation between the SS hydrophobicity of a -lactamase and the bacterial
species from which it was first isolated. Molecular classes A to D are represented at both extremes
of the spectrum. One such example is the molecular subclass B1 enzymes IMP-1 and NDM-1,
which have SS hydrophobicities of 4.76 and 4.37, respectively (Figure 5.4b). Based on the
proposed SS hydrophobicity threshold, it was hypothesised that IMP-1 is SRP-dependent while

NDM-1 does not depend on SRP for translocation.

First isolated from Serratia marcescens, IMP-1 is encoded on a transferable class 1 integron and
has been found in multiple species (Osano et al., 1994; Laraki et al., 1999). NDM-1 was discovered
in K. pneumoniae. It is mobilised by an insertion sequence element, ISAbal25, and has been found
on broad host range plasmids enabling its spread (Yong et al., 2009; Toleman et al., 2012; Li et al.,
2013). NDM-1-positive strains have been reported across the globe (Li et al., 2013; Bush & Fisher,
2011). While blajvp-1is more common in P. aeruginosa, blanpm-1 has seen a more successful spread
amongst Enterobacterales (Cheung et al., 2021). Both IMP-1 and NDM-1 are able to inactivate a

range of 3-lactams — penicillins, cephalosporins, the last resort carbapenems, but not monobactams
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—and to overcome conventional inhibitors (Yong et al., 2009; Osano et al., 1994). This makes them

ideal targets for translocation inhibitors.
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Figure 5.4 B-lactamase signal sequences span a range of hydrophobicities

a. Signal sequences (SSs) extracted from UniProt by Huber et al. (2005). Each bar corresponds
to the percentage of total extracted sequences that have a given hydrophobicity. The
percentages of total extracted sequences corresponding to SRP-dependent and -independent
proteins (as determined in Huber et al., 2005) or proteins that were not assayed are represented
in red, blue and grey, respectively. b. Pre-B-lactamase SSs extracted from UniProt for this study.
Each bar corresponds to the percentage of total extracted pre-B-lactamase sequences that have
a given SS hydrophobicity. The approximate hydrophobicity scores of NDM-1 and IMP-1 SSs
are indicated.

5.3 Meropenem susceptibility of B-lactamase-producing E. coli with a
SecA defect

Since B-lactamases require transport into the periplasm to fold to their native state and access
substrate, their translocation can be assessed by measuring 3-lactam susceptibility or 3-lactamase
activity of whole cells. Where B-lactamase export is diminished, producing bacteria would be more
susceptible to B-lactam treatment (Pradel et al., 2009; Liao et al., 2015; Moran-Barrio, Limansky &
Viale, 2009; Mcdonough et al., 2005). Historically, E. coli strain MC4100 is used for protein
translocation assays (Ferenci et al., 2009). There are numerous MC4100 derivative strains with
mutations in the Sec-machinery. MM52 possesses a temperature-sensitive secA mutation
(secA51") that impairs export of SecA-dependent pre-proteins. The defect is more pronounced at
higher temperatures, so raising temperature would reduce export of SecA-dependent pre-proteins
further (Oliver & Beckwith, 1981).

As IMP-1 and NDM-1 are proteins destined for the periplasm like DsbA (Schierle et al., 2003), it is

expected that both would depend on SecA for translocation following targeting. Yet IMP-1 may meet
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the threshold SS hydrophobicity for SRP-dependent targeting, while NDM-1 has a weakly
hydrophobic SS so its targeting is expected to be strictly SecA-dependent. This would render NDM-
1 more sensitive to defects in SecA function compared to IMP-1. SecA-dependence of IMP-1 and
NDM-1 was first assessed by expression of blawpe.1 and blanom-1 genes under their native,
constitutive promoters in MM52. B-lactamase export by MM52 (SecA51%) was compared to that of
its parent strain MC4100, which possesses wildtype (WT) SecA.

Antibiotic susceptibility was first assessed by meropenem disc diffusion, in which a bigger zone of
growth inhibition indicates greater susceptibility. Due to the essentiality of SecA for growth, MM52
exhibits robust growth at 30 °C (permissive temperature for growth) but upon a switch to 37 or 42
°C (non-permissive temperatures) growth ceases after a few hours (Oliver & Beckwith, 1981).
Initially, experiments were attempted at 42 °C, but there was no visible growth of MM52 at 42 °C.

When MM52 is incubated at 37 °C, resulting lawns are thinner than those of MM52 at 30 °C and all
MC4100 cultures.

M NoB-lactamase WM piMp-1 Il pNDM-1

351

301

Zone ofinhibition diameter (mm)

F) E 8 - &

— - o

wn wn 3 un

< < <

o L )

Q Q U

wv v v
@] [¢] [®] [§] (9] [®]
s h b h b b
o ~ o ~ o ~
m (g m m (9] m

Figure 5.5 Meropenem susceptibility of B-lactamase-producing E. coli is increased in a
SecA-defective background

MC4100 (WT) and MM52 (SecA51%) carrying empty pSU2718 (EV) or B-lactamases under their

native promoters (as indicated) were suspended in PBS (ODesoo 0.1). Suspensions were

streaked to lawn on Mueller Hinton agar and challenged with 10 ug meropenem discs. Plates

were incubated overnight at 30 °C or 37 °C then the zones of growth inhibition were measured.

Data from five independent experiments are shown as mean + standard deviation.
Across all strains at both temperatures, a one-way analysis of variance (ANOVA) test yielded
significant variation in zone of inhibition diameter (adjusted R-squared = 0.9733, F11,48 = 196.2, p <
0.001). At 30 °C, MC4100 and MM52 transformed with empty pSU2718 (EV; negative control for
B-lactamase) have similar susceptibility (with mean + standard deviation diameters of 35.5+1.2 and
35.9+2.2 mm, respectively; Figure 5.5). Contrastingly, at 37 °C, the susceptibility increases for
MM52 carrying EV (37.5£0.5 mm) and decreases for MC4100 (33.1+0.7 mm). There was no

significant difference in growth inhibition with increased temperature for either strain (p>0.05).
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B-lactamase production decreases meropenem susceptibility compared to the EV control; this
difference was significant in all cases (Figure 5.5). MM52 cells producing B-lactamase all have
higher susceptibility than corresponding MC4100 cells at 30 °C (MC4100 blamp-1 20.2+0.4 mm,
MM52 blajmp-1 23.9£0.7 mm, p<0.001; MC4100 blanpwm-1 18.0£1.2 mm, MM52 blanpm-1 23.7+2.4 mm,
p<0.001). This suggests that both IMP-1 and NDM-1 are dependent on functional SecA for efficient
production of active enzyme. A further increase in susceptibility at 37 °C only occurs in MM52
producing NDM-1 (28.6x1.1 mm, p<0.001), suggesting that NDM-1 is more sensitive to SecA
defects than IMP-1.

It is unexpected that MC4100 expressing blawe-1 and blanpm-1 from pSU2718 exhibit comparable
susceptibility (17.9+£0.5 and 18.8+0.6 mm at 37 °C, respectively; p>0.05) since previously blanpm-1
expression was far more likely to confer meropenem resistance than blaue.1 in Enterobacterales
such as E. coli MG1655. It was found that, when encoded on pSU plasmids under their native
promoters, production of NDM-1 exceeded that of IMP-1 by up to 6-fold (Cheung et al., 2021). This
high gene expression of blanpm-1 imparts a significant fitness cost associated with amino acid
starvation. Thus, in the absence of selective pressure for elevated NDM-1 production, mutations
accumulate to reduce blanpm-1 €xpression (Cheung et al., 2021). Such mutations may have occurred
in the strains used for this experiment. Given the potential artefacts of expression of these (3-
lactamases under their (relatively uncharacterised) native promoter regions, constructs for

investigation of B-lactamase translocation were redesigned.

5.4 NanoBIT assays reveal SRP dependence of B-lactamase translocation

To enable fine-tuning of B-lactamase expression level and control for its effects on export, blame-1
and blanpm-1 Were cloned under the well-characterised, titratable tac promoter. The inducer of this
promoter (IPTG) is actively transported into cells by lactose permease (LacY), which will be
dependent on Sec for its insertion into the membrane. However, MC4100 has a lacY deletion so
IPTG uptake is exclusively by diffusion (Peters, Thate & Craig, 2003; Ferndndez-Castané et al.,
2012). Therefore, IPTG induction of B-lactamase constructs will be unaffected by inhibition of Sec.
Preliminary results using antimicrobial susceptibility testing suggest that impairment of SecA
function reduces the amount of active B-lactamase in the periplasm, however they do not clarify
whether this effect occurs at the level of translocation (as hypothesised) or elsewhere. Since the
whole cell NanoBIT assay developed for inhibitor screening is capable of distinguishing between
specific and non-specific effects, as well as being a direct measure of protein localisation

independent of folding to an active enzyme, it was adapted for studying the 3-lactamases.

Table 5.1 Signal sequences of B-lactamases studied in this work

B-lactamase Signal sequence (N to C-terminus)
TEM MSIQHFR VALIPFFAAF CLPVFA

IMP-1 MSK LSVFFIFLF CSIATA

NDM-1 MELPNIMHPVAKLST ALAAALM LSG
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Further experimentation included the class A TEM B-lactamase as a control. TEM has previously
been determined as SRP-independent and completely post-translational despite its moderately
high SS hydrophobicity (4.60). The SSs of TEM, IMP-1 and NDM-1 are given in Table 5.1.
Constructs encoding pre-secretory (pTEM) and mature (mTEM) forms of this B-lactamase C-
terminally tagged with HiBiT were transformed into MM52 and MC4100 (Figure 5.6a). A one-way
ANOVA test yielded significant variation in luminescence between samples (adjusted R-squared =
0.9897, Fs,12 = 327.4, p < 0.001). Both MM52 and MC4100 carrying empty pCDFT (EV), which do
not produce TEM-HIBIT, give no luminescent signal. E. coli producing mTEM-HIBIiT yield
negligeable luminescence upon periplasmic release, which confirms that TEM transport into the
periplasm requires its signal peptide. After periplasmic release, the maximum signal reached by
MM52 producing pTEM-HIBIT is substantially decreased compared to MC4100 pTEM-HIBIT (mean
+ standard deviation of 1.00 RLU for MC4100 and 0.26+0.09 RLU for MM52; p<0.001), which could
suggest that pTEM-HIBIT translocation is dependent on SecA. However, MM52 producing pTEM-
HiBIT also yields dramatically decreased signal compared to the respective MC4100 strain following
whole cell lysis (1.00 RLU for MC4100 and 0.36+0.07 RLU for MM52; p<0.001) which suggests that
the decreased periplasmic accumulation of pTEM-HIiBiT in MM52 is related to decreased
expression of TEM constructs in this strain.
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Figure 5.6 pTEM-HIiBIiT production and export is decreased in a SecA-defective
background but not by Ffh depletion

LB cultures of E. coli carrying empty pCDFT (EV), or pCDFT encoding pre-secretory (0TEM) or
mature TEM (MTEM) tagged with HiBiT under Prac (as indicated) were induced with 10 uM IPTG
for 1.5 h, incubated at 4 °C for 1 h then diluted to ODsoo 0.5 in LB. LgBiT and furimazine
(periplasmic release; solid bars) or LgBiT, furimazine and Triton X-100 (whole cell lysis; bars
with outline only) were added. NanoLuc activity (luminescence) was measured for 5 min prior to
and up to 1 h following addition of EDTA and lysozyme. The maximum luminescence for each
sample was recorded and normalised to the maximum luminescence recorded for the respective
MC4100 pTEM-HIBIT samples (dotted line aty = 1.0). Data from three independent experiments
are shown as mean * standard deviation. a. Schematic of TEM-HIBIT constructs. b. Data from
MC4100 (WT) and MM52 (SecA51%) grown at 30 °C. ¢. Data from MC4100 and WAM121 (-Ffh)
washed three times by resuspension in fresh LB then grown at 37 °C.

pPpTEM- and mTEM-HIBIT were also studied as above in WAM121 (Figure 5.6b). This strain has an

MC4100 background but its ffh gene, which encodes the protein component of SRP, is under control
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of an arabinose-inducible promoter. Growth in the absence of arabinose depletes Ffh, impairing
SRP-dependent translocation. A one-way ANOVA test of NanoBiT data indicated significant
variation in luminescence (adjusted R-squared = 0.9358, Fs, 12 = 50.5, p < 0.001). After the growth
period, WAM121 carrying EV give no signal and those producing mTEM-HIBIT yield negligeable
signal upon periplasmic release. After Ffh depletion (confirmed by immunoblot) and induction of
pPpTEM-HIBIiT production, MC4100 and WAM121 reach similarly high maximum signal upon
periplasmic release (1.00 RLU and 1.13+0.31 RLU, respectively; p>0.05), showing that pTEM-HiBiT
transport into the periplasm is not affected by SRP.

In MC4100 and MM52 producing mTEM-HIBIT following whole cell lysis, the maximum luminescent
signal reached is either the same as, or only marginally greater than the respective EV strain (Figure
5.6b). After whole cell lysis, WAM121 pTEM-HIBiT and mTEM-HIBIT reach higher signal than the
corresponding MC4100 strains. This difference is statistically significant for the former (1.00 RLU
for MC4100 pTEM-HIBIT and 1.41+0.30 RLU for WAM121 pTEM-HIBIT; p=0.02) and not significant
for the latter (0.22+0.03 RLU for MC4100 mTEM-HIBIT and 0.43+0.06 RLU for WAM121 mTEM-
HiBiT; p>0.05). These results could suggest that WAM121 produces more TEM or cytoplasmic TEM
is more stable in WAM121 compared to cells with wildtype Ffh.
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Figure 5.7 Export of both pIMP-1-HiBiT and pNDM-1-HiBiT, but not their SS-switched
chimeras, is decreased by Ffh depletion

LB cultures of MC4100 (WT) and WAM121 (-Ffh) carrying empty pCDFT (EV), or pCDFT
encoding HiBiT-tagged constructs under Prac (as indicated) were washed three times by
resuspension in fresh LB then grown at 37 °C. Cultures were induced with 10 uM IPTG for 1.5
h, incubated at 4 °C for 1 h then diluted to ODeoo 0.5 in LB. LgBiT and furimazine (periplasmic
release; solid bars) or LgBiT, furimazine and Triton X-100 (whole cell lysis; bars with outline
only) were added. NanoLuc activity (luminescence) was measured for 5 min prior to and up to
1 h following addition of EDTA and lysozyme. The maximum luminescence for each sample was
recorded and normalised to the maximum luminescence recorded for the respective MC4100 b.
pIMP-1-HiBiT or d. pPNDM-1-HiBiT samples (dotted line aty = 1.0). Data from three independent
experiments are shown as mean = standard deviation. a. Schematic of IMP-1-HiBiT constructs.

b. IMP-1-HiBiT export with different SS. c. Schematic of NDM-1-HiBiT constructs. d. NDM-1-
HiBIiT export with different SS.
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For whole cell NanoBIT assays of IMP-1 and NDM-1 constructs (Figure 5.7), one-way ANOVA tests
gave significant variation in luminescence (adjusted R-squared = 0.9924 and 0.9754 respectively,
F7,22 = 539.9 and 124.6, p < 0.001 in both cases). E. coli strains producing HiBiT-tagged mIMP-1
give negligeable signal upon periplasmic release, confirming that IMP-1 export requires the SS
(Figure 5.7b). Following periplasmic release, WAM121 producing pIMP-1-HiBiT yields lower signal
than the respective MC4100 sample (1.00 RLU for MC4100 and 0.28+0.05 RLU for WAM121;
p<0.001). After whole cell lysis using Triton X-100, WAM121 producing pIMP-1-HiBiT reaches a
marginally lower maximum signal than MC4100, but this difference is not significant (MC4100 1.00
RLU; WAM121 0.85+£0.21 RLU; p>0.05). This suggests that SRP depletion specifically impacts

periplasmic levels of IMP-1.

Interestingly, while the luminescent signal resulting from whole cell lysis of MC4100 producing
mIMP-1-HiBiT is only slightly greater than that from MC4100 carrying EV, WAM121 producing
mIMP-1-HiBiT yields a whole cell signal comparable to that seen in strains producing pIMP-1-HiBiT
(Figure 5.7b). The difference in signal between MC4100 and WAM121 producing mIMP-1-HiBIT is
significant (0.38+0.08 RLU and 0.88+0.20 RLU respectively; p=0.002).

As observed for TEM and IMP-1, periplasmic release of mMNDM-1-HiBiT producing strains yields
negligeable signal (Figure 5.7d). This is in line with the expectation that the NDM-1 SS is required
for export, however whole cell lysis of these strains also yields comparable levels of luminescence
to strains producing no HiBIiT constructs. Therefore, it is possible that low periplasmic signal is due
to greatly reduced mNDM-1-HiBiT production or stability, or because this construct does not interact
well with LgBIiT. Contrary to the hypothesis that NDM-1 is SRP-independent, WAM121 producing
pNDM-1-HiBiT reaches lower signal than MC4100 pNDM-1-HiBiT upon periplasmic release (1.00
RLU for MC4100 and 0.24+0.13 RLU for WAM121; p<0.001). WAM121 pNDM-1-HiBiT also yields
a lower signal upon whole cell lysis than MC4100 pNDM1-HiBiT, but statistical tests did not confirm
a significant difference (MC4100 1.00 RLU; WAM121 0.78+0.34 RLU; p>0.05).

To further elucidate whether the IMP-1 and NDM-1 SSs determine SRP dependence, SS-switched
chimeras iINDM-1 (NDM-1 with the putative SRP-dependent IMP-1 SS) and nIMP-1 (IMP-1 with the
putative SRP-independent NDM-1 SS) were generated (Figure 5.7). Both periplasmic and whole
cell signal from MC4100 nIMP-1-HiBiT (0.44+0.04 RLU and 0.65+0.05 RLU, respectively) is lower
than that of MC4100 producing pIMP-1-HiBIiT (periplasmic release, p<0.001; whole cell lysis,
p=0.01), suggesting that replacement of the IMP-1 SS with the NDM-1 SS results in sub-optimal
synthesis and/ or translocation of the IMP-1 construct (Figure 5.7b). Upon periplasmic release,
WAM121 producing nIMP-1-HiBiT gives comparable signal (0.49+0.05 RLU) to MC4100 nIMP-1-
HiBIT (p>0.05) suggesting that Ffh depletion does not further impair IMP-1 export when directed by
the NDM-1 SS. However, whole cell lysis of WAM121 nIMP-1-HiBiT yields higher signal (1.04+0.10
RLU) than that of MC4100 nIMP-HIBIT (p=0.02). By contrast, replacement of the NDM-1 SS with
that of IMP-1 (Figure 5.7d) did not have a significant effect on luminescence following periplasmic
release or whole cell lysis in MC4100 compared to pNDM-1 (1.10£0.17 RLU and 1.10+0.06 RLU,
respectively; p>0.05). WAM121 iINDM-1-HiBiT gives comparable periplasmic signal (1.05+0.12
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RLU) and whole cell signal (1.33+0.14) to MC4100 iNDM-1-HiBiT (p>0.05), suggesting that this

chimeric construct is insensitive to Ffh depletion.

5.5  Traditional assays for B-lactamase activity complement NanoBiT data

To validate NanoBIT results, assays based on classical methods for B-lactamase detection were
adopted. WAM121 cannot be cultured for long periods (i.e. overnight) in the absence of arabinose,
making it impossible to evaluate the B-lactamase activity of Ffh-depleted E. coli by susceptibility
testing. Instead, the chromogenic B-lactam, nitrocefin was used. An additional advantage of this
method is its greater sensitivity; often subtle differences in periplasmic B-lactamase levels are not
detected by susceptibility testing (Pradel et al., 2009). Hydrolysis of nitrocefin by B-lactamase
causes a change in colour from yellow to red and an increase in absorbance at 490 nm (Aa90).

Cultures of MC4100 and WAM121 producing HiBiT-tagged B-lactamases were grown as above.
When resuspended in Tris-sucrose buffer and added to nitrocefin, whole cells of E. coli producing
pTEM, pIMP-1 or pNDM-1 constructs cause a comparable increase in A9 to those carrying EV.
However, upon disruption of the outer membrane and cell wall by EDTA and lysozyme treatment,
the extracytoplasmic contents of the cell (i.e. outer leaflet of the inner membrane, periplasm and

inner leaflet of the outer membrane) are exposed and available for nitrocefin hydrolysis.
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Figure 5.8 B-lactamase activity of fractions from E. coli producing HiBiT-tagged pTEM,
pIMP-1 or pNDM-1

LB cultures of MC4100 (WT) and WAM121 (-Ffh) carrying empty pCDFT (EV), or pCDFT
encoding HiBiT-tagged constructs under Prac (as indicated) were washed three times by
resuspension in fresh LB then grown at 37 °C. Cultures were induced with 10 uM IPTG for 1.5
h, incubated at 4 °C for 1 h then resuspended in Tris-sucrose buffer to ODeoo 10. Spheroplasts
were separated from the periplasmic fraction by treatment with EDTA and lysozyme followed by
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centrifugation, then resuspended in 1 volume Tris-sucrose. Fractions (25 pl) were added to

nitrocefin (final concentration 50 pg/ml, final reaction volume 225 pl). Absorbance at 490 nm

was monitored for 1 h. a. The final colour of respective wells at the end of 1 h period. A

representative replicate is shown. b. The rate of the colour change was calculated. Data from

three independent experiments are shown as mean + standard deviation.
The soluble periplasm was separated from the inner membrane-bound spheroplasts and insoluble
cell envelope debris by centrifugation. The periplasmic fraction of MC4100 carrying empty pCDFT
caused a slight colour change from yellow to orange (Figure 5.8a, left). This nitrocefin hydrolysis
activity is likely the result of low-level expression of the chromosomal ampC gene, found in E. coli
K-12 strains such as MC4100 (Jaurin & Grundstrém, 1981). The periplasm of MC4100 producing
pTEM and pIMP-1 exhibited additional nitrocefin hydrolysis activity, causing the reaction to turn red
in colour. However, the final colour of reaction with the periplasm of pNDM-1-producing MC4100 is
comparable to that of EV-carrying MC4100. Instead, the insoluble fraction from MC4100 producing
NDM-1 causes a colour change to red, unlike the other two B-lactamases, which give a comparable
result to EV (Figure 5.8a, right). This is consistent with reports than mature NDM-1 exists as a

membrane-anchored lipoprotein (Gonzélez et al., 2016).

The periplasmic fraction of Ffh-depleted WAM121 producing pTEM and pIMP-1 gives a less intense
red colour than respective MC4100 fractions (Figure 5.8a, left). However, the extent of the colour
change resulting from the periplasm of EV-carrying WAM121 is also reduced compared to that of
MC4100. This suggests that endogenous AmpC is SRP-dependent, consistent with the co-
translational nature of AmpC signal peptide removal (Josefsson & Randall, 1981). It also makes it
difficult to qualitatively assess whether the nitrocefin hydrolysis activity attributable to TEM or IMP-
1 production is decreased in WAM121 compared to MC4100. On the other hand, the insoluble
fraction of EV-carrying WAM121 results in a yellow colour comparable to MC4100 carrying EV
(Figure 5.8a, right). Insoluble fractions of WAM121 producing pNDM-1 give a negligeable colour
change in complete contrast to the respective MC4100 fraction. This can be taken to show that

NDM-1 is impaired by Ffh depletion, consistent with NanoBiT data.

To facilitate comparison of the periplasmic fractions of bacteria producing pTEM and pIMP-1, the
rate of nitrocefin hydrolysis was calculated based on the rate of increase in Aso (Figure 5.8b).
Endogenous AmpC activity — determined from MC4100 carrying EV as 0.012+0.0048 AU/min —
contributes very little to the overall rate of nitrocefin hydrolysis in the periplasm of MC4100
producing pTEM (0.26+0.028 AU/min) and pIMP-1 (0.10+0.043 AU/min). The difference in rate
between EV and pTEM or pIMP-1 is significant (p<0.001 in both cases). WAM121 producing pIMP-
1 has substantially lower periplasmic activity (0.015+0.0082 AU/min) than MC4100 pIMP-1
(p<0.001) consistent with NanoBIiT results. Contrary to NanoBiT data, and suggestive of SRP
dependence, extracytoplasmic nitrocefin hydrolysis activity is lower in WAM121 producing pTEM
(0.035+£0.019 AU/min) compared to MC4100. This difference is very significant (p<0.001).
Consistent with qualitative analysis, the spheroplast fraction of MC4100 producing pNDM-1 yields
greater activity than MC4100 EV (0.073+0.025 and 0.0032+0.00099 AU/min for MC4100 pNDM-1
and EV, respectively; p<0.001) and WAM121 producing pNDM-1 (0.013+0.0073 AU/min, p=0.004).
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Activity from the periplasmic fractions of MC4100 producing pNDM-1 (0.016+0.0022 AU/min) does
not differ significantly from MC4100 carrying EV (p>0.05).

5.6 Off-target effects of SRP depletion on B-lactamase biosynthesis

Further B-lactamases were selected to test the hypothesis that a more hydrophobic SS confers
SRP dependence, using the assays established above. IMP-1 and NDM-1 are only two examples
from a whole spectrum of thousands of diverse B-lactamases. As a lipoprotein with a unique SS —
possessing a negative charge in its n-region (Gonzalez et al., 2016; Zalucki et al., 2020) — NDM-1
may represent an exception to the rule. Additionally, these enzymes are both MBLs; different rules
may exist for sorting of SBLs (as seen for the class A SBL TEM). A larger, more diverse and

representative subset of B-lactamases should be interrogated before conclusions are drawn.

Like IMP-1 and NDM-1, VIM-1 and -2 are molecular class B1 enzymes (MBLSs). They have similarly
broad substrate specificities. The blavin-1 gene, first found on the chromosome of a P. aeruginosa
strain, is situated on a class 1 integron (much like blawp-1). More recently, blayim-1 has been found
on the highly mobile, broad host range IncA plasmid in a range of Enterobacterales species (Arcari
et al., 2020). VIM-2 shares 90% amino acid identity with VIM-1. Its gene was also first discovered
in P. aeruginosa, on a plasmid-borne class 1 integron weakly related to that of blayim-1 (Poirel et al.,
2000). CTX-M-15 was found concomitantly in multiple Enterobacterales species on a range of large
size plasmids. In all cases, its gene was situated downstream of insertion sequence ISEcp1l (Karim
et al., 2001). CTX-M-15 is a class A SBL, and (unlike previous CTX-M enzymes) it can hydrolyse
extended spectrum cephalosporins like ceftazidime. It is susceptible to inhibition by clavulanic acid
and tazobactam (Poirel, Gniadkowski & Nordmann, 2002). KPC-3 is also a class A SBL. However,
it has a broader spectrum than CTX-M-15, conferring resistance to extended spectrum
cephalosporins, carbapenems (when present alongside other resistance mechanisms) and
monobactams (Woodford et al., 2004). KPC enzymes are also resistant to clinically available -
lactamase inhibitors (Tooke et al., 2019). The blakpc-s gene was first found in K. pneumoniae,

carried on a conjugative plasmid (Woodford et al., 2004).

In each of the TEM, IMP, NDM, VIM, CTX-M and KPC enzyme families, there is diversity in SS
(Naas et al., 2017). The VIM family has particularly striking divergence in SS. VIM enzymes are
broadly divided into two clades: VIM-1-type and VIM-2-type. The majority of the sequence
differences between VIM-1 and -2 are in their SS (Chen, Fowler & Tokuriki, 2020), suggesting that
these clades may have evolved to undergo translocation using different machineries or in different
hosts. The VIM-1 SS is weakly hydrophobic (scoring 4.46) whereas VIM-2 has a moderately
hydrophobic SS (4.58; Figure 5.9a). If targeting to translocation is indeed determined by SS
hydrophobicity, as hypothesised earlier in this work, then the VIM clades may differ in SRP or SecA-
dependence. CTX-M-15 (4.43) and KPC-3 (4.63) have weakly and moderate-highly hydrophobic
SSs, respectively (Figure 5.9a). It is postulated that the latter would be SRP-dependent, whereas

the former would be strictly SecA-dependent.
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Luminescence upon periplasmic release or whole cell lysis of cultures producing each HiBiT-tagged
B-lactamase was normalised by the respective MC4100 signal (Figure 5.9b). Thus, signal from
MC4100 producing each enzyme is taken to be 1.0 RLU. This allows the difference in periplasmic
or whole cell accumulation of each B-lactamase upon Ffh depletion to be assessed by one sample
t-test in which the reference value is 1.0 RLU. Consistent with earlier ANOVA tests, t-tests found
that Ffh depletion is not associated with a significant difference in periplasmic release or whole cell
lysis signal from pTEM-HiBiT-producing bacteria (p>0.05 in both cases). As before, WAM121
producing pIMP-1- and pNDM-1-HiBiT give lower periplasmic release signal than MC4100
(p<0.001) but there is no significant difference in whole cell lysis signal between the two strains

when producing these p-lactamases (p>0.05; Figure 5.9b).
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Figure 5.9 Investigation of further B-lactamases reveals off-target effects of Ffh depletion
a. Pre-B-lactamase SSs extracted from UniProt for this study. Each bar corresponds to the
percentage of total extracted pre-B-lactamase sequences that have a given SS hydrophobicity.
The approximate hydrophobicity scores of NDM-1, CTX-M-15, VIM-1, TEM, VIM-2, KPC-3 and
IMP-1 SSs are indicated. b. LB cultures of MC4100 (WT) and WAM121 (-Ffh) carrying empty
pCDFT (EV), or pCDFT encoding HiBiT-tagged constructs under Prac (as indicated) were
washed three times by resuspension in fresh LB then grown at 37 °C. Cultures were induced
with 10 uM IPTG for 1.5 h, incubated at 4 °C for 1 h then diluted to ODe0o 0.5 in LB. LgBIT and
furimazine (periplasmic release; solid bars) or LgBIT, furimazine and Triton X-100 (whole cell
lysis; bars with outline only) were added. NanoLuc activity (luminescence) was measured for 5
min prior to and up to 1 h following addition of EDTA and lysozyme. The maximum luminescence
for each sample was recorded and normalised to the maximum luminescence recorded for the
respective MC4100 (WT) samples (dotted line at y = 1.0). Data from three independent
experiments are shown as mean + standard deviation.

In stark contrast to the first subset of B-lactamase constructs tested, the second set all yield lower
whole cell signal when produced in WAM121 compared to MC4100 (pVIM-1-HiBiT 0.38+0.074
RLU, p=0.005; pVIM-2-HiBiT 0.36+0.13 RLU, p=0.01; pCTX-M-15-HiBiT 0.48+0.20 RLU, p=0.05;
pKPC-3-HiBiT 0.36+0.10, p=0.008; Figure 5.9b). This suggests that their biogenesis is dependent
on SRP, either at the level of protein synthesis or pre-protein stability in the cytoplasm. WAM121
producing HiBiT-tagged pVIM-1, -2 and pKPC-3 all give lower periplasmic signal than MC4100
(0.32+0.060 RLU, p=0.003; 0.34+0.12 RLU, p=0.01; 0.27+0.036 RLU, p<0.001, respectively)
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consistent with their relatively low whole cell signal. By contrast, the periplasmic accumulation of
CTX-M-15-HiBiT does not differ significantly in Ffh-depleted bacteria compared to MC4100
(0.94+0.45 RLU, p>0.05). This suggests that accumulation of this protein in the periplasm is
uncoupled from its accumulation in the cell as a whole, consistent with a post-translational
translocation mechanism. Overall, the data from testing further B-lactamases suggest that the
effects of SRP on B-lactamase biogenesis are not clear cut, and inhibition by mutation has off-target

effects that complicate interpretations of translocation pathway.

5.7 Response of B-lactamases to chemical inhibition of Sec measured by
NanoBiT

Given the dramatic effects of mutating essential genes in bacteria, attention was turned to chemical
inhibition of these machineries. Known inhibitors of the Sec-machinery, CJ-21058 and CCCP, were
added to cultures of MC4100 carrying HiBiT-tagged B-lactamase constructs at the same time as
induction. High concentrations of CJ-21058 (>50 uM) were needed to reduce luminescent signal
upon periplasmic release for all three of pTEM, pIMP-1 and pNDM-1 (Figure 5.10a). At
concentrations >250 pM, addition of CJ-21058 also diminished luminescent signal from whole cell
lysis — as before with pSpy-HiBIiT, this is due to the high DMSO concentrations needed to retain
CJ-21058 in solution. The plots of maximum luminescence upon periplasmic release with
increasing CJ-21058 concentrations for each B-lactamase were used to calculate the ICso for each
enzyme. The CJ-21058 ICso for export of pIMP-1-HiBiT is 123.6 pM and for pNDM-1-HiBiT is 102.9
UM. These values are comparable, with 95% CI of 108.1 — 140.5 uM and 90.7 — 115.7 uM,
respectively. Contrastingly, the ICso for p TEM-HIBIT is higher at 202.9 uM CJ-21058 (95% CI 186.3
— 220.6 pM), suggesting it is less sensitive to SecA inhibition.
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Figure 5.10 Export of B-lactamase is sensitive to SecA inhibitor CJ-21058 and proton
motive force uncoupler CCCP

LB cultures of MC4100 carrying pCDFT encoding HiBiT-tagged pTEM (purple), pIMP-1 (red) or
pNDM-1 (blue) under Prac (as indicated) were diluted to ODesoo 0.05 in LB supplemented with a.
CJ-21058 or b. CCCP at a range of concentrations, induced with 10 pM IPTG for 1.5 h then
incubated at 4 °C for 1 h. LgBIiT and furimazine (periplasmic release; filled circles) or LgBIT,
furimazine and Triton X-100 (whole cell lysis; open circles) were added. NanoLuc activity
(luminescence) was measured for 5 min prior to and up to 1 h following addition of EDTA and
lysozyme. The maximum luminescence for each sample was recorded and normalised to the
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maximum luminescence recorded for the respective untreated sample. Data from three
independent experiments are shown as mean + standard deviation.

The luminescent signal upon periplasmic release of MC4100 producing HiBiT-tagged B-lactamase
exhibits a dose-dependent response to treatment with CCCP (Figure 5.10b). At concentrations
>0.05 yM, luminescent signal begins to decrease and [CCCP] 250 uM abolishes the signal. HiBiT-
tagged pTEM, pIMP-1 and pNDM-1 have comparable CCCP ICso values of 0.44 uM (95% CI 0.37
—0.54 uM), 0.66 uM (95% CI 0.58 — 0.76 uM) and 0.63 uM (95% CI 0.45 — 0.87 uM) respectively.
By contrast, the dose response curve of luminescence upon whole cell lysis is shifted to the right;
concentrations >10 uM are needed to reduce whole cell lysis signal, then signal rapidly declines
with increasing concentration. Therefore [CCCP] up to 10 uM have a specific inhibitory effect on
periplasmic accumulation of p-lactamase-HiBiT, but total protein produced is unaffected by CCCP
up to this concentration. This inhibition suggests that all three B-lactamases are similarly dependent
on an intact PMF for translocation. However, at higher concentrations, CCCP impairs other cellular

functions such as respiration so has a non-specific effect on the assay.

5.8 Discussion

The observed sensitivities of TEM, IMP-1 and NDM-1 to SecA inhibitor demonstrate that they each
require the core Sec-machinery (SecA) for full transport in E. coli. This supports bioinformatic
predictions of their translocation pathway asserting that they are unlikely to be translocated by the
Tat-machinery due to absence of a twin-arginine motif. As enzymes encoded on mobile elements,
the TEM, IMP-1 and NDM-1 B-lactamases studied here follow the tendency for mobilisable -
lactamases to utilise Sec (Pradel et al., 2009). Nevertheless, while the data presented here
demonstrate the requirement of Sec for translocation of these enzymes, they cannot rule out the

possibility that Tat also plays a role as seen for BKC-1 (Bharathwaj et al., 2021).

Table 5.2 Summary of signal sequence hydrophobicity and SRP dependence of B-
lactamase constructs

SRP-dependent?

Signal sequence

B-lactamase hydrophobicity score NanoBiT assay Nitrocefin assay
TEM 4.60 No Yes
IMP-1 4.76 Yes Yes
NDM-1 4.37 Yes Yes
IMP-1 with NDM-1 SS 4.37 No ND
NDM-1 with IMP-1 SS 4.76 No ND

Abbreviations: SS, signal sequence; ND, not determined.

The SRP dependence of B-lactamases, determined by depletion of the protein component of SRP
(Ffh), is summarised in Table 5.2. When measured by NanoBiT, the translocation of TEM into the
periplasm is entirely independent of SRP, consistent with previous reports of TEM interaction with
alternative chaperone pathways (Wild et al., 1996; Kusakawa et al., 1989; Zahn & Pluckthun, 1992)
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and the post-translational timing of TEM translocation (Josefsson & Randall, 1981). By contrast,
NanoBIiT assays of protein translocation highlight the specific decrease in periplasmic accumulation
of native IMP-1 and NDM-1 upon depletion of Ffh. The IMP-1 SS is more hydrophobic than the
model SecA- and SRP-dependent periplasmic protein DsbA, so the observed SRP dependence of
this protein is expected. However, NDM-1 — which possesses a signal sequence with substantially
lower hydrophobicity than the post-translational Sec substrate TEM — also relies on SRP for optimal
translocation. This is contrary to previous studies stipulating that secretory proteins dependent on
SRP require highly hydrophobic signal sequences (Schierle et al., 2003; Zhou, Ueda & Miiller,
2014) and indicates that signal sequence hydrophobicity is not the sole predictor of SRP
dependence. The NDM-1 SS has a unique structure, with a long n-region possessing a negatively
charged residue (Zalucki et al., 2020). This may explain why it behaves as an exception to the SS

hydrophobicity rule.

Given the negligeable number of pre-secretory proteins that co-translationally interact with SRP —
just 6% of proteins destined for the periplasm or outer membrane in E. coli (Schibich et al., 2016) —
it is unlikely that IMP-1 and NDM-1 are bona fide substrates of the SRP pathway. Ribosome profiling
studies in bacteria producing IMP-1 or NDM-1 would confirm whether they are SRP substrates, or
co-translational SecA substrates hindered by SRP deletion as seen for DsbA (Schierle et al., 2003;
Schibich et al., 2016; Zhu, Wang & Shan, 2022).

When IMP-1 and NDM-1 SSs are switched, both B-lactamases are rendered insensitive to Ffh
depletion, further supporting that SS alone does not determine SRP dependence (Table 5.2). The
results from chimeric variants also indicate that the NDM-1 SS is sub-optimal for IMP-1 targeting to
translocation. On the other hand, maximal transport of NDM-1 occurs with both its own SS and the
IMP-1 SS. The recently established hierarchy of Sec substrate targeting pathways provides an
explanation for these results. On this hierarchy, pre-proteins most in need of targeting to
translocation during translation are SRP substrates, followed by co-translational SecA substrates
and finally post-translational Sec substrates (Zhu, Wang & Shan, 2022). The timing of co-
translational SecA engagement exists on a spectrum of early to late translation, with later co-
translational and post-translational SecA substrates engaging Trigger Factor first. Deletion of tig,
encoding Trigger Factor, causes translocation of post-translational SecA substrates to become
more co-translational. Given the limited pool of cytoplasmic SecA, this reduces the availability of
SecA for its native co-translational substrates (Zhu, Wang & Shan, 2022). Reciprocally, it is
expected that SRP depletion would redirect the available pool of SecA to SRP-dependent
substrates, rendering the translocation of co-translational SecA substrates more post-translational.
As a post-translational SecA substrate, TEM is unaffected by the absence of SRP. On the other
hand, IMP-1 and NDM-1 are likely co-translational substrates (either of SRP or SecA). Targeting
mediated by the IMP-1 SS may occur sooner than that of NDM-1, and the mature domain of IMP-1
may be incompatible with the more post-translational mode of targeting enforced by the NDM-1 SS.
Further delays in nIMP-1 targeting upon SRP depletion may be negligeable compared to those due
to the SS switch. Conversely, SS switch would render the targeting of NDM-1 more co-translational,

and the maximal amount of translocation-competent protein still reaches Sec. A shift to more post-
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translational targeting would not impact translocation efficiency of INDM-1, as the passenger B-
lactamase is not strictly dependent on this degree of co-translational targeting. In this manner, it is
the mature domain of the protein that determines dependence on SRP/ co-translational targeting

but the SS that ensures targeting by the correct pathway.

Itis proposed that the SS co-evolved with the folding kinetics of the mature domain of a pre-protein.
Only the most rapid-folding substrates, strictly dependent on a certain level of co-translational
targeting, utilise a co-translational pathway (Schierle et al., 2003; Huber et al., 2005b; Zhu, Wang
& Shan, 2022). To further assess this hypothesis, absolute contact order for TEM, IMP-1 and NDM-
1 were calculated as described by Zhu, Wang & Shan (2022). Absolute contact order provides a
measure of primary sequence separation between all contacting residues in the native state;
proteins with a lower absolute contact order have a propensity to fold more quickly (Plaxco, Simons
& Baker, 1998). Based on AlphaFold predictions for their pre-secretory forms (Jumper et al., 2021),
IMP-1 (14.03) and NDM-1 (14.96) have a far lower absolute contact order than TEM (25.45). The
IMP-1 and NDM-1 values are more in line with absolute contact order for more co-translational
SecA substrates (~20) versus substrates that engage Trigger Factor first (~30) according to
previous analyses (Zhu, Wang & Shan, 2022). Calculated absolute contact order of these B-
lactamases (IMP-1 lowest, TEM highest) also correlate with SRP dependence as interpreted from
NanoBIT data (IMP-1 most dependent, TEM least dependent). This suggests that protein folding
propensity is a better predictor of SRP dependence compared to SS hydrophobicity.

It is important to note that studies comparing translocation of pre-secretory proteins in secretion
mutants of E. coli are prone to off-target effects. For example, SecY is inserted into the cytoplasmic
membrane using SRP (Koch et al., 1999). The Ffh depletion strain used in this study may therefore
possess fewer active Sec translocons than wildtype E. coli, which could in turn impair translocation
of B-lactamase regardless of SRP dependence or independence of the B-lactamase itself. The data
presented above demonstrate that this is not the case, as known SRP-independent B-lactamase
TEM is unaffected by Ffh depletion in the NanoBIT assay.

The NanoBIT counter assay uncovers off-target effects that affect whole cell levels of protein. The
counter assay revealed that wildtype E. coli does not stably express mature B-lactamase constructs
(mTEM, mIMP-1 or mNDM-1) compared to the full, pre-secretory form. This was seen previously,
although to a smaller extent, with model protein Spy used to establish the NanoBiT assay.
Cytoplasmic proteases such as Lon recognise and degrade aberrant, untranslocated secretory
proteins (Jiang, Wynne & Huber, 2021). Aggregation and subsequent degradation of cytoplasmic
MTEM, mIMP-1 and mNDM-1 likely explains the observed low levels of these constructs. On the
other hand, whole cell levels of mature B-lactamase constructs are higher in Ffh-depleted E. coli
compared to the wildtype. This difference is particularly striking for IMP-1. Translocation defects
due to lack of SRP will cause accumulation of untranslocated Sec substrates in the cytoplasm,
which could saturate protease systems. This would increase retention of the mature B-lactamase

constructs. Importantly, NanoBiT counter assays revealed that, unlike TEM, IMP-1 and NDM-1, the
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whole cell levels of VIM-1, -2, CTX-M-15 and KPC-3 are all reduced in Ffh-depleted cells. This

confounds judgement of SRP dependence from NanoBiT data for these proteins.

NanoBIT assays are less prone to off-target effects than more traditional assays for B-lactamase
export, namely antibiotic susceptibility testing and nitrocefin assays. This newer system provides a
direct measure of protein translocation, independent of folding of the protein of interest. By contrast,
traditional systems give readouts of B-lactamase export based on B-lactamase activity. For some
B-lactamases, folding and full activity require disulfide bridges (Furniss et al., 2021). A major
constituent of the disulfide bridge formation system, DsbA, is SRP-dependent (Schierle et al., 2003).
Thus, depletion of Ffh would have the additional effect of inhibiting disulfide bridge formation. In
their mature domain, IMP-1 and NDM-1 only have one cysteine available for oxidation. However,
TEM has two such residues and has been shown to contain a disulfide bond in its mature form
(Pollitt & Zalkin, 1983). The disulfide bridge of TEM-1 is important for its function under stress
conditions (Schultz et al., 1987) and inhibition of the disulfide bridge formation system has been
shown to increase B-lactam susceptibility of an E. coli strain carrying TEM-15 (Furniss et al., 2021).
A decrease in periplasmic DsbA may explain the apparent reduction of periplasmic TEM in Ffh-
depleted E. coli when measured by nitrocefin hydrolysis activity, while NanoBIiT assays show no

such reduction.

Upon periplasmic extraction for nitrocefin assays, TEM and IMP-1 are found in the supernatant
while NDM-1 activity localises to the insoluble fraction. Nitrocefin hydrolysis activity of the soluble
fraction from E. coli producing NDM-1 does not differ significantly from E. coli without B-lactamase.
This is consistent with reports than mature NDM-1 exists as a membrane-anchored lipoprotein
(Gonzalez et al., 2016). This characteristic of NDM-1 did not impair detection of the protein by
NanoBIT assay, demonstrating the adaptability of the assay to lipoproteins as well as soluble Sec

substrates.

The results presented here give an insight into how translocation inhibitors could be developed to
combat B-lactamases. The sensitivity of all B-lactamases tested to CJ-21058 demonstrates that
SecA, or the core Sec-machinery more generally, could be targeted to attenuate a broad range of
B-lactamases. The reduced sensitivity of TEM to SecA inhibitor CJ-21058, compared to IMP-1 and
NDM-1, suggests that there may be substrate-specific differences in SecA-dependence. This may
be related to the post-translational nature of TEM transport, compared to the predicted co-
translational targeting of IMP-1 and NDM-1. Each of these proteins also exhibited sensitivity to PMF
uncoupler CCCP, suggesting that proteins responsible for coupling PMF to the Sec-machinery are
also a promising anti-B-lactamase target. Given the SRP independence of periplasmic
accumulation of TEM and CTX-M-15, compounds targeting SRP are less likely to be broad-

spectrum inhibitors of B-lactamase translocation.
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Chapter 6 Concluding remarks and future perspectives

6.1 Objective 1: Develop a screening strategy for inhibitors of protein
translocation by the bacterial Sec-machinery

Chapter 3 presents the design of a primary assay reporting on Sec inhibition in vivo and a counter
assay for non-specific inhibitors. These assays can be performed in parallel on the same samples
(split into two plates at time of assay) and are both scalable to high throughput. Bacterial growth in
these same samples can also be assessed by measuring ODeoo. This could serve as an extra level
of selection — for translocation inhibitors that also inhibit growth — or inform on possible mechanisms
of observed non-specific activity, as seen for CCCP. The primary assay Yyields a robust screen,
giving a median Z’-factor of 0.71 across over 60 plates and 5000 small synthetic compounds. The
primary hit rate was 0.22%, comparable with previous screen approaches (Moir et al., 2011;
Crowther et al., 2015; Hamed et al., 2021), and dose response and counter assay confirmed
specific activity in four hits (36% of all primary hits). The built-in counter assay and adaptability of
NanoBIT technology to any Sec substrate of interest are the major benefits of this screening

strategy over previous approaches.

A fully developed screening strategy requires suitably matched secondary assays. Previous
approaches to Sec inhibitor discovery were reviewed, allowing establishment of a set of essential
inhibitor properties that should be examined in a successful screening approach: i) direct interaction
with Sec in vitro; ii) lack of off-target effects; and iii) cellular activity. The primary assay confirms
cellular activity, in that hit compounds impede translocation in whole cells. Traditional antibiotic
susceptibility testing was employed to ascertain antibacterial activity. The majority of Chapter 4
focused on evaluation of the suitability of two different in vitro translocation assay systems as
secondary assays for direct inhibitor-target interaction. The protease protection system has been
employed in previous Sec inhibitor discovery work (Segers et al., 2011; Huang et al., 2012), is
sensitive to specific inhibitors of the Sec-machinery and insensitive to inhibitors of the primary
screen readout (NanoLuc Iluminescence). This system is determined to be a suitable
complementary assay in the present screening strategy. By contrast, in vitro NanoBiT assays
displayed insensitivity to SecA inhibitor and non-specific, PMF-independent sensitivity to CCCP.
Due to time constraints, it was not possible to explore methods — beyond counter assay — to
determine off-target effects of hit compounds, however established techniques exist for analysing
membrane integrity/ PMF dissipation upon inhibitor treatment (Novo et al., 1999; Alksne et al.,
2000). The more bespoke assays developed in this work, alongside previously established assays,

give an overall robust strategy for Sec inhibitor discovery.
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6.2 Objective 2: Investigate the role of the Sec-machinery in a major

mechanism of antibiotic resistance

The use of antibiotic adjuvants or cocktails of antibiotics that synergise with each other is an
increasingly popular approach for preserving the antibiotic arsenal (Gonzalez-Bello, 2017). The
Sec-machinery is responsible for correct localisation of over 90% of extracytoplasmic proteins in E.
coli (Orfanoudaki & Economou, 2014; Tsirigotaki et al., 2017). This includes virulence factors and
proteins involved in antibiotic resistance, including an estimated over 80% of p-lactamases (Pradel
et al., 2009). There are a range of different pathways for protein translocation through Sec, which
may result in inhibitor selectivity for certain types of Sec substrate, as seen for inhibitors of
eukaryotic Sec61l (Van Puyenbroeck & Vermeire, 2018; Klein et al.,, 2018b). Therefore,
understanding the precise pathways taken by clinically relevant B-lactamases will help determine
which Sec inhibitors will be useful B-lactam adjuvants. As SS has a major impact on the fitness cost
of B-lactamase production (Socha, Chen & Tokuriki, 2019; Zalucki et al., 2020), knowledge of a 8-
lactamase’s requirements for translocation would also help anticipate its spread across pathogenic

species.

Besides the observation that mobilisable B-lactamases tend to require the Sec-machinery for
export, no relationship has been found between an enzyme’s host range and its SS characteristics
(Pradel et al., 2009; Socha, Chen & Tokuriki, 2019). Similarly, the present study found that 8-
lactamase SS hydrophobicities do not cluster based on the species from which the enzymes were
first isolated. If SS hydrophobicity of Sec substrates does determine targeting by SecA or SRP,
then this would suggest that Sec targeting pathway does not influence dissemination or host
compatibility. Given the strong conservation of all targeting factors Trigger Factor, SecA and SRP
across Gram-negative species (Oliver & Beckwith, 1981; Phillips & Silhavy, 1992; Lyon, Gibson &
Caparon, 1998; Rao et al., 2014), this is not surprising.

However, the present study could not confirm a correlation between SS and SRP dependence. Of
the three B-lactamases assessed in detail, all exhibit SecA dependence for translocation, but only
two (IMP-1 with highly hydrophobic SS and NDM-1 with weakly hydrophobic SS) require SRP for
maximal translocation. For the third, TEM with moderately hydrophobic SS, removal of SRP
indirectly affected active levels of B-lactamase, likely due to inhibition of the DSB system (Schierle
et al., 2003; Furniss et al., 2021). These findings indicate that SecA inhibitors are more likely to be
broad-spectrum inhibitors of B-lactamase translocation, but SRP inhibitors may prove useful on a

subset of enzymes.

It would be useful to predict from a B-lactamase’s primary sequence whether it is susceptible to
SRP inhibition. For the limited number of B-lactamases tested in this work, SS hydrophobicity
proved to be a poor indicator of SRP dependence. A stronger relationship was observed between
SRP dependence and folding kinetics. It has been suggested that rapid-folding Sec substrates
evolve SRP dependence or more co-translational translocation to prevent folding in the cytoplasm

(Schierle et al., 2003). In turn, these substrates likely evolved more hydrophobic SSs to strengthen
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recognition by targeting factors. Thus, the relationship between folding kinetics and SRP
dependence is more direct than that between SS hydrophobicity and SRP dependence. Historically,
bioinformatic prediction of folding kinetics was not as accessible as assessing SS hydrophobicity.
Folding kinetics can be accurately estimated based on contact order in the protein’s native structure
(Plaxco, Simons & Baker, 1998). While previously, this required structural determination of the
protein, this can now be calculated based on primary sequence through use of AlphaFold (Jumper
et al., 2021; Zhu, Wang & Shan, 2022). Using this novel tool, future work should investigate further

whether folding kinetics is a better predictor of targeting pathway to Sec.

6.3 Overarching aim: Establish the bacterial Sec-machinery as a
promising antibiotic target and guide future discovery and development of

Sec inhibitors

The work presented here further strengthens the body of work that claims the Sec-machinery is a
promising antibiotic target. Chapters 3 and 4 demonstrate that the Sec-machinery has screenable
activity, particularly in whole cells, and establish a diverse toolkit of assays for Sec activity to
facilitate identification and development of Sec-specific antibiotics. Chapter 5 underscores the
critical role of the Sec-machinery in mediating a major mechanism of antibiotic resistance, paving

the way for development of antibiotic cocktails based on Sec inhibition.

While the primary objective of chapters 3 and 4 is screen design, exploration of secondary assays
gave insights into the mechanisms of established and putative inhibitors of Sec. All four hits
discovered in this work have comparable size (370, 398, 330 and 420 Da for Hit2, 3, 4 and 5,
respectively) to known SecA inhibitor CJ-21058 (388 Da) and are similarly poorly soluble in water
(limited solubility at 400 - 800 uM). All hits are over ten times more active against translocation in
live E. coli cells, when measured by primary assay, than CJ-21058 (ICs0 5.23, 6.79, 16.1, 12.2 uM
for Hit2, 3, 4 and 5, respectively, and CJ-21058 ICsp 227.1 uM). By contrast, when assessed in
Chapter 4 for their ability to inhibit pOmpA translocation in vitro, all hit compounds were less active
than CJ-21058 against PLs. Against IMVs, Hit2 and 3 brought about similar levels of inhibition to
CJ-21058, but Hit4 and 5 were noticeably less active than the SecA inhibitor. For Hit2 and 3, this

suggests that their activity is dependent on the native environment of Sec.

Consistent with the potent anti-Gram-positive activity of CJ-21058 (Sugie et al., 2002), the current
work demonstrated that CJ-21058 activity is restricted by the presence of the Gram-negative outer
membrane — this compound has greater activity against outer membrane-permeable NR698. By
contrast, all four hits have comparable activity against wildtype and outer membrane-deficient E.
coli. This could suggest that, unlike CJ-21058, these novel compounds are not limited by
permeation across the outer membrane. This is consistent with the fact they were discovered in a
whole cell screen. However, despite their inhibitory activity in the primary assay, none of these

compounds have a measurable MIC against E. coli.
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Assessing the degree of Sec inhibition by CCCP at approximately MIC levels, it is hypothesised
that a threshold level of Sec inhibition is necessary for antibacterial effects. Similar suggestions
have been made in previous Sec inhibitor studies (Crowther et al., 2015). According to data
presented here, bacteria may be viable with as low as 1% Sec capacity. To test this hypothesis
further, it would be useful to assess the level of protein translocation inhibition in NR698 cells treated
with CJ-21058 at its MIC. Insights into how much protein translocation inhibition is needed to inhibit

bacterial growth are crucial to future discovery and development of Sec inhibitors as antibiotics.

While around 1% protein translocation capacity may be sufficient to support cell growth, such low
levels of B-lactamase export are unlikely to sustain B-lactam resistance. Multiple studies have
shown that sub-lethal reductions in protein translocation can significantly reduce B-lactamase-
mediated resistance (Mcdonough et al., 2005; Moran-Barrio, Limansky & Viale, 2009; Pradel et al.,
2009; Liao et al., 2015; Chiu et al., 2016). The present work supplements such studies, showing
that inhibition of Sec reduces extracytoplasmic B-lactamase activity of E. coli producing the clinically
important MBLs IMP-1 and NDM-1. This confirms that Sec inhibitor development is a viable method
for re-potentiating important B-lactam drugs. Future work into protein translocation inhibitors as f3-
lactam adjuvants should determine the degree of translocation inhibition required to significantly
decrease [B-lactam resistance. The whole cell NanoBiT assay is unique in that provides a fully
guantitative and direct measure of translocation, independent of substrate protein folding or activity.
This assay should therefore be utilised in concert with antibiotic susceptibility testing to answer this
important research question. In turn, these findings will improve Sec inhibitor discovery pipelines

by providing an empirical minimum threshold for a hit.
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Appendix 1 Activity of DMSO assessed by in vitro NanoBiT assay

Proteoliposomes containing SecYEG and LgBiT were combined with purified SecA, ATP
regeneration reagents, furimazine, translocation-competent pSpy-HiBiT and varying
concentrations of DMSO. Luminescence was measured for approximately 10 min prior to, and
20 min after, reaction initiation by injection of ATP. Signal traces shown in a. were normalised
by background amplitude, time-corrected and fit to the equation shown in Figure 4.1. b.
Amplitude, c. A and d. lag are shown over different concentrations of DMSO. Data from three
technical replicates are shown as mean + SEM. Data from untreated controls are shown as
dashed (mean) and dotted (+ SEM) black lines.
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Appendix 2 Fits of control and hit activity on in vitro NanoBiT amplitude

Signal traces shown in Figure 4.3 were normalised by background amplitude, time-corrected
and fit to the equation shown in Figure 4.1. Amplitude is shown over different concentrations of
each compound: a. CJ-21058, b. CCCP, c. Hit2, d. Hit3, e. Hit4 and f. Hit5. Data from three
technical replicates are shown as mean + SEM. Data from untreated controls are shown as
dashed (mean) and dotted (+ SEM) black lines.
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Appendix 3 Activity of valinomycin/ nigericin assessed by in vitro NanoBiT assay
Proteoliposomes containing SecYEG and LgBiT were combined with purified SecA, ATP
regeneration reagents, furimazine, translocation-competent pSpy-HiBiT and varying
concentrations of valinomycin and nigericin in a 1:2 ratio. Luminescence was measured for
approximately 10 min prior to, and 20 min after, reaction initiation by injection of ATP. Data from
one replicate are shown.
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