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Abstract

LL-37 is a human antimicrobial peptide produced by neutrophils and epithelial cells,
with broad activity against Gram-negative and Gram-positive bacteria. The ability of
LL-37 to target bacterial membranes is largely agreed upon, however the mechanism
by which it kills bacteria is still somewhat unclear.

Using a combination of fluorescence microscopy, growth, and viability assays on the
Gram-positive model organism Bacillus subtilis, | show that permeabilisation by LL-37
is not sufficient to trigger bacteriolysis. Instead, LL-37 causes lysis in an indirect,
autolysin-dependent manner. Surprisingly, a small subpopulation of cells can resume
growth in the presence of LL-37. It emerged this phenomenon is caused by
stochasticity in LL-37 binding, which enables these cells to grow and recover the
culture. Intriguingly, cultures are then protected from subsequent exposure to LL-37. |
found this was due to membrane debris from lysed cells sequestering LL-37, and not
DNA from lysed cells as previously suggested by other research groups. Altogether,
upon LL-37 treatment, the majority of cells die via membrane disruption which then
induces autolysis; however, a small population of cells stochastically survive LL-37 and
recover the culture, which is then protected from future LL-37 exposure by membrane

debris from lysed sister cells.

Finally, | show that, unlike in other bacterial species, membrane headgroup
composition, including the presence of lysyl-phosphatidylglycerol, has little impact on
the susceptibility of B. subtilis towards first or repeated encounters with LL-37. Instead,
only the loss of teichoic acids from the cell envelope increases susceptibility by a
substantial degree, due in part to their D-alanylation. Contrary to previous postulations,
membrane fluidity also has no impact on LL-37 activity, with both highly fluid and less

fluid membranes being equally susceptible.

Taken together, these results shed surprising new light on the antibacterial mechanism

of action of a major human immune system component.
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Chapter 1 — Introduction

1.1 The bacterial cell envelope

Bacteria are broadly classified by the structure of their cell envelope into two groups:
Gram-positive and Gram-negative. The bacterial cell envelope is the barrier between
the interior of the cell and the extracellular environment. This barrier must be
permeable to allow the transport of biological substances in and out of the cell, but also
protect the cell from unfavourable conditions and compounds. Both Gram-positive and
Gram-negative bacteria possess a cytoplasmic membrane, composed predominately
of phospholipids interspersed with integral and peripheral proteins. Gram-positive cell
envelopes additionally consist of a thick peptidoglycan cell wall layer surrounding the
cytoplasmic membrane, with teichoic acids interwoven through the peptidoglycan (Fig.
1.1a) (Neuhaus & Baddiley, 2003). Gram-negative bacteria, in contrast, lack teichoic
acids and instead encase their cytoplasmic membrane in a thin layer of peptidoglycan.
This thin cell wall is in turn surrounded by an outer membrane, composed of
phospholipids in its inner leaflet and lipopolysaccharides (LPS) in its extracellular-

facing outer leaflet.

1.1.1 The peptidoglycan cell wall

The peptidoglycan cell wall is essential to protecting the cell, maintaining cell shape,
and resisting turgor, which is caused by the differential solute concentrations within
and outside of the cell. Likely due to the additional outer membrane providing
protection against turgor in Gram-negative cells, their peptidoglycan is not required to
be as thick as teichoic acid-containing peptidoglycan of Gram-positive bacteria (Rojas
et al., 2018). Peptidoglycan is composed of a mesh-like structure of glycan strands
composed of alternating N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid
(MurNAc), which are cross-linked through short peptide bridges attached to the
MurNAc residues (Fig. 1.1b) (Rogers et al., 1980). The predominant structure of the
peptide bridges is L-Ala-y-D-Glu-(L-Lys or DAP)-D-Ala-D-Ala in nascent
peptidoglycan, although species-specific variations are common (Vollmer et al.,
2008a). In general, most Gram-positive bacteria have L-Lysine in position 3 of their
peptide bridges, and most Gram-negative bacteria have meso-diaminopimelic acid
(DAP). The Gram-positive model organism Bacillus subtilis, however, forms a

prominent exception to this rule as it carries a DAP at position 3 (Vollmer et al., 2008a).
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Figure 1.1. The cell envelope and peptidoglycan structure of B. subtilis,
including its autolysin activity. a) The organisation of the Gram-positive cell
envelope, with a thick peptidoglycan cell wall, through which teichoic acids are
dispersed. b) The structure of B. subtilis peptidoglycan, with strands composed of
repeating N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc)
residues, with crosslinks attached to MurNAc composed of L-alanine (Ala), D-
Glutamine (Glu) and meso-diaminopimelic acid (DAP). Autolysins degrade the
peptidoglycan at specific locations: LytG cleaves GIcNAc-MurNAc at the end of
peptidoglycan strands; LytD cleaves GIcNAc-MurNAc within peptidoglycan strands;

LytC cleaves MurNAc-L-alanine; LytE, CwlO and LytF cleave D-glutamine-meso-
diaminopimelic acid.

Peptidoglycan synthesis starts in the cytoplasm, with the synthesis of UDP-N-
acetylmuramyl-pentapeptide from UDP-GIcNAc by the enzymes MurABCDEF (Brown
et al., 1995; Benson et al., 1995; Yan et al., 2000; Gordon et al., 2001; Deva et al.,
2006). This pentapeptide is then coupled to a membrane embedded undecaprenyl

phosphate (UDP) by MraY, to yield lipid | (undecaprenyl-pyrophosphyl-MurNAc-
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pentapeptide) (Heydanek et al., 1969; Bouhss et al., 2004). The glycosyltransferase
MurG then adds GIcNAc to lipid |, to form lipid Il (undecaprenyl-pyrophosphyl-MurNAc-
pentapeptide-GIcNAc) (Ha et al., 2000; Hu et al., 2003). Lipid Il is the mature cell wall
precursor; however it needs to be flipped from the inner to the outer leaflet of the
cytoplasmic membrane, this is mediated by MurJ and its homologues (Sham et al.,
2014). Lipid Il in the outer leaflet can then be linked together by the glycosyltransferase
activity of penicillin binding proteins (PBPs) and cross-linked into the existing
peptidoglycan cell wall via the transpeptidase activity of PBPs, whilst UDP is recycled
back to the cytoplasmic leaflet and reused (Goffin & Ghuysen, 1998, 2002).

Peptidoglycan expansion is mediated by dynamic and transient protein complexes —
during elongation by the elongasome and during cell division by the divisome (Egan et
al., 2020). The elongasome mediates insertion of nascent peptidoglycan into the lateral
part of the peptidoglycan mesh, this is organised by MreB, an actin homologue
(Dominguez-Escobar et al., 2011). Whereas the divisome mediates insertion of
nascent peptidoglycan into the mesh during cell division, under the organisation of
FtsZ, a tubulin homologue (Adams & Errington, 2009). These protein complexes, under
the ultimate control of MreB and FtsW, recruit a number of additional proteins that
enable interaction with PBPs to give directed synthesis of peptidoglycan. In B. subtilis
MreB and its homologues are essential for the rod-shaped morphology of the cell
(Schirner & Errington, 2009).

1.1.2 Autolysins

To enable turnover, cell elongation, division and separation, bonds within the existing
peptidoglycan network must be broken to allow the insertion of nascent material. This
is performed by autolysins, with their peptidoglycan hydrolase activity being essential
to cell survival (Smith et al., 2000). In B. subtilis there are potentially 42 autolysins, of
which there are the essential LytE and CwlO, and, of other autolysins relevant to this
project, there are also LytC, LytD, LytF and LytG (Fig. 1.1b) (Wilson & Garner, 2021).

LytC is 50 kDa N-acetylmuramoyl-L-alanine amidase, it is expressed from the lytABC
operon during vegetative growth. Expression of the operon produces the small acidic
membrane bound lipoprotein LytA and the LytC modifier LytB, as well as LytC
(Lazarevic et al., 1992). Insertional inactivation of /ytC causes a 90% decrease in cell
wall hydrolytic activity in stationary cells yet no changes in cell morphology, motility,
competence or sporulation occur, showing the large but inessential role of LytC

(Kuroda & Sekiguchi, 1991). Furthermore, LytC localisation has been observed to be
3



uniformally dispersed around the cell, indicating it is not solely responsible for cell
separation (Yamamoto et al., 2003)

LytD is a 90 kDa endo-3-N-acetylglucosaminidase that cleaves the bonds between
GIcNAc and MurNAc. The expression of LytD is sigma D (o°)-dependent, a® is the
motility sigma factor (Marquez et al., 1990). Once LytD is synthesised its signal peptide
is cleaved and it forms its dimeric active form. Deletion of /ytD has no impact on the
cell separation, motility, autolysis, cell wall turnover and growth of B. subtilis, making
the physiological role of LytD unclear (Margot et al., 1994).

In B. subtilis only 2 autolysins are synthetically lethal, these are LytE and CwlIO, either
one must be expressed for B. subtilis to be viable (Bisicchia et al., 2007). LytE, 35 kDa,
and CwlO, 50 kDa, are both D,L-endopeptidases active at the lateral cell wall (Margot
et al., 1998; Yamaguchi et al., 2004). The two endopeptidases differ in their localisation
within the cell envelope. LytE localises to the septa and poles as well as the cylindrical
part of cells, whereas CwlO localises to the cylindrical part of cells only, indicating it is
their activity at the cylindrical part of cells that makes these autolysins essential
(Yamamoto et al., 2003; Hashimoto et al., 2012). LytE is secreted, with its distribution
in the cylindrical part of the cell speculated to be governed by the MreB homologue
MreBH (Carballido-Lépez et al., 2006). Whereas CwlO is tethered to the membrane by
FtsEX, which regulates it activity (Dominguez-Cuevas et al., 2013). Whilst the deletion
of both IytE and cwlO is synthetically lethal, cells of each deletion exhibit distinct
morphologies, suggesting that whilst the activity of one autolysin can rescue deletion
of the other, they are not completely functionally redundant (Dominguez-Cuevas et al.,
2013).

LytF is a 50 kDa y-D-glutamate-meso-diaminopimelate muropeptidase encoded on a
monocistronic operon expressed by o® (Margot et al., 1999). LytF localises to the cell
septa and poles and its deletion results in filamentous growth, indicating its major role

in cell separation (Ohnishi et al., 1999; Yamamoto et al., 2003).

LytG is a 32 kDa exo-N-acetylglucosaminidase implicated in cell division, lysis and
motility, it acts processively from the end of glycan strands. Deletion of lytG significantly
impacts the production of muropeptides by B. subtilis, whereas deletion of lytD does
not have the same effect, indicating LytG provides the major glucosaminidase activity
(Horsburgh et al., 2003).



Staphylococcus aureus is also a member of the Firmicutes phylum along with B.
subtilis, the close relation of these two species means many proteins and processes
are homologous between the two. The similarity of the two makes B. subtilis a useful
tool, as a Gram-positive model organism, to investigate findings that might also be
relevant in the pathogenic species S. aureus. In S. aureus a major autolysin, Atl, is
encoded; Atl has both N-acetylmuramyl-L-alanine amidase and endo-N-
acetylglucosaminidase activity, the full array of autolysins encoded by S. aureus is less
well characterised than B. subtilis (Oshida et al., 1995; Monteiro et al., 2015). A key
difference between the two species is the lack of an elongasome machinery in S.
aureus, instead a dispersive mode of cell wall synthesis takes place, this lack of an

elongasome confers a coccoid shape to the bacterium (Pinho & Errington, 2003).

Autolysis is essential to the normal growth, division and separation of bacterial cells,
however misregulation of autolysins can result in their over-activity, leading to
bacteriolysis as the cell wall can no longer withstand turgor (Vollmer et al., 2008b).
There is a tight coupling between membrane energisation and the regulation of
autolysins, which means their activity becomes dysregulated when membrane
polarisation is lost and so cell lysis occurs (Jolliffe et al., 1981). Indeed, a range of
antibacterial compounds have been seen to induce autolysis, either through direct
interaction with the membrane, or through the inhibition of cell wall synthesis which
leads to a cascade of events indirectly causing their misregulation through
depolarisation (Kitano & Tomasz, 1979; Lacriola et al., 2013). Thus, the lysis induced
by cell envelope interacting antimicrobials is a common feature resulting from their
perturbance of energy and pH gradients across the cell, as this mis-regulates
autolysins and results in their over-activity. Regulation of autolysins can also be
mediated by the Gram-positive cell envelope component teichoic acids. In B. subtilis
teichoic acids have also been found to regulate and directly interact with autolysins.
The expression and localisation of LytF were found to be reduced in teichoic acid
deficient mutants; whereas the opposite was true for LytE, in which deletion of teichoic
acids caused increased LytE expression (Kiriyama et al., 2014; Kasahara et al., 2016;
Guyet et al., 2023). In S. aureus, both peptidoglycan synthesis and its degradation by
the autolysin Atl have been shown to be regulated by teichoic acids (Schlag et al.,
2010; Atilano et al., 2010). In Streptococcus pyogenes, teichoic acids sequester the
major autolysin LytA, perturbation of teichoic acid synthesis results in the freeing of

LytA which enables its cell wall degrading activity and results in lysis (Flores-Kim et al.,



2019). Altogether, autolysins are controlled through a range of regulatory processes,
perturbation of any of which can result in misregulation of the cell wall-degrading

enzymes and so deadly consequences for the cell.

1.1.3 Teichoic acids

A major component of the Gram-positive cell envelope is anionic teichoic acid
polymers, accounting for up to 60% of the cell wall (Brown et al., 2013). Teichoic acids
are long polymers composed of repeating units of glycerol phosphate, their presence
confers an anionic charge to the Gram-positive cell envelope (Neuhaus & Baddiley,
2003). There are two forms: lipoteichoic acid (LTA) and wall teichoic acid (WTA). LTA
is attached to the cytoplasmic membrane via a glycolipid (GL) anchor whereas WTA is
covalently linked to MurNAc residues in the peptidoglycan cell wall (Fig. 1.2). The
teichoic acid-peptidoglycan matrix cell wall is responsible for a range of cellular
functions, including cell elasticity and assisting in the trafficking of biological
substances, as well as cell wall porosity and cation homeostasis (Fischer et al., 1981;
Wecke et al., 1997).

LTAs are anchored to the membrane via GLs, these are synthesised by the addition
of two glucose moieties to diacylgycerol (DAG) by the glycosyltransferase UgtP in the
inner leaflet of the cytoplasmic membrane (Fig. 1.2) (Jorasch et al., 1998). These
diglucosyl DAG GLs are flipped from the inner to the outer leaflet of the cytoplasmic
membrane by an unknown mechanism. After which, the major LTA synthase, LtaS
adds glycerol phosphate groups to the GL to form LTA, this function can also be carried
out by Yfnl (induced upon stress), YqgS (induced upon sporulation) and YvgJ (a
primase — only adds the first glycerol phosphate to the GL) (Grundling & Schneewind,
2007b; Jervis et al., 2007; Schirner & Errington, 2009; Wormann et al., 2011).

WTA synthesis also starts in the inner leaflet of the cytoplasmic membrane, with the
addition of GIcNAc to UDP by TagO, onto this N-acetylmannosamine (ManNAc) is
added by TagA (Fig. 1.2) (Soldo et al., 2002; Ginsberg et al., 2006). To UDP-GIcNAc-
ManNAc the first glycerol phosphate is added by the primase TagB, after which TagF
adds a polymer of ~40 glycerol phosphate units to extend the WTA (Schertzer &
Brown, 2003; Bhavsar et al., 2005; Schertzer et al., 2005). The ABC transporter TagGH
flips the WTA to the outer leaflet of the cytoplasmic membrane (Lazarevic & Karamata,
1995). The WTA is then covalently attached to N-acetylmuramic acid in the
peptidoglycan cell wall, by the LCP (LytR-CpsA-Psr) family of enzymes (Sewell &

Brown, 2014; Gale et al., 2017). WTA is attached in patches to newly synthesised
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Figure 1.2. Teichoic acid synthesis in B. subtilis. Summary of the pathways in
which lipoteichoic acid and wall teichoic are synthesised, and the mechanism by
which they can both be modified with D-alanine residues. Detailed descriptions of
these processes can be found in the written text.

peptidoglycan, the nascent peptidoglycan is then incorporated into the cell wall,
dispersing the WTA across the peptidoglycan mesh (Koyano et al., 2023).

Both WTA and LTA acid can be modified by the addition of D-alanine groups to their
glycerol phosphate subunits. This process starts with the addition of D-alanine to the
carrier protein DItC by DItA in the cytoplasm (Fig. 1.2 ) (Volkman et al., 2001; Du et al.,
2008). It appears D-alanine is then transferred across the cytoplasmic membrane via
DItB and added to LTA polymers by DItD; how D-alanylation of WTA occurs is unclear
— the D-alanine is either transferred from LTA or directly from DItD (Debabov et al.,
2000; Ponhl et al., 2013; Reichmann et al., 2013). In an LTA deficient mutant very little
D-alanylation of WTA occurs, suggesting the dominant WTA D-alanylation process
involves LTA (Haas et al., 1984; Reichmann et al., 2013). However, whether D-alanine
is transferred from LTA directly or if other factors are involved remains unclear. D-
alanylation of teichoic acids is impacted by growth conditions, with high pH, high
temperature and high NaCl conditions reducing the amount of D-alanine on teichoic
acids (Ellwood & Tempest, 1972; Novitsky et al., 1974, Fischer et al., 1981; Neuhaus
& Baddiley, 2003). The arrangement of LTA within the cell envelope is unclear. A
7



consensus on whether LTA extends from the cytoplasmic membrane through the
peptidoglycan cell wall, or if it lays flat on the cytoplasmic membrane beneath the cell
wall has not been reached. The ability of DtBD to D-alanylate fully synthesised LTA
polymers suggests a proximity of the length of LTA to the cytoplasmic membrane and
as such a lying down arrangement (Kiriukhin & Neuhaus, 2001). Yet the transfer of D-
alanine from LTA to WTA, implies proximity between LTA and WTA, and therefore
favours the model of LTA extension into the cell wall (Haas et al., 1984). Altogether, it
may be that distribution of LTAs is flexible, with some proximal to the membrane and
some extending into the cell wall. Additionally, it also remains unclear whether LTA, if
extended through the cell wall, would be able to reach the cell surface, as LTA appears
to be shorter than the span of the cell wall, meaning LTA may not be a surface exposed
molecule (Labischinski et al., 1991; Reichmann et al., 2013).

In B. subtills, LTA is dispensable, as a quadruple mutant for the LTA synthases (LtaS,
Yfnl, YqgS, YvgJ) is viable and retains a normal morphology (Schirner & Errington,
2009). WTA is also dispensable, its removal is achieved through the deletion of TagO,
however this results in a round cell shape, suggesting WTA is critical for the rod-
shaped morphology of B. subtilis (D’'Elia et al., 2006a). Interestingly, WTA was
previously thought to be essential as mutants for later genes in the WTA pathway were
lethal, however this was found to be due to the accumulation of a toxic intermediate.
Hence the first protein in the pathway (TagO) is deleted in the viable mutant, as this
eliminates the accumulation of the toxic intermediate product (D’Elia et al., 2006b).
Despite being nonessential independently, deletion of both LTA and WTA in B. subtilis
is lethal, showing some redundancies in their functions — however their individual
deletions lead to strikingly different phenotypes, suggesting they also have distinct
roles in cell physiology (Schirner & Errington, 2009). Deletion of UgtP, the
glycosyltransferase that synthesises the LTA GL anchor, is thought to not abolish LTA
synthesis, but LTAs in this mutant are thought to be anchored directly to DAG, without
the diglucosyl group. However, this deletion results in slower growth, mild changes in
cell morphology and increased susceptibility to cationic antimicrobials — suggesting cell
envelope perturbations that are related to altered LTA content (Salzberg & Helmann,
2008). Similarly, deletion of D-alanine modifications, via a DItA deletion mutant, results
in increased susceptibility to some cationic antimicrobials, as well as altered autolysin
activity and increased susceptibility to cell wall targeting antibiotics (Wecke et al.,

1997). Altogether the impact of teichoic acid mutation has striking and wide-ranging



impacts on cell physiology, showing their multitude and variety of roles in maintaining
and regulating B. subtilis envelope integrity.

In S. aureus, the synthesis of WTA vyields a poly(ribotol phosphate) polymer, as
opposed to the poly(glycerol phosphate) of B. subtilis. The synthesis of S. aureus WTA
is a similar process to B. subtilis, with the TarOABFLGH proteins synthesising WTA.
WTA of S. aureus is dispensable (D’Elia et al., 2006b). The synthesis of LTA is also
similar to B. subtilis, with the glycosyltransferase YpfP (UgtP homologue) synthesising
the GL anchor (Kiriukhin et al., 2001). The mechanism for the transfer of the GL anchor
from the inner to the outer leaflet of the cytoplasmic membrane has been elucidated in
S. aureus, in contrast to B. subtilis, with the lipid antiporter LtaA found to mediate this
movement (Zhang et al., 2020a). In S. aureus only one LTA synthase, LtaS, is encoded
to extend the poly(glycerol phosphate) chain of LTA, and in contrast to B. subtilis LTA
is essential (Grundling & Schneewind, 2007b; Percy & Grundling, 2014). Similar to B.
subtilis, the teichoic acids of S. aureus have also been shown to influence autolysin
activity (Fischer et al., 1981).

1.1.4 The cytoplasmic membrane

The cytoplasmic membrane is composed of a bilayer of membrane phospholipids, with
polar head groups facing outwards and hydrophobic fatty acids tails facing inwards
towards each other. The bilayer is interspersed with integral and surface-attached
membrane proteins (Fig. 1.1a). The cytoplasmic membrane is key to bacterial cell
viability, as it forms the main diffusion barrier between the extra- and intracellular-space
and is the site of essential cell processes, such as energy production, lipid
biosynthesis, cell wall synthesis, protein secretion, transport and cell division (Silhavy
et al., 2010; Adams & Errington, 2009). The membrane must regulate intracellular
concentrations of essential ions, metabolites and enzyme cofactors, and maintain a
biologically active state for the integral, surface-attached and peripheral proteins to
function appropriately. A key parameter of a cell is its membrane potential, the
electrical gradient across the cytoplasmic membrane. The membrane potential
regulates a wide range of essential processes, including membrane transport, cell
division and pH homeostasis (Flagg & Wilson, 1977; Zilberstein et al., 1980; Strahl &
Hamoen, 2010). The membrane potential of B. subtfilis is estimated to be ~-110 mV
from exterior to interior (Hosoi et al., 1980; Zaritsky et al., 1981; te Winkel et al., 2016).
Membrane targeting antimicrobials can function by either directly or indirectly

dissipating the membrane potential, causing cells to become depolarised. This enables
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the use of membrane polarisation to be used as a proxy for the health of bacterial cells
upon antimicrobial treatment (te Winkel et al., 2016).

1.1.5 Phospholipid composition

Lipid head group types differ between bacterial species but those commonly found
include the phospholipids phosphatidylglycerol (PG), phosphatidylethanolamine (PE)
and cardiolipin (CL); with PE being the predominant species in Gram-negative
membranes while PG and CL are most common in Gram-positive membranes (Epand
& Epand, 2009; Sohlenkamp & Geiger, 2016). In B. subtilis, the dominant phospholipid
is PG (37.5%), followed by PE (30.5%), lysyl-phosphatidylglycerol (7.8%; L-PG) and
CL (4.5%), and GLs (16.9%) are also present, these proportions can vary with growth
conditions (Matsuoka et al., 2011). The head group composition of the cytoplasmic
membrane has wide-ranging effects on cellular processes, especially the presence of
the anionic phospholipids PG and CL; processes found to be linked to phospholipid
composition include DNA replication, cell division, protein folding and protein transport
(Sekimizu & Kornberg, 1988; de Vrije et al., 1988; Castuma et al., 1993; Ichihashi et
al., 2003; van Dalen & de Kruijff, 2004; Vitrac et al., 2013).

Membrane lipids are synthesised from the common precursor phosphatidic acid (PA)
in B. subtilis (Fig. 1.3) (Salzberg & Helmann, 2008). GLs are synthesised from the
dephosphorylation of PA to DAG, to which UgtP then adds glucose moieties (Jorasch
et al., 1998). Whereas the phospholipid head groups of B. subtilis originate from PA
converted to cytidine diphosphate-diacylglycerol (CDP-DAG). The only essential head
group, PG, is synthesised by PgsA, via condensation of CDP-DAG with glycerol-3-
phosphate, followed by removal of the phosphate (Nishibori et al., 2005; Salzberg &
Helmann, 2008). From PG, CL and L-PG can be synthesised (Fig. 1.3). CL is formed
by the condensation of two PG molecules by the CL synthases CIsA, YwjE and YwiE
(Kawai et al., 2004). L-PG is formed by the MprF-mediated transfer of an L-lysine
residue from lysyl-tRNAYs to PG (Staubitz & Peschel, 2002). From CDP-DAG,
phosphatidylserine (PS) is also synthesised, via the addition of a serine residue by
PssA (Patterson & Lennarz, 1971). From PS, PE can then be synthesised by the
decarboxylation activity of Psd (Patterson & Lennarz, 1971; Matsumoto et al., 1998).
Via deletion of the enzymes responsible for their synthesis, mutants lacking GL, CL, L-
PG, PE and PS & PE (as PE is synthesised from PS, deletion of PS also prevents PE
synthesis) can be obtained and grow well in B. subtilis (Salzberg & Helmann, 2008;
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Figure 1.3. Synthesis of membrane lipids in B. subtilis from the common
precursor phosphatidic acid. A detailed description of these processes can be

found in the written text. GL = glycolipid; PA = phosphatidic acid; PS =

phosphatidylserine; PE = phosphatidylethanolamine; CL = cardiolipin; PG =
phosphatidylglycerol; LPG = lysyl-phosphatidylglycerol. Adapted from Salzberg &
Helmann, 2008.

Humphrey et al., 2023). Thus, there is a surprising level of malleability in B. subtilis

lipid composition as only one head group species is essential to growth.

Head groups vary in their charge and size, in B. subtilis there are the anionic species
PG, CL and PS, zwitterionic PE, neutral GLs and cationic L-PG (Salzberg & Helmann,
2008). Head groups also impact the overall shape of the phospholipid, the most notable
of these being CL, due to its four fatty acid tails a cone shape occurs, giving the lipid
preference for regions of membrane curvature (Fig. 1.4) (Renner & Weibel, 2011;
Beltran-Heredia et al., 2019). Lipid head groups are attached to fatty acid chains of
varying length that can also vary in their degree of saturation and branching, with each
of these qualities affecting the shape of the overall phospholipid (Fig. 1.4).
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Figure 1.4. Lipid bilayer composition impacts the fluidity of a membrane.
Membrane phospholipids can vary in their head group, fatty acid length and
saturation/branching, with different head groups and fatty acid tails conferring
different packing abilities. The packing of a lipid bilayer alters its fluidity, with
densely packed, saturated, and long fatty acid chains giving a more viscous bilayer
(gel phase), whereas loosely packed, unsaturated and short fatty acids give a more
disordered and so more fluid bilayer (liquid phase).

The fatty acids of phospholipids are synthesised by the fatty acid synthesis (FAS) Il
pathway in bacteria, with the FAS | pathway being a mammalian process. In B. subtilis
the pathway proceeds as follows (Fig. 1.5): firstly, the initiation complex AccABCD
catalyses the conversion of acetyl-coenzyme A (CoA) to malonyl-CoA. FabD uses this
to add a malonyl group to the acyl-carrier-protein (ACP) to form malonyl-ACP (White
et al., 2005). Malonyl-ACP is then condensed with acetyl-CoA to form the first
intermediate of the elongation cycle by FabHA and FabHB. For the formation of
branched chain fatty acids (BCFAs) FabHA and FabHB can use branched chain acyl-

CoAs; in factin B. subtilis, FabHA and FabHB preferentially utilise branched chain acyl-
12
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Figure 1.5. Fatty acid synthesis in B. subtilis. Simplified summary of the bacterial
fatty acid synthesis (FAS Il) pathway in which fatty acids are synthesised, involving
initiation, condensation and elongation phases, and how this feeds into
phospholipid synthesis — 1,2-diacyl-glycerol-3-phosphate is phosphatidic acid, the
precursor used in phospholipid synthesis. The enzymes involved in catalysing each
step are shown in blue text. Detailed descriptions of these processes can be found
in the written text.

CoA as opposed to straight chain acetyl-CoA (Choi et al., 2000). Branched chain acyl-
CoAs arise from the metabolism of branched chain amino acids (valine, leucine and
isoleucine) by the branched chain a-ketoacid dehydrogenase complex (BKD) (Willecke
& Pardee, 1971). The FAS Il pathway then enters the elongation phase, with the
cyclical production of 3 intermediates by FabF, FabG, FabZ and Fabl to produce acyl-
ACP with a successively lengthened acyl chain through each cycle (White et al., 2005;
Diomande et al., 2015). This acyl-ACP is either retained in the cycle and condensed
13



by FabF with malonyl-ACP to form the first intermediate again, or it is converted to
acyl-phosphate by PlsX (Yoshimura et al., 2007). The acyl group is then transferred to
glycerol-3-phosphate by PISY to form 1-acyl-glycerol-3-phosphate (Lu et al., 2007). A
second fatty acid chain is then added by PIsC, which uses acyl-ACP or acyl-CoA to
form 1,2-diacyl-glycerol-3-phosphate, which is phosphatidic acid — the precursor for
the synthesis of membrane lipids (Coleman, 1992). All de novo synthesis of fatty acids
in B. subtilis produces saturated fatty acids (SFAs), however these can later be
desaturated by the desaturase Des (Aguilar et al., 1998). The Gram-negative model
organism Escherichia coli also encodes the FAS Il system but cannot utilise branched
chain acyl-CoAs; alternatively, E. coli produces FabAB which alter FAS |l elongation
intermediates for the de novo synthesis of unsaturated fatty acids (UFAs) (White et al.,
2005).

The viscosity of the lipid bilayer, also known as membrane fluidity, is a key property in
controlling membrane permeability and adaptation the extracellular environment.
Membrane fluidity is a measure of the rotational and lateral diffusion of the membrane
lipids and other membrane embedded species, such as proteins. It is determined by
the packing of lipids within the membrane, which is affected mostly by lipid fatty acid
tails, but also to a smaller degree by the size and charge of lipid head groups (Fig. 1.4)
(Russell, 1984). Membrane fatty acids can vary in their length and saturation: longer,
saturated chains give rise to lower fluidity in the membrane as the lipids are more
densely packed together and so form more hydrogen bonds (Fig. 1.4). Thus,
membrane fluidity can be maintained and adapted through altering the ratio of fluidity-
promoting UFAs/ BCFAs and fluidity-reducing SFAs present in the lipid bilayer (Ernst
et al., 2016). In Gram-negative bacteria, membrane fluidity is predominately adapted
through altering the ratio of UFA:SFA, whereas Gram-positive bacteria more
commonly alter the fatty acid length or BCFA content, in addition to altering UFA:SFA
(Yoon et al., 2015). Fatty acid chain length increases bilayer stability, and so reduces
fluidity, as the chain is able undergo increased interaction with other fatty acids chains
(Rilfors et al., 1984). Chain length is commonly between 14 and 24 carbons, and this
remains fixed once the fatty acid has been synthesised, hence altering saturation is
the more common strategy in altering membrane fluidity post synthesis (Mykytczuk et
al., 2007).

Lipid bilayers can transition between three distinct bilayer forming lipid phases: gel
phase, liquid ordered phase and liquid disordered phase (Jouhet, 2013). The gel (solid)
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phase consists of densely packed lipids with SFA chains, this compact composition
results in very little lateral or rotational diffusion and so decreased membrane protein
activity (Fig. 1.4) (Elson et al., 2010). The liquid ordered phase is also characterised
by well-packed SFA chains, however fast lateral diffusion is able to occur (Hjort Ipsen
et al., 1987). This liquid ordered phase is dependent on additional molecules that
promote this formation, such as cholesterol and hopanoids, which do not exist in the
bacterial species studied in this thesis (Mouritsen & Zuckermann, 2004; Saenz et al.,
2015). The liquid disordered phase contains lipids that are loosely packed and likely to
be shorter and/or unsaturated, enabling high diffusion rates — this phase is the regular
state of biological membranes (Fig. 1.4) (Schmid, 2017). The organisation of bacterial
membranes was thought to be a homogeneous distribution of phospholipids,
interspersed with peripheral, integral and transmembrane proteins, as described in the
classical fluid-mosaic model (Singer & Nicolson, 1972). However, it has now been
shown that different lipids phases can co-exist, with liquid ordered and liquid
disordered phases within the same bilayer, resulting in membrane domains with
distinct composition and characteristics (Baumgart et al., 2007; Heberle & Feigenson,
2011).

1.1.6 Homeoviscous adaptation

All' poikilothermic organisms, including bacteria, adapt their membrane fluidity in
response to a range of environmental changes, including temperature, pH, osmotic
pressure and antimicrobial substances (Yoon et al., 2015). The cytoplasmic membrane
of bacterial cells compensates for environmental changes through homeoviscous
adaptation, in which the membrane composition is altered in a manner that strives to
maintain constant membrane fluidity. In doing so, homeoviscous adaptation also
prevents extracellular changes from causing the membrane to transition away from its
biologically active liquid state to a gel state, in which it is less: permeable, flexible, and
protective (Sperotto et al., 1989). This was first observed in the Gram-negative bacteria
E. coli, which was found to synthesize and incorporate an increased proportion of UFA
chains into its membrane lipids when growth temperature was decreased (Marr &
Ingraham, 1962). E. coli synthesizes UFAs through the activity of three Fab enzymes,
the most important being FabA — a protein that introduces a double bond into an
intermediate in the fatty acid synthesis pathway (Mansilla et al., 2004). Membrane
fluidity is regulated through the temperature-dependent activity of the Fab proteins,
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with low temperatures increasing their activity, causing more UFAs to be synthesised,
enabling homeoviscous adaption to maintain the bilayer liquid phase.

In the Gram-positive bacterium B. subtilis normal synthesis of fatty acids and
phospholipids is controlled by the FapR regulatory system (Schujman et al., 2003).
Additionally, B. subtilis encodes a rapid adaptation mechanism in response to changes
in membrane fluidity, via the membrane-bound phospholipid desaturate Des (Aguilar
et al., 1998). Des introduces double bonds into the pre-existing fatty acid chains of
membrane lipids, thereby increasing the fluidity of the lipid bilayer. Transcription of des
is activated by an increase in the lipid order of the bilayer, caused by a decrease in
temperature or limited synthesis of BCFAs and is switched off again once optimal
fluidity has been restored (Mansilla & de Mendoza, 2005). This sensing of increased
order is achieved by the transmembrane protein DesK, which upon increased
membrane thickness phosphorylates the response regulator DesR, which induces the
transcription of des (Cybulski et al., 2010, 2015; Inda et al., 2016). In addition to this
rapid-response mechanism, B. subtilis also undertakes de novo synthesis of BCFA
synthesis through the branched chain a-ketoacid dehydrogenase (BKD) complex
(Willecke & Pardee, 1971). The BCFAs synthesised can be iso- or anteiso-BCFAs,
which is another mechanism through which B. subtilis can alter its membrane fluidity,
as anteiso-BCFAs are more fluidity promoting than iso-BCFAs due to their methyl
branch being further from the end of the fatty acid (Zhang & Rock, 2008). The majority
of B. subtilis fatty acids are BCFAs, as BCFAs account for over 90% of membrane fatty
acids — ~40% iso-BCFAs and ~50% anteiso-BCFAs (Beranova et al., 2008; Gohrbandt
et al., 2022). Thus, B. subtilis has multiple levels of homeoviscous control, through the
rapid response activity of Des, the long-term homeostasis mediated through synthesis
of iso- or anteiso-BCFAs, and also through the length of fatty acids incorporated into

its membrane phospholipids.

Investigation into the consequences of insufficient homeoviscous adaptation had been
hampered by the difficulty of modifying lipid composition, and so membrane fluidity, in
vivo. Whilst previous work has associated sufficient membrane fluidity with promoting
membrane protein folding, catalytic activity and diffusion, and excessive fluidity with
increased protein permeability in vitro, comprehensive in vivo studies are required to
improve our understanding (Andersen & Koeppe, 2007; Lee, 2004; Valentine, 2007).
Recently, approaches to generate B. subtilis and E. coli with tuneable fatty acid
composition and so membrane fluidity were described by Gohrbandt et al. (2022). In
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both species an essential protein(s) in their UFA synthesis pathway was targeted,
FabA in E. coli and the BKD complex and Des in B. subtilis, the strains were grown
under specific conditions to control the composition of the membrane. Through this
method, it was found that too low membrane fluidity in both E. coli and B. subtilis
resulted in growth arrest and lipid phase separation between liquid-disordered and gel
phase membrane, which in turn induced the segregation of normally disperse
membrane proteins. A key finding of this research also negated the homeoviscous
adaptation model, as bacterial cells were found not to maintain constant membrane
fluidity, instead over-correction of fluidity to different growth temperatures was
observed (Gohrbandt et al., 2022). This work not only enables validation of in vitro work
that came before it, but also lays the groundwork for investigation of the role of
membrane composition and fluidity in these bacteria and other species.

1.2 Cell envelope-targeting antimicrobials

The bacterial envelope is an attractive target for antibiotics for multiple reasons: i) it is
essential to cell viability, and as such any damage sustained to the cell envelope is
likely to be bactericidal; ii) the bacterial cell envelope is composed and arranged
differently from mammalian membranes, enabling selectivity and reduced off-target
damage to host cells; iii) the cell envelope is difficult to mutate without disrupting cell
function and viability, reducing the likelihood of resistance developing; iv) the cell
envelope is directly accessible for extracellular compounds (Hamoen & Wenzel, 2017).
A range of different cell envelope-targeting antimicrobials exist, with a variety of targets
and activity specific to either Gram-positive, Gram-negative or both classes of bacteria
(Fig. 1.6). The structural differences between Gram-negative and Gram-positive
bacteria afford Gram-negative bacteria better protection from cell envelope-targeting
antimicrobials, due to the protective presence of the outer membrane, making Gram-
negative more resistant to antimicrobials in general (Breijyeh et al., 2020).

1.2.1 Cell wall-targeting antibiotics
Peptidoglycan is unique to bacteria, making it an excellent antimicrobial target, there
are multiple classes of cell wall-targeting antibiotics:

B-Lactam antibiotics have been used for over 80 years, initially against Gram-positive
cocci, and then extended to Gram-negative and aerobic bacteria through the invention
of broad-spectrum (3-Lactams (Bush, 2016). The antibacterial activity of B-Lactams is

mediated through their interaction with PBPs, essential enzymes in the last steps of
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Figure 1.6. Summary of the targets of the main classes of cell envelope-
targeting antimicrobials. Both Gram-negative and Gram-positive bacteria can be
targeted by B-lactams, B-sheet decapeptides, phosphonic acids and D-cycloserine.
Glycopeptides, moenomycin, lipopeptides and lantibiotics can only target Gram-
positive bacteria as the outer membrane of Gram-negatives acts as a barrier to their
entry to the cell. Polymyxins are specific to Gram-negative bacteria as they target
lipopolysaccharide (LPS) which is only present in the outer membrane. These
antibiotics have the following targets: B-lactams — penicillin binding proteins (PBPs);
glycopeptides — D-alanine-D-alanine residues on cell wall precursors; moenomycin
— glycosyltransferase PBPs; 3-sheet decapeptides — cell membrane; polymyxins —
LPS; lipopeptides — cell wall precursors and cell membrane; lantibiotics — cell
membrane and cell wall precursors; phosphonic acids — MurA, the enzyme that
catalyses the first committed step in peptidoglycan synthesis; D-cycloserine — the
D-alanine-D-alanine synthesis enzymes alanine racemase (Alr) and D-alanine-D-
alanine ligase (Ddl).

cell wall biosynthesis. PBPs have transpeptidase and
transglycosylase/carboxypeptidase activity, catalysing the essential cross-linking of
glycan strands to make the mesh-like structure of peptidoglycan (Goffin & Ghuysen,
1998, 2002). B-Lactams bind the transpeptidase catalytic cleft of PBPs and become
covalently attached to the active site serine residue, acylating the PBP, thus reducing

the rate of peptidoglycan cross-linking in the cell and eventually leading to lysis of the
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cell (Macheboeuf et al., 2006). The effectiveness of B-Lactams is limited by the multiple
resistance mechanisms evolved by bacteria to evade their activity, these include
inactivating B-Lactams through the production of B-Lactamases, modifying the target
site of the PBPs and using efflux pumps to remove B-Lactams from within the cell
envelope (Bush, 2016).

Moenomycin is the only known antibiotic to target the glycosyltransferase activity of
PBPs (Goldman & Gange, 2000). It mimics the nascent peptidoglycan chain that
glycosyltransferases extend, enabling it to inhibit glycosyltransferases and thus
prevent cell wall synthesis (Yuan et al., 2008). Resistance to moenomycin has been
observed through mutation of the glycosyltransferase domains of PBPs, this mutation
causes the synthesis of shorter peptidoglycan which causes major cell division defects
— evidencing a link between cell wall structure and cell division (Rebets et al., 2014).

Glycopeptides also inhibit cell wall synthesis, they do so by forming a complex with the
D-Ala-D-Ala residues found on the cell wall precursor lipid Il and at the C-terminus of
nascent peptidoglycan peptide chains, thereby preventing the formation of mature
peptidoglycan through PBP activity (Arthur & Courvalin, 1993). The first glycopeptide
introduced was Vancomycin. It was assumed there would be limited resistance ability
against glycopeptides due to the conserved nature of their target, however resistance
mechanisms have been observed in which the terminal D-Alanine is replaced by D-
lactate or D-serine (Arthur & Courvalin, 1993).

There are two classes of antibiotics that target the cytoplasmic stage of cell wall
synthesis, firstly phosphonic acids, like Fosfomycin. Fosfomycin inhibits the cell wall
enzyme MurA, which catalyses the first committed step of peptidoglycan synthesis
through its enolpyruvate transferase activity (Kahan et al., 1974). Resistance to
phosphonic acids can be acquired through a multitude of strategies: mutation of murA
to a protein with reduced affinity for the antibiotics, increased production of MurA so
that higher concentrations of antibiotic are required to be inhibitory, and increased
efflux pump activity (Nair & van der Donk, 2011).

D-cycloserine also targets cytoplasmic cell wall synthesis, via its inhibition of D-Ala-D-
Ala ligase and alanine racemase preventing the formation of D-Ala-D-Ala. D-
cycloserine is a cyclic analogue of D-alanine, this causes it to irreversibly block alanine
racemase activity and also exhibit reversible binding as a phosphorylated form to the
two active sites of D-Ala-D-Ala ligase (Neuhaus & Lynch, 1964; Lambert & Neuhaus,
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1972; Batson et al., 2017). Due to it having two targets, resistance to D-cycloserine is
rare, however natural resistance in some Mycobacterium species has been observed
through high expression of D-Ala-D-Ala ligase and alanine racemase, or through
mutation of cycA, the gene that encodes the D-cycloserine transporter (Caceres et al.,
1997; Chen et al., 2012)

1.2.2 Membrane-targeting antibiotics

Many membrane-targeting antibiotics disrupt the function of the membrane diffusion
barrier, resulting in depolarisation and even leakage of cell contents, mostly achieved
through altering membrane properties, but also through forming ion channels or pores.
Membrane-targeting antibiotics function by altering the properties of the membrane,
such as by affecting the curvature, clustering and packing of the membrane and its
constituent phospholipids. Bacterial envelopes have anionic phospholipids on the cell
surface, exposing a negative charge to the extracellular environment, whereas
eukaryotic membranes sequester anionic lipids within the inner leaflet of their
membrane, this enables specific targeting of bacterial cells via the use of cationic
antimicrobials (Epand et al., 2016).

The lipopeptide daptomycin is rapidly bactericidal against Gram-positive cocci and has
long been shown to inhibit cell wall synthesis in addition to causing membrane
depolarisation (Alborn et al., 1991). The native daptomycin molecule is negatively
charged, but its membrane-targeting activity is dependent upon the presence of
calcium ions, which convey an overall cationic charge to the active antibiotic (Ho et al.,
2008). Its specific mechanism of action is hotly debated but it was shown to target fluid
lipid domains, impacting overall membrane fluidity, leading to membrane
depolarisation and the detachment of the essential cell wall synthesis protein MurG
and the phospholipid synthase PIsX (Mduller et al., 2016). Subsequently, daptomycin
was found to form tripartite complexes with the membrane phospholipid PG and
undecaprenyl coupled cell wall precursors, with this interaction providing an
explanation for the previously observed detachment of essential cell wall synthesis
proteins (Grein et al., 2020). The authors suggested this work could explain the
inhibition of cell wall synthesis, as essential proteins have been delocalised, and the
previously observed depolarisation was suggested to be due to the hydrophobic
mismatches between fluid and more ordered lipid domains. However, more recent
work from the Strahl lab has shown that depolarisation by daptomycin does not require

the presence of undecaprenyl coupled cell wall precursors, indicating that
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depolarisation is a distinct mechanism of action of daptomycin (Buttress, 2022).
Resistance to daptomycin is rare, but has been found to be associated with increased
membrane fluidity, reduced membrane permeability, and increased net positive
surface charge (Jones et al., 2008; Bush, 2012). Further work has associated
daptomycin resistance with redistribution of membrane phospholipids, moving CL-rich
domains away from the cell septum and increasing the L-PG content of the outer leaflet

of the cytoplasmic membrane (Mishra et al., 2009; Tran et al., 2013).

B-sheet decapeptides were amongst the first antibiotics to be used clinically, the most
notable being tyrothricin and gramicidin, which are used for topical wound treatment.
Tyrothricin and Gramicidin are both mixtures of polypeptide antibiotics, with some of
their constituent antibiotics being cyclic B-sheet decapeptides. Tyrocidines and
Gramicidin S both function through inserting into the membrane at the interface
between phospholipid head groups and fatty acid chains (Prenner et al., 1999; Loll et
al., 2014). Tyrocidines act by forming ion-conducting pores, inducing lipid phase
separation and reducing membrane fluidity, causing membrane proteins to delocalise.
Gramicidin S has 50% sequence identity to tyrocidines but has been found to cause
mild lipid phase separation and delocalisation of only peripheral membrane proteins
(Wenzel et al., 2018). However, Gramicidin A, B & C, despite having a linear instead
of cyclic structure, have similar activity to tyrocidines, as these forms of Gramicidin also
form ion-conducting channels to disrupt ion-gradients (Kessler et al., 2004).

Lantibiotics are peptides that contain intramolecular ring structures, they have activity
against cell membrane components and are especially active against Gram-positive
bacteria (McAuliffe et al., 2001). The most well characterised lantibiotic is nisin, which
has a dual mechanism of action. Nisin induces membrane pore formation and interacts
with lipid Il to induce inhibition of cell wall biosynthesis, this activity has also been
shown to dysregulate autolysins, leading to autolysis (Bierbaum & Sahl, 1985;
Breukink et al., 1999; Hasper et al., 2006; Reiners et al., 2020). Resistance to nisin
can be achieved through modifying the cell envelope with cationic charges, such as L-

PG, as this repels the positively charged nisin (Peschel et al., 2001).

The unique presence of LPS in the outer membrane enables the specific targeting of
Gram-negative bacteria. Polymyxins, such as colistin, are cationic peptide antibiotics
that bind to lipid A, the anchor for LPS, they are rapidly bactericidal but the specific
mechanism by which they permeabilise cells has only recently been elucidated

(Biswas et al., 2012). Whilst already known to interact with LPS in the outer membrane,
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colistin was also found to interact with newly synthesised LPS within the cytoplasmic
membrane (LPS awaiting transport to the outer membrane), and it was this interaction
and disruption of the cytoplasmic membrane that led to cell permeabilisation and death
(Sabnis et al., 2021). Resistance to polymyxins can be mediated through the
modification of lipid A with positively charged moieties, such as aminoarabinose and
phosphoethanolamine so as to reduce its affinity for the cationic polymyxins (Poirel et
al., 2017).

1.2.3 Antimicrobial peptides

Antimicrobial peptides (AMPs) are a component of innate immunity throughout the
animal and plant kingdoms, with not only antibacterial activity but also antiviral,
antifungal, anticancer and immunomodulatory activity. The shared structure of AMPs
is an amphipathic design, in which hydrophobic and cationic residues are organised
into discrete sectors. This structure enables disruptive interaction with the bacterial cell
envelope, due to the presence of anionic phospholipids, LPS in Gram-negative
bacteria and teichoic acids in Gram-positive bacteria (Zasloff, 2002). AMPs will interact
with and disrupt the cytoplasmic membrane of both Gram-positive and Gram-negative
bacteria, in addition to perturbing the outer membrane of Gram-negative species
(Jenssen et al., 2006). Whilst AMPs share a general amphipathic structure, there is
much variation in their specific mode of actions and, as of 2015, there were over 2000
natural AMPs identified, this has been further contributed to with the development of
synthetic AMPs (Wang, 2015).

There are three basic mechanistic models proposed for the inner membrane insertion
of AMPs, these are the carpet, toroidal pore and barrel-stave models (Fig. 1.7)
(Jenssen et al., 2006). The carpet model suggests the amphipathic nature of the AMP
causes it to self-associate with the surface of the membrane and, once a threshold
concentration of the AMP is reached, it inserts between the phospholipids causing the
membrane to break into pieces causing cell lysis (Oren & Shai, 1998). The toroidal
pore model proposes the peptide coats the membrane, with membrane disruption that
results in transient peptide channels that are stabilised by the hydrophilic regions of
the peptide interacting with the lipid head groups, as such the membrane surface
bends to form a pore lined by membrane head groups in addition to the peptide (Ludtke
etal., 1996). In contrast, the barrel-stave model describes direct insertion of the peptide
between phospholipids to form a barrel-like peptide pore, with the exterior of the ring
being the hydrophobic regions of the peptide interacting with the fatty acid chains of
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Figure 1.7. There are three proposed models for the activity of antimicrobial
peptides. Following folding of the peptide into its amphipathic structure, the
antimicrobial peptide (AMP) interacts with the bacterial membrane. The carpet
model proposes the AMP coats the membrane to such an extent that parts of the
membrane break away, causing permeabilisation of the cell. The toroidal pore
model involves the AMP interacting with phospholipid head groups, this coating
distorts the membrane, causing it to bend in on itself, resulting in transient pores
lined by both AMP and head groups. The barrel-stave model involves the AMP
inserting itself between membrane phospholipids to form a pore composed of
oligomerised peptide.

the membrane phospholipids (He et al., 1996). A significant point of contention arises

from the pore-forming activity of AMPs, as it remains hotly debated whether pore

formation is solely sufficient to cause bacteriolysis, or if instead pore formation triggers

autolysis. In this thesis lysis is used to describe cells that have their membrane

disrupted to such an extent that intracellular contents are released from the cell — this

is measured through a decrease in optical density or the visibility of phase light cells.
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There are two major classes of human AMPs, defensins and cathelicidins, with multiple
defensins but only one cathelicidin encoded. Both classes are produced as
propeptides, which are cleaved to release active peptides. Defensins are a class of
AMP encoded in a wide range of plant and animal species, they are small cationic
peptides with a 6-cysteine signature (Ganz, 2004). The structure of defensins is an a-
helix linked to a two-stranded B-sheet domain, with defensin types having either a
linear structure (a- and B-defensins) or a cyclic structure (B-defensins). The human
defensins human neutrophil peptide 1 (hNP-1), human B-defensin-1 (hBD-1) and
human B-defensin-3 (hBD-3) have been seen to be active against a range of Gram-
positive and Gram-negative bacteria (Pachon-lbanez et al., 2017). These AMPs have
been characterised to have a range of antibacterial activity, with destabilisation of the
bacterial membrane through the mechanistic models described above, and via
interacting with other envelope constituents such as the peptidoglycan precursor lipid
Il (Leeuw et al., 2010).

Cathelicidins are primarily cationic a-helical amphipathic peptides, this structure
enables their interaction with bacterial membranes. Cathelicidins are produced as
prepropeptides, with a structure composed of N-signal peptide — cathelin-like domain
— mature peptide-C; following secretion, the cathelin-like domain is cleaved by serine
proteases to release to the mature peptide (Gudmundsson et al., 1996; van Dijk et al.,
2009). The only cathelicidin produced by humans is LL-37, it has antimicrobial activity
against both Gram-positive and Gram-negative bacteria (Sochacki et al., 2011; Barns
& Weisshaar, 2013). Cathelicidins interact with and perturb bacterial membranes,
whilst also having immunomodulatory roles within the human body (van Harten et al.,
2018; Mookherjee et al., 2020).

Synthetic AMPs have added a new dimension to AMPs, potentially broadening the
definition from natural immunity peptides to include similar molecules synthesised in
the laboratory. The synthetic AMP MP196 was developed through characterisation of
the minimum antibacterial motif of AMPs, giving the minimal pharmacophore structure
of RWRWRW-NH: (Strem et al., 2003). MP196 is active against Gram-positive, and to
a lesser extent Gram-negative, bacteria and has been seen to mediate its antibacterial
activity through integrating into the cytoplasmic membrane, inducing the delocalisation
of essential peripheral proteins (Albada et al., 2012; Wenzel et al., 2014). A synthetic
antimicrobial peptide was recently developed, in the form of a small cyclic hexapeptide
called cWFW (cyclo(RRRWFW)), that was found to be potent against both Gram-

24



positive and Gram-negative bacteria (Scheinpflug et al., 2015). cWFW was first
described as having an affinity for CL-rich PE matrices, and thus inducing partitioning
of the membrane into lipid domains. However, subsequent work showed that domains
induced by cWFW were instead driven by lipid phase separation as opposed to clusters
of specific lipid species, with these differing fluidity domains impacting on the
organisation of membrane proteins, halting cell wall synthesis, and eventually
triggering autolysis (Scheinpflug et al., 2017). The advent of synthetic AMPs provides
therapeutic and scientific benefits: they can be developed to avoid off-target effects,
and their simplified structures can enable informed comparisons when investigating

AMP mechanisms of action.

1.3 The antimicrobial peptide LL-37

One of the best studied AMPs is the cathelicidin LL-37, a 37-residue AMP that is active
against both Gram-positive and Gram-negative bacteria. The structure of LL-37 is an
a-helix with charged residues segregated to one side of the helix and hydrophobic
residues opposite; this organisation confers the amphipathic nature of the AMP,

Hydrophilic

Hydrophobic

Figure 1.8. LL-37 has an amphipathic structure. The structure of LL-37 is a linear
a-helix in which the majority of hydrophilic residues are on one face of the helix, with
a majority of hydrophobic residues on the opposite face. Created using
heliquest.ipmc.cnrs.fr and RCSB.org (Berman et al., 2000; Gautier et al., 2008).
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enabling it to interact with negatively charged bacterial envelopes (Fig. 1.8) (Durr et
al., 2006). LL-37 is derived from the prepropeptide hCAP18, hCAP18 is composed of
4 exons, the first 3 encode the signal peptide and cathelin domain, with the 4th domain
encoding the mature LL-37 peptide (Gudmundsson et al., 1996; Murakami et al.,
2004).

LL-37 is active against both Gram-positive and Gram-negative bacterial species, in
2012 more than 40 bacterial species were known to be killed by LL-37 (Vandamme et
al., 2012). Notably it is active against the pathogenic genera Pseudomonas,
Escherichia, Staphylococcus, Acinetobacter and Enterococcus (Neshani et al., 2019).
In addition to its direct antibacterial activity, LL-37 also has immunomodulatory activity
that can further make the human body an inhospitable environment for bacterial

infections.

1.3.1 The mechanism of action LL-37

LL-37 is thought to first interact with LPS or teichoic acids in Gram-negative and Gram-
positive bacteria, respectively, and then interact with membrane phospholipids to
disrupt the cell (Neville et al., 2006). The specific mechanism of action of LL-37 has
not yet been fully characterised, however work in E. coli and B. subtilis has described
its effect on cells. Against E. coli LL-37 was found to inhibit cell growth once it had
translocated across the outer membrane, permeabilisation of the cytoplasmic
membrane occurred subsequent to growth arrest, suggesting LL-37 was somehow
disrupting the cell wall and this was the cause of growth inhibition (Sochacki et al.,
2011). In B. subtilis lower concentrations of LL-37 caused the growth rate to decrease
without inducing cell permeabilisation, whereas high concentrations caused abrupt cell
shrinkage and permeabilisation from which the cells could not recover (Barns &
Weisshaar, 2013).

There is much debate about the exact mechanism of action of LL-37. Some findings
point towards the carpet model, with LL-37 being observed to interact with negatively
charged membranes as monomeric units (Oren et al., 1999; Porcelli et al., 2008). Yet
in other research, toroidal pore and barrel-stave models have been supported, by
observations of pores formed by peptides lying parallel or perpendicular to the
membrane plane, respectively (Henzler Wildman et al., 2003; Lee et al., 2011).
Interestingly, when research on LL-37 is collated, its antibacterial activity does not
strictly follow any of the three basic mechanistic models proposed for the activity of

AMPs (Fig. 1.7). Firstly, the structure of LL-37 has been shown to depend on pH, ion
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strength and peptide concentration, suggesting its mechanism of action will vary with
these factors (Johansson et al., 1998). Secondly, structural work has shown i) LL-37
doesn’t insert into the membrane but remains parallel to the membrane; ii) LL-37 does
not cause the membrane to break into small pieces but induces pore formation; iii) LL-
37 forms supramolecular fibre-like structures (Henzler Wildman et al., 2003; Barns &
Weisshaar, 2013; Lee et al., 2011; Zeth & Sancho-Vaello, 2017). In addition, it was
recently shown in vitro that the mode of action of LL-37 is dependent upon fatty acid
chain composition, with LL-37 changing between pore-forming activity against UFAs
and lipid-clustering activity against SFAs (Shahmiri et al., 2016). There is evidently
much more to be characterised of the mechanism of action of LL-37 and the cellular
factors that can affect it. There is also much to be seen in whether LL-37 functions
through specific interactions with membrane moieties — whether specific phospholipid
species or membrane domains are inherent to its activity, and as such whether

membrane composition could affect bacterial susceptibility to LL-37.

In addition to its activity at the cell envelope, LL-37 may also have intracellular activity.
LL-37 is cell-penetrating peptide that is capable of traversing both bacterial and
eukaryotic cell membranes; the passage of LL-37 across membranes may even be
promoted by its cationic charge and the membrane potential of the cell (Zhang et al.,
2010). Sub-inhibitory concentrations of LL-37 against P. aeruginosa and E. coli
enabled LL-37, once in the cytoplasm, to bind DNA, with this binding inducing
mutagenesis (Limoli et al., 2014). LL-37 has also been observed to target the
cytoplasmic protein AcpP (also known as AcpA in B. subtilis), with this interaction
impacting the fatty acid synthesis of AcpP and so altering the fatty acid composition of
the bacteria (Chung et al., 2015). Additionally, active transport of LL-37 from the
periplasm to the cytoplasm of Haemophilus influenzae by the Sap ABC transporter has
also been reported (Shelton et al., 2011). These observations suggest LL-37 may have
multiple mechanisms to interfere with bacterial cells, with major disruptive activity at
the cell envelope but also activity within the cytoplasm of cells, made possible by low
concentrations of LL-37 that are not sufficient to cause the bactericidal membrane

activity.

1.3.2 LL-37 in immunity
LL-37 is produced by a range of cell types, including neutrophils, macrophages, natural
killer cells and mucous epithelial cells of the skin, airways, ocular surface and intestines

(Larrick et al., 1995; Kahlenberg & Kaplan, 2013). In epithelial cells, expression of LL-
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37 is most commonly constitutive, as it forms part of the first line of defence against
infection in sites that are directly in contact with the environment (Vandamme et al.,
2012). In neutrophils, natural killer cells and mast cells, LL-37 expression is also
constitutive. However, the propeptide is stored in granules awaiting immune activation,
which then causes the cells to degranulate and the propeptide to be released and
cleaved (Sgrensen et al., 1997, 2001; Di Nardo et al., 2003; Buchau et al., 2009). LL-
37 acts as a link between the innate and adaptative immune system, as it recruits
immune cells to the site of infection and activates specific immune receptors for an
adaptive response; the lytic activity of LL-37 causes the release of peptidoglycan, LTA
and LPS which induce tumour necrosis factor alpha and interleukins 6 and 10 in T cells
and monocytes (Wang et al., 2000; Verjans et al., 2016).

LL-37 also exhibits immunomodulatory activity, both activating and suppressing
immune responses to bacterial infection. LL-37 functions as a chemoattractant for
immune cells, it has been observed to attract neutrophils, T cells and eosinophils (Yang
et al., 2000; Tjabringa et al., 2006; Hemshekhar et al., 2018). As neutrophils both
produce LL-37 and respond to its presence, this leads to very high concentrations of
LL-37 at the site of infection, giving a potent immune response and higher likelihood of
clearing the bacterial infection (Vandamme et al., 2012). The presence of LL-37
enhances the antimicrobial activity of human neutrophils exposed to bacterial products;
whilst the AMP also controls inflammatory mediators — its presence reduces the
release of proinflammatory cytokines and induces the internalisation of chemokine
receptors (Zhang et al., 2009; Alalwani et al., 2010). LL-37 also modulates the adaptive
immune response, enhancing dendritic cell and B cell activation (Lande et al., 2007,
Kim et al., 2017). The response of macrophages in response to bacterial products
(such as LPS and LTA) is regulated by LL-37, this limits the damage that a strong
immune response could cause, such as sepsis, whilst also recruiting immune cells to
clear the infection (Scott et al., 2002; Balhuizen et al., 2022). The success of
immunomodulatory activity by LL-37 is evidenced by its promotion of clearance of a
Pseudomonas aeruginosa infection in vivo, without direct bactericidal activity — instead
by modulating the inflammatory responses of host cells (Beaumont et al., 2014).
Altogether, this means when describing the mechanism of action of LL-37 against
bacterial infections, its direct antibacterial activity should not be the sole focus, as the
part that it plays in enhancing other immune system factors is also vital to its activity
within the human body.
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1.3.3 Factors that impact LL-37 activity in vivo

The natural context of LL-37 activity is within the human body, in which conditions vary
strongly from those in laboratory experiments. The complex conditions within the body
have been seen to inactivate LL-37, through LL-37 being bound by
glycosaminoglycans, DNA and F-actin bundles, and proteolytically degraded by host
immune cell factors (Bucki et al., 2007; Bergsson et al., 2009). Whilst other AMPs have
been shown to be impaired under physiological salt concentrations, LL-37 has instead
evolved to be resilient in this regard (Goldman et al., 1997; Huang et al., 2006;
Kandasamy & Larson, 2006). Instead, LL-37 is sensitive to acidic conditions —
increasingly acidic pH has been shown to increasingly impair LL-37-mediated killing of
S. aureus, as well as impairing its ability to synergise with other antimicrobial factors
(Abou Alaiwa et al., 2014; Simonin et al., 2019). This is likely linked to the effect of pH
on the structure of LL-37, with acidic pH causing increased disorder and a decrease in
the number of a-helical oligomers forming (Johansson et al., 1998; Berkebile &
McCray, 2014). Acidic conditions are especially common in the cystic fibrosis lung, this
is a location in which LL-37 is found in very high concentrations, yet it fails to clear the
chronic infections cystic fibrosis patients endure — likely due to the low pH interfering
with its activity (Chen et al., 2004; Pezzulo et al., 2012; Elborn, 2016). Altogether,
although LL-37 has been seen to be potent against a wide range of bacterial species,
it must be considered that this activity may not be replicated in physiological conditions.
This means that a holistic view of the activity of LL-37 should be taken, including not
only its antimicrobial activity, but also the other immune functions described above.
Due to the range of immunomodulatory roles that AMPs have outside of their
antimicrobial activity, it has been suggested that a better name for this class would be
cationic host defence peptides (CHDP). It is thought that the term CHDP better
encompasses the variety of functions that AMPs, such as LL-37, can have and takes
account of the possibility that host conditions may limit the antimicrobial functions of
these peptides (Mookherjee et al., 2020). Here in this thesis, | will be focussing on the
direct antimicrobial properties of LL-37.

1.3.4 Bacterial resistance strategies against LL-37

As AMPs target the cell envelope, and have highly common and conserved targets, it
was thought that resistance against them would be rare or even impossible. However,
multiple studies have observed that passage of bacteria with LL-37 leads to the
acquisition of resistance, and this can give cross-resistance to other AMPs and
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Figure 1.9. Resistance strategies against LL-37. 1: Teichoic acids in the Gram-
positive cell envelope can be modified with cationic D-alanine residues that repel
cationic LL-37. 2: Secreted proteases can degrade LL-37. 3: Dead cells can bind
and sequester LL-37, preventing it from binding surviving cells. 4: Proteins in the
cell envelope can sequester LL-37, preventing it from interacting with more
vulnerable areas of the cell. 5: The LPS of Gram-negative bacteria can be modified
with aminoarabinose/acylation/dephosphorylation which repel or prevent interaction
with LL-37. 6: Efflux pumps can export LL-37 from the cell. 7: LL-37 can trigger the
expression of genes that contribute to resistance to LL-37. 8: Positively charged
phospholipids, generated by modification with L-lysine, can repel LL-37 from
interacting with the cytoplasmic membrane. 9: Some Gram-negative bacteria
encode systems that uptake LL-37 into the cell so it can be degraded by intracellular
proteases.

antibiotics (McQuade et al., 2012; Lofton et al., 2013; Kubicek-Sutherland et al., 2017).
Resistance to LL-37 can be mediated by a range of cellular strategies (Fig. 1.9) (Joo
et al., 2016; Mookherjee et al., 2020):

The most evident resistance strategy against LL-37 is altering its target, bacteria
achieve this by conferring a positive charge to their cell envelope and by doing so repel
the cationic AMP. In Gram-positives, this is commonly achieved by the D-alanylation
of teichoic acids, via the DItABCD proteins (Saar-Dover et al., 2012). The membrane
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itself can gain positive moieties via the activity of MprF adding L-lysine residues to PG
phospholipids to form L-PG (Peschel et al., 2001; Ernst et al., 2009). Gram-negatives
can reduce their susceptibility to LL-37 through LPS modifications (Ridyard &
Overhage, 2021). The negative charge of LPS can be lessened by the removal of
anionic charged phosphate groups from the LPS structure (Cullen et al., 2011; Bociek
et al., 2015). The addition of a palmitoyl chain to LPS has been observed to protect
against LL-37 exposure, likely due to the palmitoyl chain conferring enhanced rigidity
to the outer membrane and so better exclusion of LL-37 occurs (Martynowycz et al.,
2019). LPS can also be modified with positive charges, with the addition of an
aminoarabinose residue — the same strategy employed against the polymyxin antibiotic
colistin (Gooderham et al., 2009; Poirel et al., 2017).

Efflux pumps contribute to resistance to a wide range of antibacterial compounds,
including LL-37. The resistance-nodulation-cell division family of efflux pumps have
been shown to interact with LL-37 and so likely contribute to its extrusion from bacterial
cells (Lyu et al., 2022). Detoxification modules, composed of a two-component system
and an ABC transporter, contribute to LL-37 resistance in B. subtilis (YxdJK-LM) and
S. aureus (GraRS-VraFG & BraRSAB) (Li et al., 2007; Staron et al., 2011; Yang et al.,
2019). The GraRS two-component system was also recently shown to contribute to S.
aureus tolerance to Daptomycin via LL-37-induced increased peptidoglycan synthesis,
yielding a thicker and so more protective cell wall, as well as regulating the expression
of the dlt operon and the mprF gene (Falord et al., 2011; Ledger et al., 2022). An
additional transporter mechanism involves the Sap (sensitive to AMPs) uptake ABC
transporter; in which LL-37 is actively taken into the cell to enable its degradation
before it can interact with the cytoplasmic membrane (Mount et al., 2010; Shelton et
al., 2011).

Bacteria can also protect themselves from peptide antibiotics via protease digestion,
proteases cleave and degrade proteins and can be intracellular or secreted
extracellularly (Culp & Wright, 2017). This mechanism has been observed against LL-
37 by a range of protease classes and in a range of genera, including Pseudomonas,
Staphylococcus and Bacillus (Thwaite et al., 2006; Sonesson et al., 2017; Claunch et
al., 2018; Kany et al., 2018). However, studies on LL-37 have shown that the peptide
is resilient against proteolytic degradation, due to its preference for oligomerisation
when in solution, suggesting this resistance mechanism may not be wholly effective
(Oren et al., 1999).
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Protection against LL-37 can occur via sequestration of the AMP. The proteins Opr1
(P. aeruginosa), M1 (Streptococcus), OmpA (A. baumanii) and OmpT (E. coli) confer
protection against LL-37. LL-37 binding these proteins is thought to prevent it from
binding more susceptible regions of the cell and the interaction can enable subsequent
degradation of LL-37 (Lin et al., 2010; LaRock et al., 2015; Lin et al., 2015; Urashima
et al., 2017). Interestingly, whilst the release of outer membrane vesicles confers
protection against other host defence peptides, this does not appear to be an effective
strategy against LL-37 (Balhuizen et al., 2021). Instead, sequestration by dead cells
has been seen to occur, with dead E. coli cells being observed to absorb LL-37,
protecting surviving cells — this strategy confers tolerance, not resistance, to LL-37 (Wu
& Tan, 2019). Indeed, E. coli cells have been seen to rapidly adsorb LL-37 upon growth
inhibition, giving a population in which LL-37-bound cells sacrifice themselves to

protect surviving cells (Snoussi et al., 2018).

Exposure to LL-37 can also up-regulate the above-described protective systems in
bacteria. In P. aeruginosa, LL-37 was seen to induce LPS modifications and efflux
pump expression, as well as quorum sensing and virulence systems (Strempel et al.,
2013). A similar response was seen in S. pyogenes, with exposure to LL-37 inducing
an invasive phenotype, and the production of vesicle-like structures on the cell surface
that protected against LL-37 (Uhlmann et al., 2016). These examples highlight that
upon exposure to LL-37, bacterial cells will not only activate pathogenic systems to
target the host, but also try to protect themselves, making bacterial susceptibility to LL-

37 a dynamic situation.

1.4 Research aims and objectives

In this research project | used the Gram-positive model organism B. subtilis to study
LL-37. | used B. subtilis as it is an extremely valuable research tool, due to its
genetically tractability and its malleability in lipid composition, with strains already
existing to directly manipulate this. My first objective was to investigate factors that
could impact susceptibility to LL-37. | studied the role of the cell envelope, by altering
phospholipid composition, teichoic acids and membrane fluidity. The second aim was
to elucidate more in-depth knowledge of the mechanism of action of LL-37, looking into
the precise process in which cell permeabilisation, depolarisation and lysis occur. My
final objective was to uncover the mechanisms behind bacterial survival in the

presence of LL-37. This includes the survival of individual cells upon initial exposure
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to LL-37, and the subsequent survival of whole cultures upon secondary exposure to
LL-37. The findings | have made in B. subtilis can then be studied with an informed
approach in pathogenic species, such as S. aureus. This will provide interesting
comparisons between a bacterial species that has evolved to exist in the presence of
LL-37 and a non-pathogenic species, revealing the important differences between
these bacteria. By enhancing our understanding of LL-37, we can develop informed

strategies to better potentiate its activity in vivo.
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Chapter 2 - Materials and Methods

2.1 Bacterial Strains

The strains used in this thesis are detailed in Table 2.1.

Table 2.1. Bacterial strains used in this study.

. Label in
Strain this study Genotype Reference
B. subtilis

168CA Wild-type | trpC2 (Barbe et al., 2009)
trpC2 yfnl::erm

AG600 ALTA yqgS::spc (Guyet et al., 2023)
ItaS::cat

AK094B AWTA trpC2 tagO::MLS | A. Koh, unpublished

AK0117B AGL trpC2 ugtP::MLS | A. Koh, unpublished

AK0118B AL-PG trpC2 mprF::kan | A. Koh, unpublished

AK0119B APE APS | trpC2 pssA::spc | A. Koh, unpublished
trpC2
iISpA(D92E)::spc

AK0197B L-form uppS::kan A. Koh, unpublished
pLOSS (Pspac-
uppS) (MLS)
trpC2 clsA::tet

ARK3 ACL ywjE::spc (Pogmore et al., 2018)
yWIE::kan
trpC2 AnprB
AaprE Aepr

BRBO08 BRBO08 Abpr AnprE (Pohl et al., 2013)
Ampr Avpr
AwprA

ELD19 AdivIVA trpC2 divIVA::tet | H. Strahl, unpublished
trpC2 bkd::ery

HS550 Abkd Ades des:kan (Gohrbandt et al., 2022)

KS6 AcwlO trpC2 cwlO::spc | (Seistrup, 2018)

KS7 AlytF trpC2 IytF::spc (Seistrup, 2018)

KS8 AlytE trpC2 IytE::tet (Seistrup, 2018)
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KS9 AlytD trpC2 IytD::tet (Seistrup, 2018)
trpC2 .
KS10 AlytABC IytABC:-kan (Seistrup, 2018)
trpC2
KS15 IA:Iy tABCE IytABC::kan (Seistrup, 2018)
IytE::tet lytF::spc
trpC2
AIytABCD | IytABC::kan ,
KS19 EF IytD: tet IytE:cat (Scheinpflug et al., 2015)
IytF::spc
KS50 Ades troC2 des::kan (Gohrbandt et al., 2022)
trpC2
AIytABCF | IytABC::kan :
KS66 cwio IytF=spe (Seistrup, 2018)
cwlO::erm
KS119 APE trpC2 psd::MLS | (Pogmore et al., 2018)
. M. Dakes-Stavrakakis,
MDSO07 AspollE trpC2 spollE::ery unpublished
This work, lytG::kan
B transformed into 168CA
MHO057 AlytG trpC2 IytG::kan from BKK31120 (Koo et
al., 2017)
troC2 bkd::ery
VHO73 Abkd Ades | 958K, This work, HS550
Pspac-des P transformed with pLIMBU.
(Pspac-des)
(cat)
This work, dltA::kan
N transformed into 168CA
MHO75 AdItA trpC2 dlItA::kan from BKK38500 (Koo et
al., 2017).
S. aureus
SA113 Wild-type | SA113 wild-type | T. Palmer, lab collection
SA113 S. aureus | SA113 (Peschel et al., 2001)
AmprF AL-PG mprF::ery
SH1000 Wild-type | SH1000 wild- (Horsburgh et al., 2002)
type
Scistlcls2 | S. aureus | SH1000 (Tsai et al., 2011)
ACL cls1::cat cls2::tet
VKS102 AlpdA SH1000 (Singh et al., 2008)
IpdA::kan
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2.2 Media & growth conditions

The media used in this thesis are detailed in Table 2.2. All B. subtilis experiments were
conducted in lysogeny broth (LB), unless otherwise stated; all S. aureus experiments
were conducted in Mueller Hinton broth (MHB), unless otherwise stated.

Table 2.2. Recipes for media used in this study.

Medium Ingredient Concentration
‘Lab-Lemco’ powder 1gL’
Nutrient Broth Yeast extract 2 g L1
(NB; Oxoid) Peptone 5¢gL"
NaCl 5gL"
Tryptone (Oxoid) 10 gL
Lysogeny . -1
Broth (LB) Yeast extract (Oxoid) 5gL
NaCl (VWR) 10g L’
(NH4)2SO04 (VWR) 0.2% wiv
KoHPO4 ((VWR) 1.4% wlv
Minimal KH2PO4 (VWR) 0.6% w/v
Medium _
Basic Salts Nas-citrate*2H>O (VWR) 0.1% wiv
MgS0O4.7H20 (VWR) 0.09% wi/v
Ferric ammonium citrate (Sigma- 1
Aldrich) 11 pg mb
Spizizen Glucose (VWR) 0.96% wi/v
Minimal
Medium Tryptophan (FORMEDIUM) 20 g mL"
(SMM) fortified | Casamino acids (BD
supplements: | Bjosciences) Sz Ty
Biotin (Sigma-Aldrich) 0.1 yg mL"
Supplements
added to | Thiamine (Sigma-Aldrich) 2 mg uL"
fortified SMM [ . . .
for S. aureus | Nicotinic acid (Sigma-Aldrich) 2 ug mL"’
growth: | Calcium pantothenate (Sigma- y
Aldrich) A 1g il
-1
S aureus KCI (VWR) 3 mg mL
Chemically NaCl 9.5 mg mL"*
Defined
Medium MgSQO4.7H20 1.3 mg mL""
(CDM) (NH4)2S04 4 mg mL™"
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Tris (Melford) 12.1 mg mL"’
Glucose 0.5% wiv
Casamino acids 1% wiv
Tryptophan 10 pyg mL"
Biotin 0.1 yg mL"
Thiamine 2 yg mL-
Nicotinic acid 2 ug mL"’
Supplements:
Calcium pantothenate 2 ug mL"’
CaCl2.2H20 (Alfa Aesar) 22 ug mL"
KH2PO4 140 pg mL"’
FeS04.7H20 (BDH) 6 ug mL"’
MnS0s.4H20 (Sigma-Aldrich) 10 ug mL"
Citric acid (Fisher Bioreagents) 6 ug mL™"’
Mueller Hinton | Mueller Hinton Broth (Sigma- 21 g L1
Broth (MHB) Aldrich) 9
Mueller Hinton Agar (Oxoid) 38 gL
Tryptic Soy , , Al 1
Broth (TSB) Tryptic Soy Broth (Sigma-Aldrich) 30glL
e T 381gL
(for L-form
medium) Sucrose 342.3gL
Maleic acid 4649glL

Bacteria were grown either on nutrient agar (NA; Nutrient Broth with 1.5% w/v Bacto
Agar; BD Biosciences) at 37 °C or in LB with shaking at 30 °C overnight. To suppress
B. subtilis spore production, overnight growth of B. subtilis was in LB supplemented
with 0.2% w/v glucose. The overnight cultures were diluted 1:100 in fresh LB the
following morning and grown to the desired optical density 600 nm (ODsoo) with shaking
at 37 °C. Where required, overnight media were supplemented with antibiotic to

maintain selection, the concentrations used are shown in Table 2.3.

For experiments involving the Abkd Ades strain, fortified Spizizen minimal media
(SMM) was used; the auxotroph strain was supplemented with either isobutyric acid or
(IB/MB, 100 pM, Sigma Aldrich; Spizizen, 1958).

transformation of B. subtilis SMM was also used, however lower concentrations of

2-methylbutyric acid For
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glucose (0.48% wi/v) and ferric ammonium citrate (1.1 ug mL") were used. The SMM
starvation medium used for these transformations was SMM supplemented with
glucose (0.48% w/v) and MgSO4 only (0.09% wi/v). For the induction of genes from
Pspac promoters, 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) was added to
the growth medium.

For BCFA-precursor feeding of S. aureus, two media were trialled: S. aureus nutrient
supplemented-SMM (SMM**) composed of fortified SMM with additional supplements
(Table 2.2); and S. aureus chemically defined medium (CDM) (Machado et al., 2019).

For L-form growth, cultures were grown in osmo-protective L-form medium (2 x MSM
mixed 1:1 with 2 x NB) at 37 °C without shaking.

For assays involving benzyl alcohol, the benzyl alcohol was prepared by mixing under
argon degassed dimethyl sulfoxide (DMSO; VWR) with an equal volume of benzyl
alcohol (Sigma-Aldrich), to give 5 M stocks ready for at least 1/100 dilution in cultures.

Table 2.3. Antibiotic concentrations used in this study. All Sigma-Aldrich.

Final Concentration (ug mL™)
Antibiotic Solvent
B. subtilis S. aureus
Chloramphenicol 100% ethanol 5 1
Erythromycin 50% ethanol 1 25
Kanamycin Water 2 -
Erythromycin | 50% ethanol 0.5 -
MLS
Lincomycin | Water 12.5 -
Tetracycline 50% ethanol 6 5
Spectinomycin Water 50 -
Gramicidin ABC DMSO 5 uM 5 uM
Nisin Water 5 uM 5uM
CCcCP DMSO 100 uM -
LL-37 Water variable variable
MP196 DMSO variable -

2.3 Strain construction and analysis

2.3.1 Extraction of chromosomal DNA
Chromosomal DNA was extracted from B. subtilis using a Promega Wizard® Genomic

DNA Purification Kit. 2 mL of cells grown overnight with selection was centrifuged at
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17,000 x g for 1 minute, the pellet was resuspended in 100 yL 50 mM EDTA with 300
ug mL' Lysozyme (Sigma Aldrich) and 300 ug mL" RNase A (Sigma Aldrich) and
incubated at 37 °C for 1 hour. 500 pyL Nuclei Lysis Solution (Promega) was added to
the sample and it was incubated at 80 °C for 5 minutes, once cooled to room
temperature, 200 pL of Protein Precipitation Solution (Promega) was added to the
sample and mixed by 20 seconds of vortexing before being incubated on ice for 10
minutes. The sample was centrifuged at 17,000 x g for 10 minutes. 600 pL of the
supernatant was added to 600 pL of room temperature isopropanol, this was gently
mixed by inversion. The chromosomal extract was then pelleted by centrifugation at
17,000 x g for 10 minutes. The pellet was washed with 70% ethanol before being
centrifuged again at 17,000 x g for 5 minutes. The pellet was allowed to air dry to
remove residual ethanol, before being resuspended in 100 pL of sterile Milli-Q®
Ultrapure water via incubation at 65 °C for 15 minutes. Chromosomal DNA was then
stored at -20 °C.

2.3.2 Transformation of B. subtilis

B. subtilis cells to receive DNA were thickly streaked on nutrient agar plates and grown
overnight at 30 °C. 5 mL of SMM was inoculated with cells from the nutrient agar and
incubated with shaking at 37 °C for 3 hours. Cultures were diluted by the addition of 5
mL SMM Starvation Medium and incubated for a further 2 hours at 37 °C with shaking
to induce natural competence. 2 yL of chromosomal DNA was added to 400 uL of
competent cells, with incubation at 37 °C for 1 hour. Cells were then plated on nutrient
agar with selection and incubated at 37 °C overnight.

2.3.3 Whole genome sequencing

Chromosomal DNA extracted from S. aureus using a Promega Wizard® Genomic DNA
Purification Kit and the same protocol as described for B. subtilis, except in place of
lysozyme 50 ug mL™" of lysostaphin (Sigma-Aldrich) was used and chromosomal DNA
was resuspended in elution buffer (Machery-Nagel). Whole genome sequencing was
performed by the MicrobesNG (http://www.microbesng.com) Standard Whole Genome
Service, using lllumina next generation sequencing. Reads were trimmed by
MicrobesNG using Trimmomatic (Bolger et al., 2014). Trimmed reads were then
mapped against a reference genome - either B. subtilis 168 (Barbe et al., 2009) or S.
aureus SH1000 (provided by Prof Simon Foster, Sheffield University); using CLC
Genomics Workbench (Qiagen), a threshold of >50% occurrences was set for

detection of insertions/deletions/structural variants.
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2.4 Bacterial growth and viability

2.4.1 Minimum inhibitory concentration assay

The minimum inhibitory concentration (MIC) of LL-37 (Novopro) for different strains
was determined through the preparation of a 2-fold serial dilution of LL-37 in 195 pL
LB in a microtitre plate. Bacteria were grown to mid-log (ODeoo 0.5) and diluted to ODsoo
0.2, with 5 pL of each diluted culture added to the microtitre plate in triplicate, to achieve
a final volume in each well of 200 pL and a starting ODeoo of 0.005. The plate was
incubated at 37 °C with 700 revolutions per minute (rpm) shaking for 16 hours, and the
MIC was read as the lowest concentration of LL-37 in which no bacterial growth could
be observed visually.

2.4.2 Growth/lysis curve

Bacteria were grown to mid-log (ODsoo 0.5), diluted to OD 0.05 and 200 pL of each
strain was transferred to a microtitre plate in triplicate. The microtitre plate was placed
in a plate reader (BMG Spectrostar/Fluostar) at 37 °C with shaking and ODeoo
measurements were taken every 5 minutes. Once bacteria had grown to ODgoo 0.3
(early log phase) the plate reader was paused, and 2 yL of compounds at varying
concentrations were added to the wells in triplicate, the plate was replaced in the plate
reader and ODgoo continued to be measured.

With supernatant:

Culture supernatants were generated by centrifuging cultures grown to ODeoo 1 for 1
minute at 17,000 x g. Supernatants were diluted 1:3 in fresh LB and heat-inactivated
supernatant was achieved by incubation at 95 °C for 10 minutes. When 20 yg mL™" LL-
37 was added to supernatants it was present for 1 hour before exposure to cultures.
Cultures to be grown in the presence of supernatant were grown to ODsgo 0.5, then
centrifuged at 6000 x g for 1 minute and resuspended in supernatant.

With cell lysate:

The addition of cell lysate was achieved through growing wild-type B. subtilis to
stationary phase (ODeoo ~1.5) and sonicating the culture until the ODeoo was reduced
to ~0.2, then filtering the lysate through a 0.45 um filter. The filtered lysate was diluted
1:5 in fresh LB to give cell debris akin to that of a ODgoo 0.3 culture. Cultures were
diluted in this lysate-LB, and a lysate-LB only sample was also added to the plate to
provide a blank media reading.
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With ultracentrifugation fractions:

Bacterial fractions were obtained through growing wild-type and cell wall lacking L-
form (AuppS) cells to stationary phase, adding 60 ug mL™" lysozyme and sonicating
until the cultures appeared clear. Followed by centrifugation at 7000 x g for 10 minutes
to obtain a cell debris pellet. The supernatant was subjected to ultracentrifugation at
90,000 x g for 60 minutes at 4 °C, to give a cell membrane pellet and cytoplasmic
contents in the supernatant. Pellets were resuspended in fresh LB and fractions were

diluted to achieve media with fractions akin to that of an ODsggo 0.3 culture.
With wash:

To remove cell debris, cultures were washed by removal from the 96-well plate to
microcentrifuge tubes and centrifuged at 8000 x g for 1 minute and the cell pellet was
resuspended in warm LB. The centrifugation and resuspension were repeated once
more, and the cultures were returned to the 96-well plate. The plate reader programme
was resumed, and growth was allowed to stabilise for a few cycles before subsequent

treatment occurred.

2.4.3 Viability assay

The killing and lysis induced by antibiotics was assayed by measuring the colony
forming units (c.f.u.) and ODeoo of treated cultures over time. Bacteria were grown to
ODe0o 0.3, and 1 mL was taken into microcentrifuge tubes to be treated with antibiotic,
cultures were incubated in a thermomixer at 37 °C with 850 rpm shaking. Growth/lysis
was measured via ODeoo of the cultures over time using a spectrophotometer.
Alongside cell viability was estimated using a spot assay. 10 pL of culture was diluted
in 90 pL LB in a 96-well plate, this was serial diluted to achieve 10-'-102 dilutions. 5 L
of the culture dilutions was spotted onto a nutrient agar plate, plates were incubated at
37 °C for 24 hours before colony forming units (c.f.u.) were calculated as follows:

number of colonies X dilution factor

_1 —
c.f.u.mL volume of culture plated (mL)

2.5 Microscopy

2.5.1 General fluorescence microscopy

Wide-field fluorescence microscopy was performed using Metamorph software
(Molecular Devices) or NIS-Elements (Nikon) on a Nikon Eclipse Ti. This microscope
was equipped with Cool LED pE-4000 light source, Nikon Plan Apo 100x%/1.40NAOQIl
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Ph3 objective, Photometrics BSI sCMOS Prime camera and Chroma 49002
(EX470/40, DM49I5pxr, EM525/50) and Semrock Cy5-4040C (EX628/40, DM660Ip,
EM 692/40) filter sets.

Bacterial strains were grown to an ODeoo of 0.3. Incubation with dyes and compounds
(Table 2.4) was performed using 200 pL of cells in 2 mL microcentrifuge tubes with
perforated lids and shaking at 850 rpm in a ThermoMixer (Eppendorf). Cells were
immobilised on 1.2% (w/v) agarose dissolved in deionised water, and aliquoted onto
Teflon-coated multi-spot slides (Thermo Shandon). This was compressed into a thin
layer by pressing a microscope slide with sections of a Gene Frame (Thermo Fisher)
attached over the aliquoted agarose. After the agarose had solidified, 0.5 uyL of
bacterial culture was applied to the agarose and allowed to air dry prior to application
of a coverslip. Cells were imaged immediately after application of the coverslip in order

to limit oxygen starvation.

When fluorescent LL-37 (5-FAM-LC-LL-37) was used, it was mixed at a 1:4 ratio with
non-fluorescent LL-37 to ensure potency was comparable to non-fluorescent
experiments. When compounds were used as controls for dye activity, such as
gramicidin ABC and nisin, these were added to the culture 5 minutes before imaging.

Table 2.4. The fluorescent dyes and compounds used in this study. Final conc.
indicates concentration in sample, stock samples were 100x this in the solvent
indicated; treatments are distinguished between B. subtilis (Bs) and S. aureus (Sa).

Dye/ Suppblier Final conc. | Excitation | Emission | Addition
Compound PP [solvent] (nm) (nm) time
5-FAM-LC- ANGSDec 20 ygmL"' | 470/40 or | 525/50 or From start
LL-37 P [water] 500/20 535/30

15m
Severn 100 ng mL""
DAPI Biotech [DMSO] 377/50 447/60 _befor.e
imaging
. : 2.5 uM
DIBAC4(3) Invitrogen [DMF] 466/40 525/50 From start
Sa: from
. 2 uM start; Bs:
DiSC3(5) Anaspec [DMSO] 628/40 692/40 5m before
imaging *
. Sigma- 50 ug mL™"’
Nile red Aldrich [DMSO] 560/40 630/75 From start
Propidium | Thermo 10 UM 562/40 | 641/75 | From start
iodide Fisher [water]
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SYTOX , 200 nM
Blue Invitrogen [water] 438/24 483/32 From start
SYTOX . 200 nM
Green Invitrogen [water] 470/40 525/50 From start

* This is due to DiSCs(5) being growth inhibitory against B. subtilis but not S. aureus

2.5.2 Time-lapse microscopy

Wide-field time-lapse fluorescence microscopy was performed using Metamorph 7.7
software (Molecular Devices) or Nikon NIS-Elements (Nikon) on a Nikon Eclipse Ti.
This microscope was equipped with a temperature control unit, Cool LED pE-300 white
light source, Nikon Plan Apo 100x/1.40NAOIil Ph3 objective, Photometrics Prime
camera, and Chroma 49002 (EX470/40, DM495pxr, EM525/50) filter set.

Cultures were grown to an ODegoo of 0.3, 100 pyL was transferred to a 2 mL
microcentrifuge tube with a perforated lid, shaking at 850 rpom in a ThermoMixer and
incubated with the fluorescent dyes to be imaged (either SYTOX Green or a mixture
of DIBAC4(3) and propidium iodide) in the presence or absence (untreated control) of
LL-37 for 5 minutes. The culture was immobilised on 1.2% low melting point agarose
(2-Hydroxyethyl agarose; Sigma-Aldrich), containing 10% LB (with normal LB salt
concentration, 10 mg mL™"; this maintains ionic conditions whilst reducing nutrients to
minimise background fluorescence — this has no effect on cell growth over the
incubation periods used in this thesis) or MHB and the fluorescent dyes. Slide
preparation was achieved as described by Jong et al. (2011), in brief: the agarose
mixture was added to the centre of a Gene Frame attached to a clean slide, and then
compressed using an additional clean slide. After the agarose was allowed to solidify,
extra material was removed to allow for better oxygenation, leaving only a thin strip
approximately 5 mm in width. 2.5 pL of bacterial culture was added to the agarose,
spread across the strip and allowed to air dry before application of the coverslip. Cells
were imaged on a microscope that had been pre-heated to 37 °C.

To prevent interaction of fluorescent dyes with the glass coverslips used in time-lapse
microscopy, the coverslips were coated in L-dopamine — this is essential for
experiments using DiIBAC4(3) (Zhang et al., 2013; Strahl et al., 2015). Glass coverslips
were coated in 2 mg mL™" L-dopamine (Sigma-Aldrich) dissolved in 2 mM Tris at pH
8.3 for 30 minutes. The coverslips were aspirated and washed in deionised water, then

dried at 37 °C.
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2.5.3 Image analysis & quantification
Image analysis and fluorescence quantification were performed using Fiji (Schindelin
et al., 2012).

Quantification of single cell fluorescence was performed in a semi-automated process
using the Cropping Multiple Images and Phase Contrast Cell Average Fluorescence
plugins (Newcastle University Image Analysis Unit, 2023) — https://github.com/NCL-
ImageAnalysis/General_Fiji_Macros/blob/main/Cropping_Multiple_Images.py and
https://github.com/NCL-
ImageAnalysis/General_Fiji_Macros/blob/main/Phase_Contrast_Cell_Average Fluor
escence.py; as follows: the 2048x2048 pixel images were cropped to the central
1800x1800 pixels; the average background fluorescence intensity was subtracted;
phase contrast images were thresholded to select individual cells as regions of interest
(ROI), cells that neighboured each other were manually separated by a thin line to aid
automatic cell detection; the mean fluorescence across each ROl was obtained, to give
single cell fluorescence values across the cell population.

Quantification of fluorescence along a line was conducted as follows: a segmented line
was drawn along the cell line of the phase contrast image; this was overlaid on the
fluorescence channels. A density plot profile was plotted from this line selection of each
fluorescent channel. The data was normalised against the maximum fluorescence

value of each channel to give percentage fluorescence.

To correct for microscope drift, time-lapse merged images were aligned using the
MultiStackRegistration plugin —  https://github.com/miura/MultiStackRegistration
(Thévenaz et al., 1998).

2.6 Statistical analysis

Experiments were conducted in triplicate with at least two biological repeats. All
statistical analyses were conducted in Graphpad Prism 9.5.0 for Windows, GraphPad

software, San Diego, California USA, www.graphpad.com. The following analyses

were used: an unpaired, two-tailed t-test; an ordinary one-way analysis of variance
(ANOVA) with — Dunnett’s multiple comparisons test, when comparing conditions to
wild-type, or Tukey’s multiple comparisons test, when comparing between all

conditions.
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Growth/lysis assays were analysed by comparison of the time taken for cultures to
recover growth to the ODsgo at which antibiotic was added to the culture, each graph
represents one biological repeat, with statistical analysis of that repeat only; analysis
of the second biological repeat of each experiment can be found in the appendix of this
report.
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Chapter 3 — Membrane composition and fluidity in susceptibility to
LL-37

3.1 Introduction

The role of membrane composition in susceptibility to cationic AMPs has been studied
in a range of bacterial species (Ernst & Peschel, 2011). It is well established that the
presence of cationic L-PG in the cytoplasmic envelope of S. aureus protects it from
cationic AMPs — in a mutant lacking L-PG, susceptibility to LL-37 is significantly
increased (Ernst ef al., 2009). However, to the best of my knowledge, this research
has not yet been extended to the Gram-positive model organism B. subtilis. B. subtilis
is a useful tool in studying the factors that make bacteria susceptible to antibacterial
substances, as it is genetically tractable and very well studied, including its lipid and
overall envelope composition. This means it is easy to make and understand the
outcome of genetic mutations — much of the understanding and manipulation achieved

with B. subtilis has not yet been matched in other bacterial species.

B. subtilis strains lacking the non-essential membrane lipid head groups have provided
an invaluable tool in investigating the role of membrane head groups in cellular
processes (Salzberg & Helmann, 2008). The B. subtilis deletion library established by
Koo et al. (2017) enables analysis of the role of any non-essential gene of the
bacterium, by comparing wild-type and gene knockout phenotypes. From this library,
and strains constructed by the Strahl group, we also have strains lacking LTA, WTA
and D-alanylation. By using these lipid head group and teichoic acid mutant strains,
the role of B. Subtilis envelope composition can be investigated in relation to LL-37
susceptibility.

Additionally, the role of membrane fluidity in susceptibility to AMPs has long been
hypothesised — it seems highly plausible that the packing of membrane phospholipids
should impact the ability of membrane disrupting antimicrobials to interact with the
membrane. Yet, this had not been possible to test due to a lack of means to alter
membrane fluidity in a controllable manner in living cells. However, the recent
development of B. subtilis strains in which the membrane fluidity can be directly altered
in living cells provides a means to assay the impact of membrane fluidity on
susceptibility to antimicrobials (Gohrbandt et al., 2022). Membrane fluidity can also be

altered via growth temperature. Whilst cells adapt to maintain constant membrane
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Figure 3.1. B. subtilis overcorrects membrane fluidity upon temperature
change. Fluorescent polarisation of B. subtilis grown at 30, 37 and 45 °C as
measured by DPH anisotropy by Dr Kenneth Seistrup, 2018. “Higher values signify
more rigid membranes, while lower values signify more fluid membranes. Error bars
represent standard deviation. n=3" (Seistrup, 2018, p. 74).

fluidity at different temperatures via homeoviscous adaptation, it was found by a
previous PhD student that B. subtilis over-corrects when grown at varying
temperatures (Fig. 3.1; Seistrup, 2018). Meaning when grown at 30 °C, which will
cause the cytoplasmic membrane to become more rigid, the cells counter this and
instead have a more fluid membrane than those grown at 37 °C. Likewise, when cells
are grown at 45 °C, inducing more fluid membranes, the cells counter this and instead
have more rigid membranes. A final method to alter membrane fluidity is by the addition
of benzyl alcohol, which has a fluidising effect on the membrane (Coster & Laver, 1986;
Friedlander et al., 1987). The addition of benzyl alcohol counteracts the membrane
solidifying effect of cold-shock in B. subtilis, leading to benzyl alcohol being established
as a positive control for high membrane fluidity (Strahl et al., 2014; Zielinska et al.,
2020). Altogether, there are now a range of direct and indirect methods by which
membrane fluidity can be altered for the purposes of testing the role of membrane
fluidity in cell envelope processes and interactions.

In this chapter, | aimed to use the range of B. subtilis cell envelope mutant strains and
varying growth conditions to alter membrane fluidity established to provide a thorough
investigation of the role of cell envelope composition in susceptibility to LL-37. | tested
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the hypothesis that membrane fluidity would impact the ability of LL-37 to interact
bacterial membranes. Where appropriate, and possible, comparisons have been made
to the pathogenically relevant Gram-positive species S. aureus.

3.2 Results
3.2.1 Phospholipid head group composition has little effect on LL-37
susceptibility
| first used B. subtilis membrane phospholipid head group mutants, described by
Salzberg & Helmann (2008), to assess the role of cytoplasmic membrane composition
in susceptibility to LL-37. A MIC assay was undertaken, to identify strains in which the
MIC deviated from that of wild-type B. subtilis. This assay showed that strains lacking
CL, PE and PS & PE were as susceptible as wild-type, as their LL-37 MIC was the
same as wild-type. Surprisingly there was also no change in MIC with the lack of L-
PG, a cationic head group. Only the loss of GLs made B. subtfilis more susceptible to
LL-37, seen in the reduction of LL-37 MIC from 20 to 10 ug mL™" (Table 3.1).

Table 3.1. Minimum inhibitory concentration (MIC) of LL-37 against B. subtilis
(n=3).

B. subtilis strain | LL-37 MIC (ug mL™")
Wild-type 20
AL-PG 20
ACL 20
AGL 10
APE 20
APS & APE 20

In addition to a MIC assay, susceptibility can also be assayed by growth/lysis assays,
in which the growth of bacteria is followed over time upon addition of LL-37. When
these head group deficient strains were assayed in this way, the clear increase in
susceptibility of the GL deficient strain was immediately evident, as it took much longer
than other strains to recover growth following LL-37 addition (indicated by an increase
in ODeoo; Fig. 3.2a). Analysis of the time taken for cultures to recover to the initial ODeoo
at which LL-37 was added, showed that whilst the recovery of most strains took just

over 2 hours, when GLs were absent the time to recover was significantly increased to
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Figure 3.2. Glycolipid deficient B. subtilis is more susceptible to LL-37 than
wild-type, whilst the loss of cardiolipin is protective. a) Growth/lysis of B. subtilis
strains lacking lysyl-phosphatidylglycerol (L-PG), cardiolipin (CL), glycolipids (GL),
phosphatidylethanolamine (PE), and phosphatidylserine (PS) & PE upon the
addition of 20 ug mL-" LL-37 (indicated by arrow). b) Analysis of the time taken for
each strain to recover to the initial optical density at which LL-37 was added;
analysed by unpaired ordinary ANOVA with Dunnet’'s multiple comparisons test
comparing to wild-type (WT), **** represents p < 0.0001. Data represented as
meanzSD (n=3).

5 hours (Fig. 3.2b). This assay also revealed that a lack of CL conferred a slight
protective effect to B. subtilis, however this protection was not sufficient to increase the
LL-37 MIC (Table 3.1) but did significantly improve recovery time (Fig. 3.2b). Through
conducting both MIC and growth/lysis assays with these strains, it became clear that
growth/lysis kinetics were more informative than MIC values. Therefore, growth/lysis
assays are the preferred technique to assess LL-37 activity throughout this report.

3.2.2 Loss of teichoic acids sensitises B. subtilis to LL-37

The increase in LL-37 susceptibility observed in the GL deficient strain (Fig. 3.2)
indicated that GLs must contribute to a mechanism that protects B. subtfilis from LL-37.
GLs form the membrane domain of LTAs, anchoring the teichoic acid to the outer
leaflet of the cytoplasmic membrane (Toon et al., 1972). In a AGL mutant LTA
synthesis is impacted, it may be that this change in LTAs is responsible for the
increased susceptibility of the AGL strain to LL-37 (Salzberg & Helmann, 2008).
Therefore, | investigated the susceptibility of teichoic acid deficient strains to LL-37.

Both forms of teichoic acid present in B. subfilis, LTA and WTA, were investigated.

One complication in this experiment was the phenotype of the AWTA strain, as in

addition to lacking WTA, this strain also loses its rod-shaped morphology and instead
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transitions into slow-growing round cells (Soldo et al, 2002). This round cell
morphology lowers the ODgoo of a given cell density, meaning the cell density
suggested by the ODsoo of AWTA is not equivalent to that of wild-type and ALTA,;
however, the effects of differing concentrations of LL-37 could still be compared
between the cultures despite the differences in ODsoo range.

The effect of a range of LL-37 concentrations was first assessed by lysis assay against
wild-type B. subtilis cells; in this assay | used a range of LL-37 concentrations as this
enables the effect of a low concentrations of LL-37 to also be assessed — this is only
possible experimentally when fewer strains are assayed. The highest concentration of
LL-37, 20 ug mL™" caused rapid lysis, reducing the culture ODsoo before the cells were
then able to recover and grow to stationary phase (Fig. 3.2a). Both 10 & 5 uyg mL™" LL-
37 caused a lesser degree of lysis, whereas the lowest concentration of 2.5 ug mL"’
caused very little effect relative to the untreated culture. In comparison to wild-type B.
subtilis, 20 yg mL-" had a much more striking effect against both the AWTA and ALTA
strains, with lysis that reduced the culture ODsoo but also remained at this low level for
a longer duration, showing the cells were less able to recover from treatment with 20
ug mL' LL-37 (Fig. 3.3a,b&c). A similar dramatic lysis was seen with 10 uyg mL" LL-
37 against both strains, however whilst AWTA did not recover from this, ALTA was
able to recover growth after an extended period of low ODeoo. Lower concentrations of
LL-37 also had an increased effect against the teichoic acid-deficient strains, as seen
through the ability of wild-type cells treated with all concentrations to recover growth to
that of untreated cells by ~5 hours growth, whereas no AWTA and ALTA cells treated
with LL-37 recovered growth to untreated levels by the end of the 8-hour period. The
striking lytic effect and inability to recover of either LTA or WTA deficient cells (Fig.
3.3b&c), meant it was not possible to assess the time to recover from 20 ug mL" of

these strains.

3.2.3 D-alanylation of teichoic acids is protective against LL-37

To examine how teichoic acids may be protecting B. subtilis from LL-37, the role of D-
alanylation was assessed. Both LTAs and WTAs can be modified with cationic D-
alanine residues, conferring positive charges to the normally anionic polymers — it is
thought this decoration with positive residues can repel cationic AMPs (Wecke et al.,
1997; Saar-Dover et al., 2012). In the absence of D-alanylation (AdlItA), B. subtilis was
much more susceptible to LL-37 than wild-type (Fig. 3.4a). Initial lysis of AdItA was

dramatic when treated with both 20 and 10 ug mL-' LL-37, these cultures also took far

50



Wild-type
2.0
1.5
8
DO 1.04 20 pg mL”’!
@] —=— 10ugmL"’
—— 5ug mL’
0.59 - 2,5|ngL'1
Untreated
0.0 , ,
0 2 4 6 8
Time [h]
b) c)
AWTA ALTA
0.5 2.04

0.4

§ 0.3 ¢//”“~_-___—M

Time [h] Time [h]

Figure 3.3. Wall teichoic acid and lipoteichoic acid deficient strains have
increased susceptibility to LL-37. Growth/lysis of (a) wild-type, (b) wall teichoic
acid (WTA) deficient, and (c) lipoteichoic acid (LTA) deficient B. subfilis upon the
addition of LL-37 (indicated by arrow). Data represented as meanSD (n=3).

longer to recover their growth (Fig. 3.4b). Lower concentrations of LL-37 were also
more effective against AdltA, as wild-type treated with 2.5 uyg mL" LL-37 had no
discernible growth lag compared to untreated, whereas this concentration caused a
slight growth delay from which AdltA cells had still not recovered by 8 hours. When
comparing the time to recover to the initial ODsoo at which LL-37 was added to the 20
ug mL" cultures, AdItA took significantly longer to recover, evidencing its increased
susceptibility to LL-37 whilst not fully accounting for the extended lysis of teichoic acid

lacking strains (Fig. 3.4c).

3.2.4 Membrane fluidity altered through Abkd Ades auxotrophy does not
impact susceptibility to LL-37

| next looked at the role of fatty acid composition and membrane fluidity in susceptibility

to LL-37. | employed the recently developed method of Gohrbandt et al. (2022) in

combination with LL-37 treatment. This method uses B. subtilis Abkd Ades, these

deletions mean it cannot synthesise its own BCFA precursors or UFAs and so is an
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Figure 3.4. D-alanylation deficient B. subtilis is more susceptible to LL-37.
Growth/lysis of (a) wild-type and (b) D-alanylation (AdltA) deficient B. subtilis upon
the addition of LL-37 (indicated by arrow). ¢) Analysis of the time taken for each
strain treated with 20 ug mL" LL-37 to recover to the initial optical density at which
LL-37 was added; analysed by unpaired two-tailed t-test, *** represents p < 0.001.
Data represented as meantSD (n=3).

auxotroph for BCFA precursors. Through the feeding of specific BCFA precursors the
BCFA content of Abkd Ades can be specified, resulting in a means to control
membrane fluidity in vivo in B. subtilis. The precursors used to alter membrane fluidity
are isobutyric acid (IB) and 2-methylbutyric acid (MB), IB provides the primer for the
synthesis of iso-BCFAs and MB provides the primer for the synthesis of anteiso-
BCFAs, with anteiso-BCFAs being highly fluidity-promoting and iso-BCFAs being low
fluidity promoting. In the absence of precursor this strain cannot grow as the bkd
deletion prevents BCFA synthesis through the FAS Il pathway and the deletion of des
prevents the synthesis of UFAs to compensate for this (Gohrbandt et al., 2022;
Humphrey et al., 2023). To enable specific feeding the strain is grown in SMM, a

minimal medium (Spizizen, 1958).

| first tested the phenotype of the Abkd Ades strain by growing it with IB and MB at
different temperatures — 22, 30 and 37 °C. At 22 °C, growth of precursor free and IB-
fed Abkd Ades was not supported, indicated by the lack of growth/ colonies in the Abkd
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Figure 3.5. Growth of Abkd Ades with IB and MB at different temperatures
shows fluidity promotion of MB. Wild-type (WT), Ades and Abkd Ades B. subtilis
grown on SMM plates either precursor free (PF) or containing isobutyric acid (IB) or
2-methylbutyric acid (MB). Plates were incubated at 22 (4 days), 30 and 37 (2 days)
°C before being imaged.

Ades section of the plates (Fig. 3.5). Whereas, the most fluid phenotype, MB-fed Abkd

Ades, was viable at this temperature, as shown by the opaque growth on the plate. At
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30 °C both IB- and MB-fed Abkd Ades were able to grow, but the precursor free Abkd
Ades was not viable. At 37 °C, Abkd Ades grew in all 3 conditions, precursor free, I1B-
fed and MB-fed; however, the growth of precursor free Abkd Ades was limited
compared to the other conditions, seen in the small colonies of precursor free,
compared to the dense lawn streak of IB- and MB-fed (Fig. 3.5). Having observed the
expected phenotype of Abkd Ades — with growth at low temperatures dependent on
anteiso-BCFA synthesis, | continued to assay the susceptibility of the strain to LL-37
when grown with the different BCFA precursors, as this results in highly variable levels
of membrane fluidity.

The auxotrophy of Abkd Ades for BCFA precursors was seen in the inability of
precursor free Abkd Ades to grow in liquid medium, whereas IB- and MB-fed Abkd
Ades grew well (Fig. 3.6a). Treatment of wild-type B. subtilis grown in SMM with LL-37
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Figure 3.6. Fluidity altered by BCFA feeding has little impact on susceptibility
to LL-37. Growth/lysis of B. subtilis wild-type, Ades and Abkd Ades with isobutyric
acid (1B), 2-methylbutyric acid (MB) or no precursor either (a) untreated, or (b) upon
the addition of 20 yg mL™" LL-37 (indicated by arrow) at 37 °C. c¢) Analysis of the
time taken for each strain treated with 20 uyg mL™" LL-37 to recover to the initial
optical density at which LL-37 was added; Abkd Ades + IB/MB analysed by unpaired
two-tailed t-test, p value is indicated. Data represented as meanzSD (n=3).
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resulted in the same lysis and recovery seen previously (Fig. 3.6b), except the recovery
took slightly longer due to the minimal medium supporting slower growth — this slow
growth was also seen in the untreated cultures (Fig. 3.6a). The strains lacking Des and
BKD all recovered slower than wild-type and suffered a higher degree of lysis when
treated with LL-37. The strain lacking both BKD and Des was more susceptible than
that lacking Des alone, however there was only a small difference in recovery time of
Abkd Ades fed IB or MB. Whilst the difference between their recovery time was found
to be significant (Fig. 3.6¢), the values themselves were very similar — 5.96 h and 5.67
h for IB and MB, respectively. These findings suggested that fluidity does not impact
susceptibility to LL-37, so | sought to confirm this key result by pursuing additional

methods in which fluidity can be altered.

Feeding Abkd Ades with MB gives the most fluid membrane composition of this strain
(Gohrbandt et al., 2022). Through the artificial expression of des, to synthesise UFAs,
this could make the MB-fed strain have even higher membrane fluidity, and thus would
provide a means to assay whether very fluid membranes impact LL-37 activity;
therefore, | looked to test this. As previously seen, wild-type B. subtfilis recovered better
from LL-37 than the Abkd Ades mutant (Fig. 3.6b, 3.7a). Between the Abkd Ades + MB
un/induced cultures treated with LL-37 there were very few differences (Fig. 3.7b&c).
The highly fluid induced culture suffered significant lysis and delayed recovery when
treated with 20 yg mL-' LL-37 but as did the culture in which des was not induced —
when the time to recover from 20 ug mL" LL-37 between the two was compared the
values were very similar and not found to be significantly different (Fig. 3.7d).
Similarities remained at lower concentrations of LL-37, with 10 and 5 yg mL™" also
inducing lysis in both uninduced and induced cultures, but to a lesser extent so that
cells recovered from more quickly. Between all three cultures, 2.5 yg mL' LL-37 had
very little effect, with the growth being only very slightly below that of untreated (Fig.
3.7a,b&c). In summary, altering membrane fluidity of Abkd Ades through precursor
feeding or induction of des did not hugely impact B. subtilis susceptibility to LL-37. To
enable a firm conclusion to be drawn surrounding the potential role of membrane
fluidity in LL-37 activity, | decided to pursue further membrane fluidity altering
techniques, in combination with LL-37 susceptibility testing.
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Figure 3.7. High membrane fluidity does not change susceptibility to LL-37.
Growth/lysis of B. subtilis (a) wild-type, Abkd Ades Pspac-des with 2-methylbutyric
acid (MB) and des expression (b) uninduced and (c) induced by 1 mM IPTG, upon
the addition of 20 yg mL-' LL-37 (indicated by arrow) at 37 °C. d) Analysis of the
time taken for each strain treated with 20 uyg mL™" LL-37 to recover to the initial
optical density at which LL-37 was added; Abkd Ades + MB with des expression
un/induced analysed by unpaired two-tailed t-test, p value is not significant (ns).
Data represented as meantSD (n=3).

3.2.5 Membrane fluidity altered by temperature does not impact susceptibility
to LL-37

| next used growth temperature as a proxy for membrane fluidity, as described by
Seistrup (2018). | combined LL-37 susceptibility assays with growth at 30, 37 and 45
°C. As a control for generic AMP activity, this assay was also conducted with MP196.
MP196 is a synthetic hexapeptide composed of six alternating residues of tryptophan
and arginine residues; the structure of MP196 represents the minimal pharmacophore
of positively charged and hydrophobic amino acids of cationic AMPs (Strem et al.,
2003; Chantson et al., 2006; Wenzel et al., 2014). At all three temperatures both 20
and 10 pyg mL" LL-37 induced lysis, whereas 5 ug mL" induced a slight growth
inhibition (Fig. 3.8a). When treated with 2.5 yg mL™" LL-37, cultures grown at the three

temperatures all appeared unaffected, as their growth was very similar to that of the
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Figure 3.8. Fluidity altered by temperature has little impact on susceptibility
to LL-37. Growth/lysis of B. subtilis wild-type grown at 30, 37 and 45 °C upon the
addition of (a) LL-37 or (b) MP196 (indicated by arrow). Data represented as
meanxSD (n=3).

untreated culture in each condition. Between the growth temperatures the notable
difference was the time it took for cultures to recover their growth, the 30 °C culture
recovered slower than the 37 °C whereas the 45 °C recovered more quickly. However,

it wasn’t pertinent to compare the time to recover of the different cultures as the varying
57



temperatures impact the growth rate of the cultures, which made the time to recover
comparison an uninformative metric in this case (Ratkowsky et al., 1982).

In contrast, the activity of MP196 varied with temperature. At 30 °C, the culture treated
with the highest concentration of MP196 (40 ug mL™") exhibited continued growth for
~1 hour post-addition, followed by lysis from which the cells had not recovered by 5
hours (Fig. 3.8b). Additionally, 20 ug mL"' MP196 also impacted the growth of B.
subtilis at 30 °C — following continued growth for ~1 hour post treatment, this culture
then exhibited slower growth relative to the lower concentrations and untreated
cultures. At 37 °C, the same ~1 hour of continued growth occurred post-addition of 40
ug mL" MP196, followed by lysis, however the culture only lysed for ~1 hour before
growth started to recover as the ODsoo increased (Fig. 3.8b). At 37 °C there was also
little difference between the growth of cultures treated with lower concentrations of
MP196. At 45 °C, when membranes are most solid, 40 ug mL™' MP196 instead caused
~1 hour of growth inhibition, before a small degree of lysis occurred, from which the
culture rapidly recovered, with growth nearly akin to that of the untreated B. subtilis by
5 hours. Membrane fluidity, as controlled by temperature, did not impact the activity of
LL-37 against B. subtilis, whereas it had a significant impact on the activity of the
minimal pharmacophore MP196. MP196 against highly fluid membranes (30 °C)
caused continued growth followed by dramatic lysis, and low fluidity (45 °C) led to
immediate growth inhibition followed by a very low level of culture lysis from which

growth could recover quickly.

3.2.6 Membrane fluidity altered by benzyl alcohol does not impact
susceptibility to LL-37

Altering membrane fluidity through temperature can be confounded by the impact that
temperature has on the growth rate of bacteria. Therefore, | decided to also employ
benzyl alcohol as chemical means to assay the impact of membrane fluidity on LL-37
activity. Benzyl alcohol has been established as a membrane fluidiser, however there
is limited information available on the concentrations to use and the effect these have
on cells (Konopasek et al., 2000; Strahl et al., 2014). | decided to first investigate the
impact of different concentrations of benzyl alcohol on the growth of B. subtilis via a
MIC assay. This revealed the MIC of benzyl alcohol to be 50 mM, however the growth
observed at this temperature was very limited — the wells appeared cloudy as opposed
to the opaque cultures seen at lower concentrations (Fig. 3.9a). Due to the limited

growth of cultures incubated with 50 mM benzyl alcohol, | decided to look at the
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Figure 3.9. High concentrations of benzyl alcohol cause cells to become
elongated and phase light, even higher concentrations inhibit growth. a)
Minimum inhibitory concentration (MIC) assay of wild-type B. subtilis with 100, 50,
25,12.5, 6.25, 3.125 and 0 mM benzyl alcohol (BA). Phase contrast microscopy of

wild-type B. subtilis taken from the MIC assay wells grown with (b) 50 mM, (c) 25
mM and (d) 0 mM benzyl alcohol (BA); scale bar is 30 ym.

morphology of the cells. Cells from the MIC assay that had been incubated with 50 mM
benzyl alcohol were very elongated and appeared phase light, indicating the cells had
lysed (Fig, 3.9b). Whereas cells incubated with half that concentration, 25 mM benzyl
alcohol, appeared much healthier, with a normal short, rod-shaped B. subtilis
morphology similar to untreated (0 mM) cells (Fig. 3.9c&d).

Incubation with 50 mM benzyl alcohol resulted in elongated and phase light cells,
suggesting these cells were able to initially grow, although in a chainy morphology,
before eventually becoming phase light, indicating cell lysis (Fig. 3.9b). As, to the best
of my knowledge, there is limited research on the effects of benzyl alcohol on growing
cells, | wanted to better characterise the activity of benzyl alcohol before using it as a
membrane fluidiser. To achieve this, | undertook microscopy with wild-type B. subtilis
incubated with 50 mM benzyl alcohol and imaged the culture over time. The DNA-
intercalating dye SYTOX Green was used as an indicator of cell permeabilisation, as
it can only enter permeabilised cells and upon entering fluoresces when bound to DNA
(Roth et al., 1997). | used nisin as a positive control for permeabilisation, the rapid
permeabilisation caused by nisin can be seen in the high SYTOX green signal it caused

after 5 minutes of incubation with B. subtilis (Fig. 3.10). When B. subtilis was incubated
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with benzyl alcohol, its morphology was akin to that of untreated cells for the first 30
minutes. By 1 hour of incubation, cells were slightly longer than untreated cells, this
lengthening progressed over time with some cells at 4 hours of incubation appearing
over ~5 times as long as untreated cells (Fig. 3.10). Alongside increased cell length,
the B. subtilis treated with benzyl alcohol also became slightly leaky to SYTOX Green
over time - by 4 hours of incubation with benzyl alcohol, faint SYTOX Green signals
occurred within the cells (Fig. 3.10). The phase light cells seen in Fig. 3.8c are the end
result of this elongated and increasingly leaky growth with 50 mM benzyl alcohol,
showing cells incubated with this concentration whilst initially viable are increasingly

unwell and eventually die.

Having established 50 mM as the maximum concentration of benzyl alcohol to use, |
then combined benzyl alcohol, to increase membrane fluidity, with LL-37 susceptibility
testing. This experiment was conducted at 30 °C, as this is the most fluidity-promoting
temperature (Fig. 3.1). Wild-type B. subtilis was grown with a range of benzyl alcohol
concentrations (6.25 — 50 mM), before antimicrobials were added once ODgoo reached
0.3 — 20 yg mL" of either LL-37 or MP196. | again tested MP196 susceptibility
alongside, as its fluidity-dependent activity (seen in Fig. 3.8b) could function as a
positive control in this experiment. When B. subtilis was grown with benzyl alcohol
alone, 6.25 and 12.5 mM benzyl alcohol had no impact on growth, with the ODeoo
following that of the 0 mM culture (Fig. 3.11a). 25 mM benzyl alcohol caused a slight
slowing of growth, but the culture was still able to achieve stationary phase; whereas
B. subtilis grown with 50 mM benzyl alcohol, whilst initially able to grow slowly, soon
started to lyse (indicated by a decrease in ODeoo; Fig. 3.11a). This aligns with what
was seen in Fig. 3.9b and Fig. 3.10, where cells have initially grown to achieve a chainy
phenotype, but then lysed to give phase light cells.

When 20 ug mL' LL-37 was added to the cultures grown with benzyl alcohol, the
previously seen LL-37-induced rapid lysis and recovery dynamics (Fig. 3.2a) occurred
with 0, 6.25 and 12.5 mM benzyl alcohol (Fig. 3.11b). When 25 mM benzyl alcohol was
present recovery was delayed, but the culture was able to recover its growth, as
indicated by the eventual increase in ODsoo. When 50 mM benzyl alcohol and the
addition of 20 ug mL"' LL-37 were combined, the culture could not recover following
lysis. Whereas with 20 ug mL™' MP196, all cultures grown with benzyl alcohol were
more sensitive to MP196. The cultures grown with 6.25 and 12.5 mM benzyl alcohol
exhibited longer growth inhibition and slower recovery of growth relative
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Figure 3.10. Incubation with benzyl alcohol causes B. subtilis cells to become
elongated and leaky over time. Time-course phase contrast and fluorescent
microscopy of wild-type B. subtilis untreated or incubated with 50 mM benzyl alcohol
(BA), stained with 200 nM SYTOX Green. Nisin (5 pM) used as a positive control
for membrane permeabilisation; scale bar is 5 ym (figure best viewed digitally).
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Figure 3.11. High fluidity induced by benzyl alcohol has little impact on
susceptibility to LL-37 but enhances MP196 activity. Growth/lysis of B. subtilis
wild-type grown with 50, 25, 12.5, 6.25 and 0 mM benzyl alcohol at 30 °C, either (a)
without the addition of an AMP, or upon the addition of (b) 20 ug mL™' LL-37 or (c)
20 yg mL' MP196 (addition indicated by arrow). Data represented as mean+SD

(n=3).

to the 0 mM benzyl alcohol culture (Fig. 3.11c). With 20 mM benzyl alcohol, lysis by
MP196 was extended and recovery of culture growth was very delayed. The
combination of 50 mM benzyl alcohol and 20 ug mL-' MP196 was lethal, as was also
the case with LL-37, with lysis occurring from which the culture could not recover (Fig.
3.11c). Altogether, high membrane fluidity, as induced by benzyl alcohol, significantly
altered the activity of the synthetic pharmacophore MP196 but not the cathelicidin LL-
37, confirming with the previous fluidity-altering techniques that LL-37 activity is not

impacted by membrane fluidity.

3.2.7 Lysyl-phosphatidylglycerol protects S. aureus but not B. subtilis from
LL-37

| next wanted to transfer the observations | had made in B. subtilis to the pathogenic

Gram-positive species S. aureus. | started by comparing what was already known in

S. aureus with the new findings | had made in B. subtilis regarding L-PG content and
62



a) S. aureus b) B. subtilis

2.0+ 1.54
—e—  Wild-type

= AL-PG

ODgo

Time [h] Time [h]

Figure 3.12. Lysyl-phosphatidylglycerol protects S. aureus but not B. subtilis
from LL-37. Growth/lysis of wild-type and AL-PG (a) S. aureus in MHB treated with
100 ug mL' LL-37, and (b) B. subtilis in LB treated with 20 ug mL" LL-37; addition
of LL-37 indicated by arrow. Data represented as mean+SD (n=3).

protection. To define the difference in protection conferred by L-PG to B. subtilis and
S. aureus, growth/lysis assays of the two species, with wild-type and AL-PG strains,
were undertaken. This confirmed that whilst L-PG is extremely protective in S. aureus
— a strain lacking L-PG was unable to recover growth after 8 hours (Fig. 3.12a); the
loss of L-PG causes no discernible difference from wild-type susceptibility in B. subtilis
— AL-PG underwent the same degree of LL-37 induced lysis as wild-type (Fig. 3.12b).

Due to CL conferring a slight protective effect against LL-37 in B. subtilis (Fig. 3.2a), |
investigated whether this may also be the case in S. aureus. To achieve this, a strain
lacking the CL synthases Cls1 and Cls2 was used, ACL. However, it was not possible
to observe any differences between wild-type and ACL S. aureus, as the LL-37 MIC of
wild-type S. aureus was already above the maximum concentration used in the assay
(Table 3.2). The limitations of observing wild-type S. aureus susceptibility to LL-37 in
our laboratory meant that for the remainder of this project, S. aureus AL-PG was used

to study the mechanism of action of LL-37 in S. aureus.

Table 3.2. Minimum inhibitory concentration of LL-37 against S. aureus (n=3).

S. aureus strain LL-37 MIC (ug mL™")
Wild-type (SH1000) >100
ACL (SH1000) >100
Wild-type (SA113) >100
AL-PG (SA113) 40
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3.2.8 S. aureus treated with LL-37 dies, but does not lyse to the same extent
as B. subtilis

| next wanted to establish the medium in which to grow S. aureus AL-PG and to define
the effect of different concentrations of LL-37 against the strain. | compared the
growth/lysis caused by a range of LL-37 concentrations against wild-type and AL-PG
S. aureus in TSB and MHB. TSB is an established and preferred growth medium for
S. aureus (Missiakas & Schneewind, 2013). Whereas MHB is the medium
recommended for MIC testing by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and the Clinical & Laboratory Standards Institute
(CLSI) (Kowalska-Krochmal & Dudek-Wicher, 2021). In both media against wild-type
S. aureus, LL-37 had no discernible impact on the growth of the cultures, with the
cultures treated with 100 ug mL™" growing as well as untreated (Fig. 3.13). In TSB, LL-
37 only had a little effect against AL-PG S. aureus, 100 ug mL"' LL-37 caused
temporary growth inhibition, from which the cells promptly resumed growing after ~2
hours, cultures treated with lower concentrations grew as well as untreated (Fig. 3.13).
Whereas, in MHB AL-PG S. aureus was significantly more susceptible to LL-37, with
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Figure 3.13. The antimicrobial effect of LL-37 is only seen against AL-PG S.
aureus grown in MHB. Growth/lysis of wild-type (SH1000) and AL-PG S. aureus
in TSB and MHB treated with 100, 50, 25, 12.5 and 0 uyg mL™" LL-37; addition of LL-
37 indicated by arrow. Data represented as mean+SD (n=3).
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reduced growth occurring in all cultures treated with LL-37 compared to wild-type. Both
12.5 and 25 ug mL"' LL-37 caused S. aureus AL-PG to exhibit slower growth, from
which the cultures had not reached the same ODeoo as wild-type by the end of the
experiment (~12 hours post LL-37 addition; Fig. 3.13). The higher 50 and 100 ug mL"’
LL-37 concentrations caused growth inhibition, lasting ~3 hours and ~10 hours,
respectively. The clear effects of LL-37 observed against S. aureus AL-PG in MHB, led
me to continue using MHB as the medium in which to grow S. aureus for the remainder

of this project.

LL-37 significantly impacted the growth of S. aureus AL-PG, causing prolonged growth
inhibition (Fig. 3.13). However, | noticed that whilst the effect was dramatic, it differed
from the effect LL-37 had on B. subtilis. B. subtilis lysed when treated with LL-37,
indicated by a decrease in ODsoo (Fig. 3.2a), whereas the ODeoo of S. aureus did not
decrease (Fig. 3.12a), suggesting growth inhibition rather than lysis. To examine
whether this was the case, | undertook a viability assay, in which the ODeoo and c.f.u.
of cultures are followed over time — with ODeoo to indicate cell lysis, and c.f.u. to indicate
cell death. When S. aureus AL-PG was treated with 25 ug mL" LL-37 (added at 0
hours) the culture was able to continue growing for the first 30 minutes, shown by the
ODsoo of the culture increasing to the same extent at untreated cells (Fig. 3.14a). The
culture then exhibited the same growth inhibitory effect observed previously, as the
ODeoo neither significantly increased nor decreased for ~4 hours. However, the viability
of the same culture indicated the S. aureus cells were indeed dying, as the c.f.u. mL"
of the culture decreased rapidly upon exposure to LL-37, and only started to recover
~4 hours after LL-37 addition (Fig. 3.14b). Altogether, this assay showed that whilst S.
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Figure 3.14. S. aureus cells die but do not lyse when treated with LL-37.
a) Growth/lysis of S. aureus AL-PG treated with 25 ug mL" LL-37, and (b) viability
measurements taken at the same time points, colony forming units (c.f.u.) were
calculated via serial dilution and spot assay of the cultures.

65



aureus cells do not lyse when treated with LL-37, they do die, meaning LL-37 is

bactericidal against S. aureus in a manner that is independent of cell lysis.

3.2.9 A S. aureus membrane fluidity control strain requires further research

To replicate the membrane fluidity experiments | conducted in B. subtilis, | wanted to
establish a method comparable to B. subtilis Abkd Ades in S. aureus. S. aureus has a
similar BCFA synthesis pathway to B. subtilis, so a tuneable lipid composition strain
should be achieved by a similar deletion in the bkd operon; additionally, S. aureus has
not been found to encode a des desaturase so Abkd should be sufficient (Singh et al.,
2008). A strain with these requirements was constructed by Singh et al. (2008), this
was achieved via the insertional activation of JpdA in the BKD operon, | have denoted
this strain as AlpdA. | requested this strain to test whether it would have the same
BCFA auxotrophy as B. subtilis Abkd Ades, and thus could have its membrane fluidity
altered by BCFA precursor feeding.

| first wanted to establish the best growth medium for this strain, as Abkd Ades requires
a minimal medium to ensure specific BCFA precursor feeding, | needed a similar
medium for S. aureus AlpdA (Gohrbandt et al., 2022). | compared growth in rich LB
medium with two minimal media, SMM adapted for S. aureus and CDM (Spizizen,
1958; Machado et al., 2019). Growth of wild-type in LB was dense with the typical
yellow colour conferred by staphyloxanthin (Fig 3.15a; Pelz et al., 2005). This yellow
pigment also occurred in wild-type grown in CDM, whereas it was weak when grown
in SMM. A similar robust growth occurred with AlpdA in LB, with CDM also supporting
better growth than SMM (Fig. 3.15a). | decided to take CDM forward as the minimal
medium in which to grow AlpdA, as it supported better growth than SMM and is an
established minimal medium for growth of S. aureus (Machado et al., 2019). To test
the potential auxotrophy of AlpdA for BCFA precursors, | grew AlpdA, and wild-type S.
aureus on CDM plates containing either no precursor or MB at 15, 22, 30 and 37 °C. |
tested growth at 15 °C as S. aureus can grow better at lower temperatures than B.
subtilis, meaning its membrane fluidity should be tested at a wider range of
temperatures (Schmitt et al., 1990). At 20, 30 and 37 °C, AlpdA growth was comparable
to that of wild-type on precursor free plates, with thick streaks of growth on the plates
(Fig. 3.15b). Only at 15 °C did AlpdA struggle to grow on precursor free CDM, whereas
when MB was present the culture streak grew to a similar degree as wild-type.
However, AlpdA was still able to somewhat grow at this temperature, compared with
the complete lack of growth of B. subtilis Abkd Ades at 20 °C, causing concern that
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Figure 3.15. Growth of AIpdA S. aureus is not dependent on BCFA precursors.
a) Overnight liquid growth of S. aureus SH1000 and AlpdA in LB, fortified SMM and
CDM, AlpdA was supplemented with BCFA precursors. b) Solid growth of SH1000
and AlpdA on CDM plates either precursor free (PF) or containing 2-methylbutyric
acid (MB), at 15, 20, 30 and 37 °C. ¢) Growth of SH1000 and AlpdA in CDM media,
with the addition of isobutyric acid (IB), MB and PF; data represented as mean+SD
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AlpdA was not completely auxotrophic for BCFA precursors. Due to this, | conducted
growth curves of AlpdA in CDM with and without precursors to visualise its growth.
AlpdA was grown at 37 °C in CDM, with wild-type S. aureus used a positive control for
healthy growth. This assay revealed no difference in growth between AlpdA
supplemented with 1B, MB or no BCFA precursor (Fig. 3.15c), indicating AlpdA is not
an auxotroph for BCFA precursors, as it is able to grow in their absence.

The lack of BCFA auxotrophy in AlpdA caused me to use genomic sequencing to verify
if there was indeed an insertion within [pdA to inactivate its activity in the BKD complex.
The genomic DNA of wild-type and AlpdA was sequenced and the genomes were
analysed for insertions, deletions, and structural variants. This analysis confirmed the
presence of an insertion in the IpdA gene of the AlpdA strain, as no reads extended
through the region in which the insertion was identified, whereas in wild-type, multiple
reads traversed the insertion site (Fig. 3.16). Due to the surprising lack of BCFA

auxotrophy in AlpdA, despite the confirmed insertion, | did not pursue using this strain
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Figure 3.16. S. aureus AIpdA contains an insertion in IpdA. Sequence analysis
of wild-type (SH1000) and AlpdA S. aureus using CLC Genomics Workbench
(Qiagen), a threshold of >50% occurrences was set for detection of
insertions/deletions/structural variants.
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in combination with LL-37 susceptibility, as it would not give the same insights as B.
subtilis Abkd Ades. | instead focused on investigating the mechanism of action of LL-
37 for the remainder of my project, as described in chapters 4 and 5. Altogether, more
research is need for the development of fatty acid modification strains in S. aureus.

3.3 Discussion

The protective role of L-PG against cationic AMPs has been established in a range of
Gram-positive and Gram-negative bacteria, including the pathogenic species S.
aureus and P. aeruginosa (Ernst & Peschel, 2011; Golla et al., 2020). L-PG confers a
positive charge to the cytoplasmic membrane via the presence of a cationic lysine on
PG (Staubitz & Peschel, 2002). In this chapter, | aimed to define whether L-PG also
conferred a protective effect against the cathelicidin LL-37 in B. subtilis and looked into
the role of other membrane lipid head groups in susceptibility to LL-37. By establishing
the similarities between B. subtilis and pathogenic Gram-positive species, the
suitability of using B. subtilis as a model organism for investigating LL-37 susceptibility
against Gram-positives can be established. Investigating the role of other membrane
lipid head groups also extends the current research, which mainly focuses on L-PG, to
the wider composition of bacterial membranes and cationic AMP interactions.

MIC and lysis/growth assays revealed L-PG conferred no protection against LL-37, as
strains lacking L-PG were equally susceptible to LL-37 in both the MIC of LL-37 and
lysis/growth profiles (Table 3.1, Fig. 3.2). This contrasts with other Gram-positive
bacteria, including the closely related species B. anthracis and also S. aureus, in which
L-PG has been observed to protect against LL-37 (Fig. 3. 12a; Ernst & Peschel, 2011).
In B. anthracis, L-PG deficient cells were found to be ~360-fold more susceptible to
LL-37 than wild-type, contrasting with the lack of any increase in susceptibility |
observed in B. subtilis (Samant et al., 2009). The lack of any protection conferred by
L-PG in B. subtilis against LL-37 is surprising and suggests differences in the
interaction of LL-37 with different bacterial species. The lipid compositions of B. subtfilis
and S. aureus have been characterised as follows (Koch et al., 1984; Matsuoka et al.,
2011):
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Table 3.3 Membrane lipid composition of B. subtilis and S. aureus. As described
by Koch et al. (1984) and Matsuoka et al. (2011). Included are phosphatidylglycerol
(PG), phosphatidylethanolamine (PE), glycolipids (GL), lysyl-PG (L-PG) and cardiolipin
(CL). PE is not produced by S. aureus (Hines et al., 2020).

Membrane B. subtilis S. aureus
Lipid (%) (%)
PG 37.5 50.4
PE 30.5 -
GL 16.9 32.7
L-PG 7.8 9.9
CL 4.5 1.1

There is not a large difference in the amount of L-PG present in the cell envelopes of
B. subtilis and S. aureus (Table 3.3). Suggesting the difference in protection conferred
by L-PG in the two species is not due to the proportion of L-PG present in the
membrane. Hence, it is not immediately clear why the L-PG protective mechanism,
which is so efficient in S. aureus and B. anthracis, is not effective in B. subtilis.

In the growth/lysis assay with membrane lipid deficient strains, | also observed a slight
improvement in recovery from LL-37 when CL was deleted (Fig. 3.2a); this protection
was not sufficient to increase the MIC of LL-37 (20 ug mL-', same as wild-type), but
did significantly reduce the time taken for cultures to recover (Fig. 3.2b). CL is anionic
and has four fatty acid tails, this confers a conical shape to the phospholipid and so is
thought to cause preferential localisation of CL at the cell poles and septal regions —
this has been observed in B. subtilis and E. coli (Mileykovskaya & Dowhan, 2000;
Kawai et al., 2004; Muchova et al., 2011). Previous visualisation of LL-37 attack on
single E. coli cells revealed preferential attack on septating cells (Kristian et al., 2007;
Sochacki et al., 2011). It may be that LL-37 has some preference for either regions of
negative curvature, such as the cell poles and septa, or for CL itself — as CL is anionic
and LL-37 is cationic this is possible. However, there are two more recent findings that
negate this hypothesis. Firstly, similar visualisation of LL-37 attack on single B. subtilis
cells did not observe the same preference for septal regions (Barns & Weisshaar,
2013). Secondly, the technique used to identify CL domains at the septa of B. subtfilis
by Kawai et al. (2004) has recently been shown to be flawed in its specificity for CL in

B. subtilis and E. coli. This research found that the dye thought to preferentially strain
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CL does not exhibit the same lipid species specificity in B. subtilis; and in E. coli it was
shown that the domains bound are anionic phospholipid rather than solely CL (Oliver
et al., 2014; Pogmore et al., 2018). Altogether, these factors make it difficult to draw a
firm conclusion behind why the lack of CL is protective in B. subtilis. A surprising link
between LL-37 and CL was also observed recently, as LL-37 exposure was found to
increase the proportion of CL in S. aureus by 32% (Ledger et al., 2022). This suggests
in S. aureus upregulation of CL may confer protection, opposing the protective effect
of CL loss | observed in B. subtilis (Fig. 3.2). These contrasting findings highlight the
future need to directly investigate the role of CL in S. aureus susceptibility to LL-37,
something | was unable to achieve due to concentration limits with the media and

strains | was using (Table 3.2).

The increased susceptibility of the B. subtilis GL deficient mutant (Table 3.1, Fig. 3.2)
immediately led me to look into the role of teichoic acids in susceptibility to LL-37, as
GLs function as the lipid anchor for LTAs (Toon et al., 1972). In GL mutants, LTAs are
still synthesised but are anchored directly to the membrane, as opposed to through the
GL DAG (Salzberg & Helmann, 2008). This change to anchoring could impact the
localisation or number of LTAs in the membrane, changes to either of which would
make the GL deficient strain more susceptible to LL-37 if LTAs protect against it. The
increased susceptibility of WTA and LTA deficient strains confirmed that teichoic acids
confer protection against LL-37 in B. subtilis (Fig. 3.3). The inability of either culture to
recover to the initial ODeoo at which LL-37 was added over the ~6 hours post addition,
shows both WTA and LTA contribute to protection from LL-37 (Fig. 3.3b&c). To ensure
the increased susceptibility of the WTA deficient strain is due to WTA-conferred
protection, and not the general unwellness of the sick phenotype of these cells (Soldo
et al., 2002), it would be informative to repeat this experiment with an antimicrobial with
a distinct mechanism of action that should be unaffected by teichoic acid composition
such as valinomycin, a potassium ionophore (Huang et al., 2021). However, we know
so little mechanistically about how teichoic acids may protect against membrane
targeting antibiotics that it is not straightforward to rule out that WTA deficiency would
not impact the activity of valinomycin against the membrane. The difference in
localisation of WTA and LTA also makes my observations interesting; WTAs are
anchored to peptidoglycan and LTAs are anchored to the cytoplasmic membrane, it
remains unclear whether LTAs lay against the cytoplasmic membrane or extend

through the peptidoglycan cell wall (Brown et al., 2013; Percy & Grundling, 2014). Both
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WTA and LTA conferring protection indicates that whatever their localisation, both are
protecting the cell from LL-37; however, due to the lethality of a double deletion, it is

not possible to test the role of teichoic acids altogether (Schirner & Errington, 2009).

| observed that protection conferred by teichoic acids is supported by D-alanylation
(Fig. 3.4), this mechanism has been seen to confer protection to LL-37 and other
cationic antimicrobials in other Gram-positive species such as Streptococcus and S.
aureus (Collins et al., 2002; Saar-Dover et al., 2012). As D-alanine residues are
positively charged, their decoration on anionic teichoic acid polymers can reduce the
net negative charge of the cell envelope, and in doing so reduce the affinity of cationic
LL-37 for the cell (Wecke et al., 1997). Investigating the role of teichoic acids in S.
aureus is complicated by the essentiality of LTA in this species, indicated by the
lethality of a /taS deletion (Grundling & Schneewind, 2007b). However, S. aureus LTA
content can be reduced by a ypfP deletion, the gene responsible for the synthesis of
the GL anchor of LTA (Grundling & Schneewind, 2007a). It was found that AypfP in
the SA113 strain background causes an 87% reduction in LTA relative to wild-type
(Fedtke et al., 2007). WTA in S. aureus is not essential, and its synthesis can be
abolished via deletion of tagO (Weidenmaier et al., 2004). To ensure the protection by
teichoic acids | observed in B. subtilis (Fig. 3.3&4), and other previous research has
observed against similar AMPs, also occurs in S. aureus, susceptibility to LL-37 should
be assayed with S. aureus AypfF, AtagO and AdItA.

Defining the cell envelope composition that impacts susceptibility to membrane-
targeting antimicrobials, such as LL-37, is important as it allows informed approaches
in enhancing their antibacterial activity. For example, recent work by Slavetinsky et al.
(2022) developed monoclonal antibodies that target S. aureus MprF, the L-PG
synthase, preventing its transport activity and so reducing the L-PG content of the outer
leaflet of the cytoplasmic membrane. This inhibition of MprF reduced S. aureus survival
of 45 ug mL" LL-37 from 100% to less than 50% in the presence of antibody. This
technique also restored susceptibility in a daptomycin-resistant clinical isolate of S.
aureus (Slavetinsky et al., 2022). It should be a priority, not just for fundamental
understanding but also clinical outcomes, to continue elucidating the relationship
between membrane and cell wall composition and membrane-targeting antimicrobial

activity.

The lack of any change in susceptibility when membrane fluidity was altered was

surprising and negates one of the main hypotheses of my project. | proposed that the
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increased disorder and the related decreased lipid packing density of more fluid
membranes would enhance interaction and penetration of LL-37 into the cytoplasmic
membrane and so increase susceptibility. However, the summary of 4 distinct
approaches indicates fluidity is not a factor in LL-37 susceptibility, whereas it appears
to modulate the activity of the minimal pharmacophore MP196 (Fig 3.6,7,8&10). In
previous research using model membranes, it was shown that the mechanism of action
of LL-37 alters depending on the fatty acid structure of the membrane, with UFAs
promoting pore formation and SFAs promoting lipid-clustering; interestingly, they
observed that changing the temperature, and so fluidity, of UFA and SFA bilayers did
not alter this FA-dependent activity, which is in agreement with my finding that LL-37
activity is not fluidity dependent (Shahmiri et al., 2016).

Investigation of the role of S. aureus membrane fluidity in antimicrobial susceptibility is
enigmatic, with different studies drawing opposing conclusions. Investigation into the
resistance of S. aureus to thrombin-induced platelet microbial protein 1 (tPMP-1) found
that increased fluidity was associated with protection from tPMP-1 (Bayer et al., 2006).
However, research using S. aureus cells, protoplasts and liposomes found that more
rigid membranes protected against tPMP-1, in addition to another AMP hNP-1 (Xiong
et al., 2005). To follow my research in B. subtilis membrane fluidity with similar
approaches in S. aureus, more dedicated work needs to go into establishing a
complete S. aureus BCFA auxotroph, as opposed to the non-auxotroph AlpdA (Fig.
3.15).  was aware when using AlpdA that it may not have complete BCFA auxotrophy,
as the research that constructed the strain found AlpdA had reduced, not abolished,
BCFA synthesis — BCFA content was reduced from 63.5% in wild-type to 35.4% in
AlpdA (Singh et al., 2008). This indicates S. aureus encodes another means to
synthesise BCFA. Subsequent work by the same group investigated whether pyruvate
dehydrogenase (PDH), which has structural similarities to BKD, also contributed to S.
aureus BCFA synthesis. However, a PDH deficient mutant (ApdhA) had increased
BCFA content (~80%) and when AlpdA and ApdhA were combined the mutant had
higher BCFA content than AlpdA alone (Singh et al., 2018). This means that PDH
evokes changes in BCFA synthesis, but not in the same manner at BKD. Before a S.
aureus tuneable fluidity strain can be designed, full characterisation of S. aureus BCFA
synthesis needs to occur, something which requires prolonged time and attention as it
is an evidently complex process. To overcome these issues in the short-term, benzyl

alcohol and temperature should be used as means to alter S. aureus membrane
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fluidity; to achieve this, the concentrations and conditions used need to be established.
Preliminary work using temperature and benzyl alcohol against S. aureus has been
undertaken (Cebrian et al., 2016); however, the strain and conditions used are not
applicable to my work, meaning this would need repeating under the conditions used
in this report.

My work with S. aureus showed the species to be much more resilient to LL-37 than
B. subtilis. S. aureus required much higher concentrations to inhibit growth, and this
inhibition could only be achieved in a strain lacking L-PG (Table 3.2). Lysis/growth
profiles of S. aureus indicated cells were not lysing, as ODsoo plateaued rather than
decreased upon addition of LL-37 (Fig. 3.13), so | undertook a viability assay to show
that whilst S. aureus treated with LL-37 are not liable to lyse, LL-37 is indeed
bactericidal (Fig. 3.14). The inability of LL-37 to kill wild-type S. aureus in my assays
does not necessarily mean that LL-37 is not effective against S. aureus in its native
conditions within the human body. Multiple studies have found LL-37 to be more
effective against clinical isolates of S. aureus than laboratory strains, and LL-37 has
been found to be more efficacious than conventional antibiotics at clearing planktonic
and biofilm S. aureus (Noore et al., 2013; Kang et al., 2019).

In this chapter, | showed that contrary to other Gram-positive species, B. subtills is not
protected from LL-37 by L-PG; instead, only teichoic acids, and their D-alanylation,
confer protection against LL-37 in cell envelope composition. In agreement with
previous research, | showed that L-PG indeed protects S. aureus but was limited in
further work with S. aureus by the essentiality of genes and the current strains
available. | showed conclusively, by 4 different methods, that membrane fluidity does
not alter susceptibility to LL-37 in B. subtills, whereas it does to the minimal
pharmacophore MP196. This comparison also revealed differences between the effect
of LL-37 and MP196, with LL-37 inducing rapid lysis, whereas MP196 induced a two-
stage slow lysis — the mechanism behind LL-37 inducing such rapid lysis is something
| explore in Chapter 4.
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Chapter 4 — The mechanism of action of LL-37

4.1 Introduction

The current consensus on the mechanism of action of LL-37 is it interacts with the
bacterial cell envelope and permeabilises cells via pore formation to cause cell death.
However, there are gaps in this knowledge, such as the type of pore formed by LL-37,
and whether this pore-forming activity is the only bactericidal activity of LL-37
(Sochacki et al., 2011; Zeth & Sancho-Vaello, 2017). Additionally, LL-37 has been
found to mediate distinct depolarising and permeabilising activity at different
concentrations against B. subtilis (Barns & Weisshaar, 2013). Where and how LL-37
binds bacterial cells is also an important research question. Research of LL-37
interacting with LPS observed cooperative binding — as LL-37 bound LPS, more LL-37
was recruited to bind the LPS as well (Turner et al., 1998). Furthermore, Snoussi et al.
(2018) recently showed E. coli cells that are bound by LL-37 recruit more LL-37, which
again is indicative of cooperative binding. Due to its cationic nature, it is widely
hypothesised that LL-37 would be attracted to anionic components of a bacterial cell,
including not just the cell envelope but also interior components such as DNA and
maybe even the negative transmembrane potential of the cell. Altogether, this leaves
many unknowns in the step-by-step mechanism of action of LL-37, including the
binding of LL-37, how depolarisation is linked to pore formation and other “off-target”
effects; elucidating these would enable informed approaches to potentiating LL-37, by
using other antimicrobials that could enhance the antibacterial activity of the AMP.

Previous comparison of LL-37 against the ion-pore-forming decapeptide gramicidin
and the cell envelope-targeting lipopeptide daptomycin showed LL-37 to induce lysis
much more rapidly than these other antimicrobials - with lysis by LL-37 initiating
immediately, whereas a delay of ~1 hour occurred before gramicidin and daptomycin
treated cultures started to lyse (Kessler et al., 2004; Muller et al., 2016; Seistrup, 2018).
Due to these previous findings, in this chapter | aimed to establish how LL-37 is able
to cause bacteriolysis so quickly, and whether autolysins could be involved in this
process. Autolysins are of interest in this context as previous work by the Strahl group
has shown what was previously thought to be pore formation by daptomycin was in
fact the triggering of autolysis by the lipopeptide, with this autolysis inducing
permeabilisation (Buttress, 2022).
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To elucidate the precise step-by-step mechanism of LL-37’s antibacterial activity, |
wanted to expand on the observations that high and low concentrations have different
depolarising and permeabilising effects against B. subtilis (Barns & Weisshaar, 2013).
To achieve this, | used fluorescent dyes to indicate the permeability and membrane
polarisation of cells treated with LL-37, in combination with fluorescently labelled LL-
37 and different B. subtilis mutant strains. | also aimed to unpick the relationship
between cooperative binding of LL-37 and the effect of different LL-37 concentrations
against B. subtilis, and also explored the targeting of LL-37 to different anionic
components. Finally, | looked into the role of autolysis in the mechanism of action of
LL-37. Throughout this chapter | have again used B. subtilis to investigate the
mechanism of action of LL-37, due to the extended knowledge and mutants available
in this species.

4.2 Results

4.2.1 LL-37 exhibits cooperative binding against B. subtilis

| first examined how concentration impacts the binding of LL-37 to the Gram-positive
model organism B. subtilis at the single cell level. To do this, | used fluorescently
labelled LL-37 at a range of concentrations and correlated the effects of these
concentrations to growth and lysis. This showed low concentrations of LL-37 to exhibit
concentration-dependent and gradual binding of cells, with the fluorescence intensity
of cells treated with 2.5 and 5 ug mL" fluorescent LL-37 comparable to that of the
background fluorescence seen in untreated cells (Fig. 4.1a). At 10 ug mL™" an increase
in LL-37 binding occurred, giving a heterogeneous increase of fluorescence intensity
across the cell population, with some cells being highly bound while others remained
similar to the less bound cells treated with lower concentrations of LL-37. At 20 ug mL-
' the whole population of cells were very highly bound by LL-37, the highly bound state
of 10 and 20 ug mL" treated cells is confirmed by their high fluorescence intensity (Fig.
4.1a). When these binding states are compared to the growth/lysis kinetics of B. subtilis
treated with LL-37, the states coincide with different effects of LL-37. Growing cells
treated with 2.5 and 5 ug mL" LL-37 do not suffer lysis, instead only, transient or no
growth inhibition occurs (Fig. 4.1b). In contrast, cultures treated with 10 and 20 ug mL"
1 suffer pronounced lysis, which takes longer to recover from when 20 yg mL" is added.
The presence of high and low bound cells at 10 yg mL™" may explain why this culture
was able to recover faster, as the less bound cells would not lyse and so growth would
be recovered more rapidly. Altogether, at low concentrations LL-37 exhibited low
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Figure 4.1. High binding of LL-37 induces cell lysis, whilst low binding induces
growth inhibition. a) Single cell fluorescent microscopy quantification of 5-Fam-
LC-LL-37 (Fluor-LL-37) binding to wild-type B. subtilis after 5 minutes incubation;
grey bar indicates median fluorescence intensity; analysed by unpaired ordinary
ANOVA with Dunnet’'s multiple comparisons test comparing to untreated, ***
represents p < 0.001, **** represents p < 0.0001; n = 150. b) Growth/lysis of wild-
type B. subtilis upon the addition of LL-37 (indicated by arrow). Data represented
as mean£SD (n=3).

binding of cells and this caused growth inhibition at most. LL-37 at high concentrations
was able to highly bind cells and this induced cell lysis. The sudden change from
negligible to high binding between 5 and 10 yg mL"' LL-37 (Fig. 4.1a) is implicit of
cooperative binding, as high LL-37 binding does not occur incrementally with
concentration but rather suddenly occurs once a threshold concentration has been
reached. Under these experimental conditions this threshold lies somewhere between
5and 10 yg mL™" LL-37.

To further explore the relationship between LL-37 binding and membrane
permeabilisation, | combined these different concentrations of fluorescently labelled
LL-37 with the permeability indicator SYTOX Blue. In this thesis, permeability dyes
(such as SYTOX Blue) and the phase contrast of imaged cells are used as indicators
of permeability, whereas ODeoo is used to indicate cell lysis. Untreated cells had no LL-
37 bound and no SYTOX Blue fluorescence, indicating they were unpermeabilised
(Fig. 4.2). At 2.5 and 5 yg mL"" LL-37 the majority of cells remained unbound by LL-37
and impermeable. By 10 ug mL-' LL-37 two sub-populations of cells occurred, with a
small number of cells remaining impermeable, and the majority of cells being

permeabilised — seen in their high SYTOX Blue fluorescence intensity. Many of these
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Figure 4.2. High concentrations of LL-37 cause more LL-37 to bind cells than
is required for permeabilisation. Single cell fluorescent microscopy quantification
of SYTOX Blue fluorescence (200 nM) and 5-Fam-LC-LL-37 (Fluor-LL-37) at 0, 2.5,
5, 10, and 20 yg mL™" in wild-type B. subtilis after 5 minutes incubation; n = 107.

permeabilised cells however did not have high fluorescent LL-37 binding, with Fluor-
LL-37 values appearing at the same minimal value of untreated cells (Fig. 4.2). When
20 yg mL' LL-37 was added, this sub-population of lowly bound but permeabilised
cells again occurred; however, a second sub-population was highly-bound by LL-37
and also permeabilised — seen in the high SYTOX Blue intensity (Fig. 4.2). It should

be noted that the Fluor-LL-37 values from this assay and the previous quantification of
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Fluor-LL-37 alone (Fig. 4.1a) are not directly comparable, as different microscopes and
settings were used. However, when the observations of these experiments (Fig. 4.1&2)
are combined, LL-37 at low concentrations hardly bound B. subtilis cells and did not
permeabilise them, whereas higher concentrations caused permeabilisation and a sub-
population of these permeabilised cells exhibited extremely high binding of LL-37.

4.2.2 Low concentrations of LL-37 depolarise cells, high concentrations then
permeabilise cells

Having observed this dose-dependent, surprisingly complex permeabilisation by LL-
37, | next wanted to establish how this related to the depolarising activity of LL-37. To
do so | used a dilution series of LL-37 in fluorescence microscopy with the permeability
indicator SYTOX Green and the cationic membrane polarisation dye DiSCs3(5)
combined (Kepplinger et al., 2018). As positive controls for depolarisation and
permeabilisation, gramicidin ABC and nisin were used. When B. subtfilis was treated
with gramicidin ABC, DiSC3(5) fluorescence was lost, indicating depolarisation. With
nisin, DiSC3(5) fluorescence was lost and SYTOX Green fluorescence was high,
indicating that in addition to being depolarised the cells were also permeabilised, in
this case through pore formation (Fig. 4.3a). Analysis of these microscopy images
revealed three different states of cell present when B. subtilis was treated with LL-37;
these were: polarised; depolarised; and permeabilised cells (permeabilised cells are
also depolarised). Polarised cells, indicated by high DiSC3(5) fluorescence, only
occurred in cultures in the absence or presence of low concentrations of LL-37, such
cells were observed at 0, 2.5 and 5 ug mL™" (green arrows, Fig. 4.3a). Depolarised only
cells, indicated by low DiSC3(5) and low SYTOX Green fluorescence, were only
present in cultures treated with low concentrations, indicating this depolarisation was
caused by low binding of LL-37 (orange arrows, Fig. 4.3a). At high concentrations (10
& 20 ug mL") of LL-37, all cells were both depolarised and permeabilised — shown by
their high SYTOX Green and lack of DiSC3(5) signal (blue arrows, Fig. 4.3a). To
establish the proportion of these cell states in each culture, | quantified this microscopy,
with the portion of the graph into which each cell type should fall shown as guidance
in Fig. 4.3b. Untreated cells had high DiSC3(5) fluorescence intensity, indicating these
cells were polarised (Fig. 4.3b). When low concentrations of LL-37 were present (2.5
and 5 yg mL"), many cells remained polarised; some cells were depolarised, and a
minority were also permeabilised — indicated by low DiSC3(5) and high SYTOX Green
fluorescence, respectively. When LL-37 concentration was increased to above the

threshold for high binding (10 & 20 ug mL™", threshold seen in Fig. 4.1a), all cells in the
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Figure 4.3. Low concentrations of LL-37 depolarise B. subtilis, whilst high
concentrations also permeabilise cells. a) Fluorescent microscopy images
of DiSC3(5) (2 uM) and SYTOX Green fluorescence (200 nM) at 0, 2.5, 5, 10,
and 20 yg mL" LL-37 in wild-type B. subtilis after 10 minutes incubation, and
with gramicidin ABC (5 uM) and nisin (5 yM) after 5 minutes. Examples of
different cell states are indicated: polarised (green), depolarised (orange),
depolarised and permeabilised (blue) — full line beneath indicates all cells,
dotted line indicates some cells; scale bar is 5 ym. b) Single cell quantification
of this microscopy; n 2 97.
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cultures were depolarised and had high SYTOX Green signals, indicating they were
also permeabilised (Fig. 4.3b). In summary, this assay showed LL-37 at low
concentrations caused a heterogenous population of polarised and depolarised cells,
whereas high concentrations caused complete permeabilisation and depolarisation of
the vast majority of B. subtilis cells in the culture.

4.2.3 LL-37 does not exhibit a preference for transmembrane potential or DNA

As LL-37 is a cationic antimicrobial peptide, it could be attracted to negatively charged
regions of a bacterial cell. In addition to the cell envelope factors | examined earlier,
such as teichoic acids and CL, DNA is also negatively charged, and the interior of the
cell is negatively charged relative to the exterior (known as transmembrane potential)
(Flagg & Wilson, 1977; Maffeo et al., 2014). Therefore, | looked to establish whether
transmembrane potential and DNA localisation could impact the binding of LL-37 to B.
subtilis cells. | first compared the ability of LL-37 to bind polarised and depolarised
cells. Cells were depolarised by the addition of carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), a well-established depolarising agent (Strahl & Hamoen, 2010),
then | imaged the cells upon the addition of fluorescently labelled LL-37. This
microscopy showed similar binding by LL-37 to cells with and without CCCP, indicating
LL-37 was able to bind both states of B. subtfilis (Fig. 4.4a). When this microscopy was
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Figure 4.4. LL-37 does not exhibit preference for polarised cells. a) Fluorescent
microscopy images of wild-type B. subtilis treated with 5-Fam-LC-LL-37 (Fluor-LL-
37; 20 ug mL-") and CCCP (100 uM) for 5 minutes, scale bar is 5 ym. b) Single cell
quantification of this microscopy; red bar indicates median fluorescence intensity;
analysed by unpaired two-tailed t-test, p value is not significant (ns); n 2 119.
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quantified no difference in the ability of LL-37 to bind polarised and depolarised cells
occurred, with both being equally bound by the fluorescently-labelled AMP (Fig. 4.4b),
showing LL-37 to bind cells independent of membrane polarisation. This also rules out
the possibility that the cooperative binding that LL-37 exhibits is due to the
depolarisation induced by the AMP, as the depolarised cells were not significantly more

highly bound than the initially polarised cells.

| next investigated whether internalised LL-37 exhibited a preference for DNA, as
suggested earlier (Wu & Tan, 2019); to do so | used fluorescently labelled LL-37 in
combination with the DNA stain DAPI. | did this in AdivIVA cells as the deletion of
divIVA results in a chainy cell phenotype in which minicells devoid of DNA arise due to
issues with cell division in this mutant (Edwards & Errington, 1997; Strahl et al., 2015).
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Figure 4.5. LL-37 does not exhibit preference for DNA-containing regions of
cells. a) Fluorescent microscopy images of B. subtilis incubated with DAPI (100 ng
mL") and 5-Fam-LC-LL-37 (Fluor-LL-37; 20 ug mL-") for 5 minutes, arrows indicate
regions devoid of DNA that contain LL-37; scale bar is 5 ym, region used for
fluorescent quantification contained between 0 and 30. b) Fluorescence intensity
profile of the above microscopy, the fluorescence was normalised against the
maximum fluorescence value in each profile to give a percentage from raw DAPI
fluorescence (a.u.) and Fluor-LL-37 fluorescence (a.u.), the mean fluorescence of
each dye is shown.
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The minicell regions of these chainy cells were used to assay whether LL-37 could
bind DNA-containing and DNA-devoid regions of B. subtilis cells. This microscopy
revealed a diffuse binding pattern of LL-37, with regions of AdivIVA cells that were
devoid of DNA still being bound by LL-37 (indicated by arrows, Fig. 4.5a). | generated
a fluorescence intensity profile across the cell indicated in this microscopy, and this
showed some regions of the cell that contained LL-37 were devoid of DNA, with LL-37
binding always remaining close to the average value (Fig. 4.5b). It does appear that
LL-37 did bind slightly better at regions containing more DNA, as indicated by the high
LL-37 fluorescence at the start and end of the profile where DAPI fluorescence was
also high (Fig. 4.5b), however as LL-37 was also able to bind areas lacking DNA this
relationship doesn’t appear strong or necessary for binding. Together, these
experiments show that LL-37 does not exhibit a preference to DNA or depolarised cells,
with it instead having a diffuse binding throughout the cell.

4.2.4 LL-37 induces rapid lysis

Next, | moved on to looking at the processes in a cell that occur subsequent to LL-37
binding. Previous research has shown LL-37 is able to rapidly trigger cell lysis in B.
subtilis (Seistrup, 2018), | first repeated this experiment myself to ensure this was
indeed the case. | compared lysis induced by LL-37 to the well characterised lytic agent
CCCP. CCCP is a proton ionophore that depolarises the cell, leading to a cascade of
events that eventually trigger cell lysis due to misregulation of autolysis (Jolliffe et al.,
1981; Ghoul et al., 1989). In comparison to the gradual lysis that CCCP induced, LL-
37 instead induced rapid lysis, with ODesoo decreasing within 10 minutes post-addition,
compared to ~1 hour for CCCP (Fig. 4.6a).

Having affirmed the rapid lysis that LL-37 causes in B. subtfilis, | wanted to establish
how this related to the depolarising and permeabilising activity of LL-37. | used time-
course microscopy to follow the membrane polarisation and permeabilisation, using
DiSC3(5) and SYTOX Green, of a culture treated with a high concentration of LL-37
over time. Untreated cells had high DiSCs3(5) fluorescence and no SYTOX Green
fluorescence, showing they were polarised and unpermeabilised; after just 10 minutes
of LL-37 treatment however, cells were depolarised and highly permeabilised, as
indicated by the loss of DiSC3(5) fluorescence and high SYTOX Green fluorescence
(Fig. 4.6b). Cells remained depolarised and permeabilised for the following 90 minutes,
and phase light cells were visible in the phase contrast images — showing cell lysis to

have occurred. Only 120 minutes post-addition were polarised cells starting to become
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Figure 4.6. LL-37 induces rapid lysis. a) Growth/lysis of wild-type B. subtilis upon
the addition (indicated by arrow) of LL-37 (20 ug mL") and CCCP (100 uM). Data
represented as meantSD (n=3). b) Time-course fluorescent microscopy images of
wild-type B. subtilis with DiSC3(5) (2 uM) and SYTOX Green fluorescence (200 nM)
untreated, treated with gramicidin ABC (5 uM) and nisin (5 uyM) after 5 minutes and
with 20 ug mL" LL-37 over time; scale bar is 5 ym.

visible in the culture again, with a heterogenous population of polarised, depolarised
and permeabilised cells occurring (Fig. 4.6b).

4.2.5 LL-37 permeabilises and kills cells independent of autolysis, but the
lysis induced by LL-37 is autolytic

The rapid lysis induced by LL-37 suggested one of two things, either LL-37 was
somehow rapidly triggering autolysis; or the pore-forming activity of LL-37 was directly
responsible for causing cell lysis. To investigate whether LL-37 triggers the autolytic
pathway to induce lysis in B. subtilis, | conducted experiments in a mutant lacking the
autolysins LytABCDEF (LytCDEF are autolysins whilst LytA and LytB are auxiliary to
LytC). I first looked at the permeabilisation and polarisation of AlytABCDEF via SYTOX
Green and DiSC3(5) microscopy. Due to the lack of the LytABCDEF autolysins, there
are cell division defects in this mutant that cause a chainy phenotype (Ohnishi et al.,
1999); however, the mutant is well energised when untreated, as seen in the high
DiSC3(5) fluorescence the cells had (Fig. 4.7a). Within 10 minutes of the addition of 20
ug mL" LL-37 cells were already highly permeabilised and depolarised, indicated by
the high SYTOX Green and low DiSC3(5) fluorescence, respectively. Throughout the
120 minute assay, the AlytABCDEF cells remained depolarised and exhibited retention
of SYTOX Green — where wild-type cells lost SYTOX Green fluorescence over time
(Fig. 4.6b), these AlytABCDEF cells instead retained high SYTOX Green fluorescence
and no phase light cells were observed (Fig. 4.7a). This experiment proved
permeabilisation by LL-37 to be independent of autolysis, as these autolysin deficient
cells were still rapidly permeabilised by the AMP.

The retention of SYTOX Green and lack of phase light cells observed throughout this
microscopy suggested that whilst cells are permeabilised independently of autolysis,
bacteriolysis by LL-37 may require the autolytic process. To test this, | followed the
growth/lysis of AlytABCDEF treated with LL-37. However, due to the chainy phenotype
of AlytABCDEF, following growth/lysis in a plate reader is not possible as the cell shape
interferes with ODgoo readings (Ohnishi et al., 1999). Instead, the ODsoo had to be
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Figure 4.7. Permeabilisation by LL-37 is independent of autolysis, but
autolysins are required for bacteriolysis. a) Time-course fluorescent microscopy
of AlytABCDEF B. subtilis with DiSC3(5) (2 uM) and SYTOX Green fluorescence
(200 nM) untreated, treated with gramicidin ABC (5 pM) and nisin (5 uM) after 5
minutes and with 20 ug mL" LL-37 over time; scale bar is 5 um. Growth/lysis of
(b) wild-type and (c) AlytABCDEF B. subtilis treated with LL-37 at O hours, and
(d) viability of the cultures treated with 20 ug mL-" LL-37, colony forming units (c.f.u.)
were calculated via serial dilution and spot assay of the cultures.

followed manually, | did this in both wild-type and AlytABCDEF B. subtilis. As seen
previously, wild-type cells started to lyse almost immediately upon treatment with 20
ug mL' LL-37, within 10 minutes; 10 uyg mL™" also caused lysis, whereas 5 ug mL""
gave growth inhibition followed by recovery (Fig. 4.7a). When AlytABCDEF was treated
with 20 ug mL™" the culture ODsoo did not immediately decline, instead it plateaued for
the duration of the assay. Lower concentrations of LL-37 against AlytABCDEF also did
not induce lysis, instead a profile akin to growth inhibition occurred, from which the
cultures then recovered growth (Fig. 4.7b). This lack of lysis in AlyfABCDEF could be
taken to mean these cells were not dying in the presence of LL-37. To test if this was
the case a viability assay was conducted alongside of the cultures treated with 20 ug
mL", to enable distinction between cell death and cell lysis. This revealed that the
viability of both wild-type and AlytABCDEF reduced to similar extents, meaning both
were killed by LL-37, and both cultures had started to recover viability by the end of
the experiment (Fig. 4.7c). The lower c.f.u. mL" of AlytABCDEF is due to its chainy

phenotype (Fig. 4.7a), this likely also results in the underestimation of the loss of
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viability. Altogether, this experiment showed that the rapid bactericidal activity of LL-
37 is independent of autolysis, as cells were rapidly permeabilised and lost viability in
the absence of autolysins; however, LL-37 does trigger autolysis in B. subtilis, and it is
this autolysis that is responsible for the rapid bacteriolysis observed when cultures are
treated with LL-37.

4.2.6 LL-37 induces autolysis through LytD and LytE

Having established this link between LL-37-induced lysis and autolysins, | wanted to
identify the specific autolysins that LL-37 induces. To do this, | used B. subtfilis strains
lacking LytABC/LytD/LytE/LytF individually, and also tested CwlO, the autolysin that is
synthetically lethal in combination with LytE; and LytG, the major glucosaminidase
(Horsburgh et al., 2003; Bisicchia et al., 2007). | compared the lysis of these strains to
the lysis experienced by wild-type B. subtilis upon the addition of 20 uyg mL" LL-37.
The lysis of strains lacking LytABC, LytE, LytF LytG and CwIO did not appear much
different from that of wild-type, with all sharing a rapid reduction in ODeoo over 30
minutes followed by recovery within ~2 hours (Fig. 4.8a,b,d,e,f,g). The LytD deficient
strain did not suffer rapid lysis, instead a gradual decline in ODsoo 0ccurred over a 2
hour period, followed by a slow growth recovery (Fig. 4.8c). To enable comparison, |
measured the time to recover to the initial ODeoo at which LL-37 was added for each
strain, this confirmed the delay in recovery for LytD relative to wild-type (Fig 4.8h). It
should be noted that this comparison in this case is slightly complicated by the
somewhat slower growth of the AlytD strain, but nonetheless the rate of lysis in this
strain is still reduced relative to the other autolysin deletion mutants. This shows that
LytD is involved in the autolysis that LL-37 induces in B. subtilis, as in a LytD deficient

strain the ODeoo did not decrease as much or as rapidly as strains expressing LytD.

To assess the extent to which LytD was responsible for the autolysis triggered by LL-
37, | compared the lysis of strains lacking the other autolysins to that lacking just LytD.
As LytE and CwlO are synthetically essential, | used two strains to compare against:
AlytABCEF and AlytABCFcwlO (Bisicchia et al., 2007). When untreated, all of these
strains were able to grow as well as wild-type B. subtfilis (Fig. 4.9a). Upon the addition
of a lower concentration of 10 ug mL™" LL-37, the AlytD strain did not lyse, instead ~1
hour growth inhibition occurred before the culture was able to continue growing (Fig.
4.9b). This lack of lysis and instead short period of growth inhibition also occurred in
the strain lacking LytABCDEF, whereas the AlytABCFcwlO strain had a growth/lysis

89



a) b)
Wild-type AlytABC
1.5 1.5
—— +LL37 —e— +LL-37
—=— Untreated —=—  Untreated
1.0
o
3
(=)
(o]
0.5 ‘
0.0 T T T 1
0 1 2 3 5
Time [h]
c) d)
AlytD AlytE
159 lla7 1.5
- —e— 4 LL-37
—=—  Untreated —=—  Untreated
1.0 1.04
o o
3 3
o [m]
(@] o
0.5 ‘ 0.5
0.0 T T T 1 0.0 T T T T 1
0 1 2 3 5 0 1 2 3 4 5
Time [h] Time [h]
e) f)
AlytF AlytG
(s [ 1.5 +LL-37
—=—  Untreated —=—  Untreated
1.0 1.0
o o
3 8
[a] [a]
(@] (@] ‘
0.5 0.5
y ;
00 . . . . . 0.0+ . . . . .
0 1 2 3 4 5 0 1 2 3 4 5
Time [h] Time [h]
AcwlO h)
1.5 4

+LL-37

—=—  Untreated

ODgo

o =

[4)] o

1 1

Time to recover (h)
- N w
1 1 1
4

0-

Time [h] “A.@‘t:\x&ov\*@v\&v\*&v\‘%fbo
Figure 4.8. LytD is involved in the autolysis triggered by LL-37. Growth/lysis of
B. subtilis strains (a) wild-type, (b) AlytABC, (c) AlytD, (d) AlytE, (e) AlytF, (f) AlytG,
(g) Acwl/O untreated and upon the addition of 20 ug mL-' LL-37 (indicated by arrow).
h) Analysis of the time taken for each strain to recover to the initial optical density
at which LL-37 was added; analysed by unpaired ordinary ANOVA with Dunnet’s
multiple comparisons test comparing to wild-type, * represents p < 0.05. Data
represented as meantSD (n=3).

o
-
N
w
o -

90



Untreated +10 yg mL™" LL-37

Wild-type
—s—  AlytD
—+— AIytABCEF

—v—  AlytABCFowiO
T T 1
0 2 4 6 8

Time [h] Time [h]

Time to recover (h
s

0-
O
b/,Q\Q v\*\o Q)OQ/ ({0@\
N \s O
W

Figure 4.9. LytD and LytE are involved in the autolysis triggered by LL-37.
Growth/lysis of wild-type, AlytD, AlytABCEF, AlytABCFcwlO B. subtilis strains
(a) untreated and (b) upon the addition of 10 ug mL" LL-37 (indicated by arrow).
¢) Analysis of the time taken for each strain to recover to the initial optical density
at which LL-37 was added; analysed by unpaired ordinary ANOVA with Dunnet’s
multiple comparisons test comparing to wild-type; * represents p < 0.05, **
represents p < 0.01. Data represented as meantSD (n=3).

profile more similar to wild-type B. subtilis (Fig. 4.9b). When the time to recover of these
strains was quantified, the ability of the LytD and LytABCEF deficient strains to recover
was significantly improved compared to wild-type (Fig. 4.9c). These comparisons
indicate that in addition to LytD, LytE is also somehow involved in the autolysis induced
by LL-37; as in the absence of LytE, lysis induced by LL-37 is abrogated, whereas

when LytE is expressed, lysis occurs to a more similar extent as wild-type.

As the deletion of lytD had such a striking impact on the lytic activity of LL-37, | decided
to test whether this was due to its oP-dependent expression. o® is the motility RNA
polymerase (RNAP) sigma factor, meaning it promotes the attachment of RNAP to the
initiation sites of specific genes, including lytD (Margot et al., 1994; Marquez-Magana
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& Chamberlin, 1994). To examine the role of a® in the activity of LL-37 against B.
subtilis, | used a strain deficient for the o® gene sigD and followed its lysis and recovery
when treated with LL-37. This growth/lysis assay revealed AsigD to be more
susceptible to LL-37 than wild-type B. subtilis. At all concentrations of LL-37 AsigD
took longer to recover growth following lysis than wild-type, and 2.5 yg mL™" which
against wild-type had no discernible effect relative to untreated caused reduced growth
against the AsigD strain (Fig. 4.10a&b). Comparison of the time taken to recover from
20 ug mL" LL-37 of wild-type and AsigD affirmed this visual comparison, with AsigD
taking significantly longer to recover than wild-type B. subfilis (Fig. 4.10c). Here, again,
slow growth rate complicates comparison as AsigD has a slower growth rate than wild-
type; however, the evident effect of low concentrations against AsigD, that have no
impact against wild-type, provides clear evidence of increased susceptibility of a strain
lacking aoP. Altogether, following permeabilisation of B. subtilis, which itself is sufficient
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Figure 4.10. oP deficient B. subtilis is more susceptible to LL-37. Growth/lysis
of (a) wild-type and (b) o deficient (AsigD) B. subtilis upon the addition of LL-37
(indicated by arrow). ¢) Analysis of the time taken for each strain treated with 20 pg
mL" LL-37 to recover to the initial optical density at which LL-37 was added;
analysed by unpaired two-tailed t-test, * represents p < 0.05. Data represented as
meanzSD (n=3).
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to kill cells, LL-37 triggers autolysis through LytD and LytE, likely with o® involvement,
to cause bacteriolysis of the cell.

4.3 Discussion

Elucidating the mechanism of action of LL-37 would enable informed approaches to
potentiate its activity and so aid immune clearance of bacterial infections. This
knowledge would also aid understanding of similar AMPs and perhaps the
development of synthetic AMPs with enhanced activity for therapeutic purposes. | first
investigated the binding of LL-37 to B. subtilis cells, this revealed a cooperative binding
dynamic, in which binding was either low or high, with no/low binding until the threshold
concentration was reached at which point cells were very highly bound by LL-37 (Fig.
4.1). This supports the previous findings of Turner et al. (1998) and Snoussi et al.
(2018) in which they observed similar cooperative binding by LL-37 to LPS and E. coli
cells, respectively. Cooperative binding is also supported by the small presence of
permeabilised cells at 2.5 and 5 ug mL™" (Fig. 4.3), as this indicates LL-37 is recruited
to these few cells bound by LL-37 at sufficient concentrations to permeabilise the cells,
rather than it exhibiting low binding to all cells within the culture.

The LL-37 binding assay revealed the shift to high binding of LL-37 to B. subtfilis to
occur between 5 and 10 uyg mL" (Fig. 4.1a). When the permeability of cells treated
with a LL-37 concentration range was assayed alongside LL-37 binding, this revealed
very limited permeabilisation by 2.5 and 5 ug mL™" (Fig. 4.2). Together this indicates
that low level of binding of LL-37 is not sufficient to permeabilise cells, suggesting the
cooperative binding property of high concentrations of LL-37 is required for its
permeabilising activity. The correlation of high cooperative binding of LL-37 and
permeabilisation of B. subtilis cells could occur by two different mechanisms. Firstly,
LL-37 might cooperatively bind B. subtilis cells to such an extent that the cell envelope
loses integrity and so is permeabilised. Or secondly, initial binding of LL-37 might
disrupt the cell envelope, permeabilising the cell, which once permeabilised then
facilitates the cooperative binding of more LL-37, giving highly bound, permeabilised
cells. The data presented in this thesis cannot distinguish between these two
possibilities. High concentrations of LL-37 revealed first a shift to high permeabilisation
and then at the highest concentration a sub-population of very highly-bound cells (Fig.
4.2). This supports that high concentrations are required for the pore-forming activity
of LL-37 to permeabilise cells, and also suggests that permeabilised cells recruit more
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LL-37 to become very highly-bound. This high-binding by already permeabilised cells
is suggestive of sequestering activity, in which these dead cells take on more LL-37,
potentiating the survival of other cells in the population that may not be bound by LL-
37. Dead cell sequestration of LL-37 has previously been observed in E. coli (Snoussi
et al., 2018; Wu & Tan, 2019); my findings suggest the ability of permeabilised cells to
continue binding LL-37 is shared across bacterial species. These observations are
important, as they indicate a shortcoming in the antibacterial activity of LL-37, as once
a proportion of a bacterial population have been killed by LL-37, the ability of the AMP
to kill the remaining cells is reduced by the protective effect these dead cells have by
sequestering LL-37 — this is something | investigate further in Chapter 5.

A rather complex relationship between LL-37 concentration, its binding, and the effect
LL-37 has against B. subtilis cells was revealed in my experiments. Low
concentrations, with low binding, induced only depolarisation, whereas high
concentrations, with high binding, induced both depolarisation and permeabilisation of
cells (Fig. 4.3), again indicating high binding is necessary for the permeabilising activity
of LL-37. Similar observations have also been made in B. subtilis by Barns &
Weisshaar (2013), with low concentrations inducing growth inhibition and high
concentrations causing cell shrinkage, which was associated with a loss of turgor.
Together with my results, this suggests their observed growth inhibition at low
concentrations is caused by depolarisation, and that high concentrations cause cell
shrinkage by permeabilisation via the pore-forming activity of cooperatively-bound LL-
37. As only high concentrations of LL-37 cause permeabilised cells, an important
question going forward is how LL-37 can induce depolarisation when at low non-
permeabilising concentrations. The impermeable state of cells treated with 2.5 and 5
ug mL" LL-37 is evident in their lack of SYTOX Blue and Green fluorescence (Fig.
4.2&3). Thus, future work should include elucidating the activity of LL-37 at low
concentrations. One potential mechanism for depolarisation could be a precursor to
the carpet model of AMP activity, which involves AMP coating the cytoplasmic
membrane to such an extent that parts of the membrane start to break away,
permeabilising the cell (Oren & Shai, 1998). Recent work in model membranes
suggested LL-37 does indeed follow the carpet model of membrane disruption, with
LL-37 changing the conformation of phospholipid fatty acid tails and altering the tilt
angle of phospholipids to bring about membrane dissolution (Majewska et al., 2021).

It may be that at low concentrations LL-37 interacts with the membrane sufficiently to
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disrupt its normal organisation, leading to membrane depolarisation, but not at
sufficient amounts to lead to membrane breakaway and permeabilisation. Investigating
this low level activity of LL-37 could be important in enabling synergy with its activity in
vivo, as the depolarising effect of LL-37 could potentiate the activity of other
antimicrobials, giving an enhanced antibacterial response. Barns & Weisshaar (2013)
observed that the cells treated with low concentrations of LL-37 that experience growth
rate inhibition can recover if the LL-37 is washed away, if these cells are akin to the
depolarised only cells | observed in Fig. 4.3 this suggests B. subtilis may be able to
recover from membrane depolarisation induced by LL-37 — this is a question |
investigate further in Chapter 5.

The presence of DNA and membrane polarisation were found to not impact the ability
of LL-37 to interact with B. subtilis cells (Fig. 4.4&5). This negates a previous
hypothesis in which it was proposed DNA would attract LL-37 into the cytoplasm due
to its negative charge (Wu & Tan, 2019). | also investigated transmembrane
polarisation as it is responsible for the internalisation of cell penetrating peptides, short
cationic or amphipathic peptides that are used to deliver molecules across the cell
membrane; their translocation across the membrane is driven by membrane
polarisation pushing the peptide to the interior of the cell (Hoffmann et al., 2018;
Trofimenko et al., 2021). However, in contrast to membrane polarisation being
necessary for the internalisation of cell-penetrating peptides, this was not the case for
LL-37 (Fig. 4.4). These experiments did however reveal a surprising observation, as
after just 5 minutes incubation, LL-37 was bound diffusely across the cell, with no clear
preference for the cytoplasmic membrane (Fig. 4.4&5). This contrasts with the
established dogma of the mechanism of action of LL-37, which centres around the
interaction of LL-37 with the cell envelope (de Miguel Catalina et al., 2019). These
observations do not mean LL-37 does not interact with the cytoplasmic membrane;
however, it does indicate at least that LL-37 is rapidly translocated across the
membrane. To characterise this process fully, an insightful assay would be combining
fluorescence microscopy with microfluidic devices, to enable visualisation of the
transient membrane association step of LL-37 binding. However, this approach is
currently challenging due to the hydrophobic nature of polydimethylsiloxane (PDMS)
used in microfluidic devices, meaning LL-37 would bind to the experimental equipment
and so have limited interaction with the bacterial cells. This experimental impasse

would need to be overcome before such visualisation can take place.
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The rapid cell permeabilisation LL-37 induces in B. subtilis is unlike that seen with
many other membrane active compounds, including CCCP, daptomycin and
gramicidin, which permeabilise the membrane through the autolytic process (Fig. 4.6a;
Seistrup, 2018). This rapid permeabilisation LL-37 induces is evidenced by SYTOX
Blue staining after only 5 minutes of incubation with B. subtilis (Fig. 4.3). This
immediate permeabilisation by LL-37 is similar to that caused by the AMP nisin, which
functions by interacting with lipid 1l to induce pore formation and inhibition of cell wall
biosynthesis (Breukink et al., 1999; Hasper et al., 2006; Reiners et al., 2020). As LL-
37 remains active against model membranes, whereas nisin loses its potency, this
supports that LL-37 interacts with membrane phospholipids directly (Breukink et al.,
1999; Majewska et al., 2021). This rapid permeabilisation also occurred in B. subtilis
deficient for the autolysins LytABCDEF, indicating permeabilisation by LL-37 is distinct
from the autolytic pathway (Fig. 4.7a). Yet, whilst permeabilisation was independent of
autolysis, the bacteriolysis of B. subtilis required autolysins, as seen in the lack of
ODeoo decrease in the AlytABCDEF culture (Fig. 4.7c). This differs from the activity of
the lipopeptide antibiotic daptomycin, for which autolysins are required for its
permeabilising activity, with this permeabilisation not occurring immediately and
instead starting to occur after ~20 minutes treatment (Buttress, 2022). Therefore, in
contrast to each other: daptomycin induces autolysis to cause permeabilisation,
whereas LL-37 induces permeabilisation to trigger autolysis. However, the depolarised
and highly permeabilised state of the AlytABCDEF cells and their loss of viability
indicates this autolysis is a subsequent or independent activity to that that kills the cell
(Fig. 4.7c&d). The mechanism through which LL-37 triggers autolysis is unclear, it may
be that LL-37 somehow directly triggers autolysis, potentially through teichoic acids —
as | have shown teichoic acids to be involved in LL-37 interaction and teichoic acids
have been shown to regulate autolysins (Guyet et al., 2023), or it may be that the LL-
37-induced permeabilisation of cells triggers autolysis through an unknown rapid
mechanism. The ability of LL-37 to induce permeabilisation and lysis so rapidly by
direct interaction with the cytoplasmic membrane is impressive, and further unpicking
how it is able to do so so quickly is an important research question for future antibiotic

understanding and design.

Assessment of the lysis of individual autolysin mutants treated with LL-37 revealed
LytD to be specifically important in LL-37-induced autolysis, as AlytD exhibited reduced

lysis (Fig. 4.8). LytD is a major autolysin with N-acetylglucosaminidase activity, it is
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expressed within the oP regulon (Margot et al., 1994). In addition to LytD, it also
appeared that the endopeptidase LytE contributes to LL-37-induced autolysis (Margot
et al., 1998). This is because when lytD was expressed in the absence of lytABCEF,
lysis was reduced to the same extent as a single lytD deletion; whereas when lytE was
expressed but its synthetically essential opposite cw/O was deleted with IytABCF, lysis
more akin to wild-type occurred, showing LytE to be responsible for the reduced lysis
of AlytABCEF (Fig. 4.9). However, when IlytE was deleted on its own, no change in
lysis and time to recover occurred (Fig. 4.8), indicating the contribution of LytE to LL-
37-induced lysis is less than that of LytD and also more complex. Previous
characterisation of LytE found that its cell wall-degrading activity at specific regions of
the cell enabled more targeted degradation by the amidase LytC (Margot et al., 1998);
it may be that the same is true for LytD, with LytE activity enabling rapid autolytic
activity by LytD to cause the rapid permeabilisation and cell lysis | observe in B. subtilis
treated with LL-37. When o® was deleted, B. subtilis was significantly more susceptible
to LL-37, as it took longer to recover growth and was more impacted by low
concentrations of LL-37 than wild-type (Fig. 4.10). This supports that genes within the
o® regulon are involved in the cellular outcomes of LL-37 treatment, as these outcomes
changed in the absence of aP. Interestingly, in addition to LytD, the autolysins LytC
and LytF are also in the oP regulon; LytD and LytF are under exclusive control of a®,
whereas ~70% of LytC expression is controlled by oP (Lazarevic et al., 1992; Margot
et al., 1994, 1999). However, no change in lysis or time to recover occurred in strains
deficient for LytC and LytF (Fig. 4.8), meaning the entire o® regulon does not appear
to be involved in the response to LL-37. It may be that LL-37 somehow directly triggers
misregulation of LytD, but o® is required for there to be an existing pool of LytD to be
misregulated. LL-37 has previously been observed to trigger a stress response in B.
subtilis, through the extracytoplasmic function sigma factors o* and o™, both of which
have established roles in adaptation to membrane-active compounds (Pietidinen et al.,
2005). o™ and oM are triggered by membrane-activate agents and impaired
peptidoglycan synthesis, respectively (Helmann, 2016). This leads me to speculate
that in addition to its membrane active activity, which is well documented and further
evidenced in Chapter 5 of this thesis, LL-37 may also interact with the peptidoglycan
cell wall or components of its biosynthetic pathway. It has previously been established
that AMPs interfere with cell wall synthesis machinery (Pag et al., 2008); thus, it may
be that regions of the cell wall with active synthesis are weak points that are easier for
AMPs, such as LL-37, to penetrate. This speculation of LL-37 interaction with
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components of the cell wall is supported by the direct triggering of LytD activity that LL-
37 appears to have, and its previously documented activation of the o™ regulon, which
occurs under peptidoglycan synthesis impairment. To explore this, interactions of LL-
37 with different cell wall components should be investigated, similar to what has
already been conducted with the lipid ll-interacting peptides nisin and daptomycin
(Breukink et al., 1999; Grein et al., 2020). This could first be achieved by pre-incubating
B. subtilis with antibiotics that bind cell wall precursors, such as oxacillin, teixobactin
and oritavancin to see if this impacts the activity of LL-37 (Grein et al., 2020). By
unpicking how LL-37 triggers autolysis so rapidly, and whether this is due to direct
interaction with the cell wall components relevant for regulation of autolysis or
autolysins directly, we can use informed approaches to enhance its activity and have
a better understanding of which antibiotics could help or hinder its lytic activity. Another
approach to research the potential interaction of LL-37 with the cell wall would be to
test the susceptibility of B. subtilis L-forms to LL-37. L-forms lack a cell wall and E. coli
has been observed to readily transition to L-forms to evade cell wall targeting
antibiotics (Kawai et al., 2014; Mickiewicz et al., 2019). So, if cell wall interaction is part
of the mechanism of action of LL-37, L-forms should have reduced susceptibility to the
AMP — a new PhD project is commencing in the Strahl group this year to research this
hypothesis. Additionally, L-forms can also be used to distinguish between the
permeabilising and autolytic activity of LL-37, as the autolytic process will be absent in
these cell wall-deficient cells.

In this chapter, | showed that LL-37 exhibits cooperative binding against the Gram-
positive bacterium B. subtilis, and this is independent of DNA or transmembrane
polarisation. This cooperative binding dynamic means low exposure to LL-37 causes
depolarisation only, the mechanism of which is unknown but could be due to low level
membrane disruption that is not sufficient to cause larger scale membrane
permeabilisation. High concentrations of LL-37 exceed the threshold required for
cooperative binding, thereby triggering permeabilisation of B. subtilis. This
permeabilisation is independent of autolysis, however autolysis is required for the
subsequent bacteriolysis that LL-37 causes. LL-37 induces autolysis predominately
through the N-acetylglucosaminidase LytD and also to a lesser extent through the
endopeptidase LytE. These insights into the mechanism of action of LL-37 lay the
groundwork for further investigation of the AMP.
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Chapter 5 — Recovery and protection from LL-37

5.1 Introduction

LL-37 is rapidly bactericidal against B. subtilis and S. aureus, yet despite this killing
activity, in both species recovery of the culture occurs soon after treatment (Fig. 3.14b
& 4.7d). This rapid recovery indicates not all cells are being killed by LL-37, meaning
the surviving cells can grow and recover the culture. It is unclear whether the B. subtilis
cells that grow in the presence of LL-37 have specific characteristics to enable their
survival or if instead their survival is purely a stochastic matter of insufficient LL-37
binding, combined with association of LL-37 with dead cells. For example, LL-37 was
found to preferentially bind septating E. coli cells, however this preference did not exist
against B. subtilis (Sochacki et al., 2011; Barns & Weisshaar, 2013). Establishing
whether surviving cells are distinct from those that die would provide an important
insight into the mechanism of action of LL-37, as if characteristics exist to confer
protection these could be targeted to enhance LL-37 activity. Conversely if LL-37 killing
is purely stochastic, this simply suggests higher concentrations of LL-37 should be

effective, as then more cells would be bound by the peptide.

There are multiple factors that may impact the potency of LL-37 to kill B. subtilis,
including the possibility of rapidly emerging genetic mutations that confer resistance.
A range of bacterial species produce extracellular proteases that are active against LL-
37, these degrade the peptide to prevent its antibacterial activity (Schmidtchen et al.,
2002; Sieprawska-Lupa et al., 2004). Another potential survival mechanism could
involve endospores. To survive adverse conditions B. subtilis can divide
asymmetrically to give endospores, these have a multi-layered proteinaceous coat that
enables their survival under stressful conditions. Spores can then germinate and return
to vegetative growth once conditions improve (McKenney et al., 2013). It may be that
spores present within the culture are able to survive LL-37 and then resume vegetative
growth once all the LL-37 has bound the growing cells. These potential strategies for
B. subtilis to evade or degrade LL-37 were the initial focus of this chapter. A further
focus pertained to B. subtilis cells treated with low concentrations of LL-37, these cells
are depolarised but not permeabilised by the AMP (Fig. 4.3). A major question
emerging from this observation is whether these depolarised cells can recover, and if
so, whether these transiently depolarised cells are responsible for growth recovery of

the culture.
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In the previous chapter heterogeneous populations of cells treated with LL-37 were
observed, with polarised, depolarised, and permeabilised cells being present (Fig. 4.3).
Heterogeneous populations when treated with LL-37 have previously been reported in
E. coli, with two sub-populations observed upon treatment with LL-37: a non-growing
population that absorbs LL-37 and a growing population that survives due to
sequestration of LL-37 by the non-growing cells (Snoussi et al., 2018). This was soon
followed up by the observation that the non-growing E. coli cells that absorb LL-37
continue to absorb LL-37 when dead, further protecting the growing cells of the culture
— in this research they hypothesised that negatively charged DNA was responsible for
LL-37 sequestration by dead cells (Wu & Tan, 2019). Research is required to find if
these observations of LL-37 sequestration by dead cells in E. coli also hold true in the
Gram-positive model organism B. subtilis.

In this chapter | first investigated whether the rapid recovery of B. subtilis cultures from
LL-37 treatment was due to evasion or degradation of LL-37, focussing on genetic
mutations, extracellular protease activity and spore formation. | also looked into
whether the cells that survive LL-37 were in any way distinct from their dead sister cells
or if their survival was instead due to stochastic lack of LL-37 binding. Finally, | aimed
to expand on existing research to establish — whether B. subtilis treated with LL-37
also led to growing and non-growing subpopulations; if B. subtilis dead cell debris
sequesters LL-37; and, if so, what component of dead cell debris was responsible for
this sequestration activity.

5.2 Results
5.2.1 Rapid recovery from LL-37 is not due to mutation, adaptation, spores or
extracellular proteases

| first wanted to establish whether B. subtilis was able to recover so rapidly from LL-
37-induced lysis due to specific properties of the culture. The most obvious option
would be the rapid emergence of genetic mutations that confer resistance to LL-37. To
test whether genetic mutations had occurred, | treated a B. subtilis wild-type culture
with LL-37 and allowed the culture to recover and grow to stationary phase. The
recovered culture was then plated and grown to single colonies, 10 of these single
colonies were then grown in liquid culture, and again treated with LL-37 (Fig. 5.1a).
This experiment tests for genetic adaptation, as genetic mutations would be
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Figure 5.1. Rapid recovery from LL-37 is not due to genetic mutation.
a) Generation of potential LL-37 suppressor mutant workflow — a culture recovered
from LL-37 treatment was plated to single colonies, 10 of these were grown in liquid
culture and again treated with LL-37 to assess their susceptibility. b) Growth/lysis
of B. subtilis wild-type (WT) and cultures treated and recovered from LL-37 (#1-10)
upon the addition of 20 ug mL™" LL-37 (indicated by arrow). ¢) Analysis of the time
taken for each strain treated with 20 yg mL"" LL-37 to recover to the initial optical
density at which LL-37 was added; analysed by unpaired ordinary ANOVA with
Dunnet’s multiple comparisons test comparing to wild-type, p value is not significant
(ns). Data represented as meantSD (n=3).

maintained through plating and growth and, if present, would immediately confer
resistance to the cultures. The assay showed all 10 single colony-derived cultures to
have the same susceptibility as wild-type LL-37-naive B. subtfilis, as all experienced
the same rapid lysis and recovery dynamics, as indicated by a reduction followed by
an increase in ODeoo (Fig. 5.1b). When the times to recover of the 10 single colony-
derived cultures were compared to that of wild-type, no culture recovered significantly
faster than wild-type (Fig. 5.1c). This demonstrates cells that recover from LL-37 are

not able to do so due to genetic mutations conferring resistance against the peptide.

| next tested whether B. subtilis was degrading LL-37 by extracellular protease activity,
thereby inactivating its bactericidal activity and so enabling some cells in the culture to
grow, as has previously been seen in other bacterial species (Schmidtchen et al., 2002;
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Figure 5.2. Extracellular protease activity does not impact B. subtilis recovery
from LL-37. a) Growth/lysis of B. subtilis wild-type (WT) grown in supernatants
untreated or pre-incubated for 1 hour with 20 ug mL™" LL-37, supernatants were WT,
heat-inactivated (HI)-WT and BRBO08. b) Analysis of the time taken for each
condition with 20 ug mL"' LL-37 to recover to the initial optical density at which LL-
37 was added; analysed by unpaired ordinary ANOVA with Dunnet’'s multiple
comparisons test comparing to wild-type, p value is not significant (ns). Data
represented as mean+SD (n=3).

Sieprawska-Lupa et al., 2004). To do this, | used the BRB0O8 extracellular protease
deficient strain constructed by Pohl et al. (2013). LL-37 was incubated in the
supernatant of wild-type, heat-inactivated (HI) wild-type and BRBO8 supernatants
before being used to treat wild-type B. subtilis. The wild-type supernatant would
contain extracellular proteases, whereas these should be inactivated or not present in
the Hl and BRBO08 supernatants, respectively. Thus, if the extracellular proteases of B.
subtilis were active against LL-37, the LL-37 incubated with wild-type supernatant
would be less active, as it had been degraded, than that incubated with Hl and BRB08
supernatants. This assay showed LL-37 in wild-type supernatant to be no less potent
than HI or BRBO8 supernatants, as all 3 cultures suffered the same degree of lysis and
recovery (Fig. 5.2a). Analysis of the time taken for each culture to recover showed HlI
and BRBO08 supernatants to be equal to that of wild-type supernatant, with no
significant differences between the wild-type and protease-lacking cultures (Fig. 5.2b).
Therefore, protease activity can also be ruled out as a means by which B. subtfilis could
recover its culture growth so rapidly after LL-37 treatment.
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The next potential strategy | investigated that B. subtilis could employ to enable rapid
recovery from LL-37 was the presence of spores in the culture. As these could resist
LL-37 activity and then resume vegetative growth to recover the culture. To assess the
role of spores in LL-37 susceptibility and recovery, | used a AspollE deletion mutant.
SpollE is essential for the localisation of the division septum between the mother cell
and spore, meaning in its absence the asymmetric division required for spore formation
cannot occur and so a AspollE culture does not contain any spores (Feucht et al.,
1996). When treated with LL-37, this mutant exhibited the same lysis and recovery
dynamics as wild-type at high concentrations of LL-37 (10 & 20 yg mL™") and at the
lowest concentration of LL-37 no discernible difference in growth to untreated occurred
in either the wild-type or Aspol/E strains (Fig. 5.3a&b). Furthermore, comparison of the
time to recover of each strain from 20 ug mL-' showed both strains to be very similarly
affected by LL-37, with no significant difference between their recoveries (Fig. 5.3c).

Altogether, these experiments demonstrated that the rapid ability of B. subtfilis to
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Figure 5.3. B. subtilis spores do not impact the lysis and recovery dynamics
of LL-37 treatment. Growth/lysis of (a) wild-type and (b) AspollE B. subtilis upon
the addition of LL-37 (indicated by arrow). ¢) Analysis of the time taken for each
strain treated with 20 ug mL" LL-37 to recover to the initial optical density at which
LL-37 was added; analysed by unpaired two-tailed t-test, p value is not significant
(ns). Data represented as meantSD (n=3).

103



recover from LL-37-induced lysis is not due to the selection of resistance, protease-
mediated degradation of LL-37 or the presence and resumption of vegetative growth

by spores.

5.2.2 Cells that survive LL-37 treatment are still susceptible to LL-37

As the rapid recovery of B. subtilis from LL-37 was not due to specific qualities of the
culture previously tested (Fig. 5.1-3), | decided to conduct an experiment that would
test the susceptibility of recovering cells. In this assay, | treated cells with 20 ug mL""
LL-37, waited 15 minutes and then again treated cells with 20 ug mL"' LL-37.
Alongside, | treated cells with 40 ug mL-' LL-37 as a comparison for the total dose that
these doubly treated cells would receive. If these twice-treated cells were in anyway
less susceptible to LL-37 that would suggest a subpopulation of more resilient cells
exists in B. subtilis cultures. If they were still susceptible to LL-37 it instead would
suggest that these cells stochastically survived the initial LL-37 and have no discernible
characteristics from their dead sister cells, as sufficient LL-37 will have been added to
bind and kill these cells as well. Fifteen minutes was used as this is sufficient time for
the rapid permeabilising and bactericidal activity of LL-37 to take place (Fig. 4.3). This
assay revealed that B. subtilis treated with 40 ug mL" LL-37 suffers rapid lysis like
cultures treated with 20 ug mL™", however they take longer to recover, with ODsoo
remaining low for another hour after 20 ug mL™" treated cells have resumed growth
(Fig. 5.4a). The culture treated with 20 ug mL-' and 20 uyg mL' 15 minutes later had
an ODsoo profile almost identical to that of the culture treated with 40 ug mL-' LL-37,
with both lysing to the same extent and starting to recover growth at the same time ~4
hours into the assay (Fig. 5.4a). When the time to recover of the LL-37 treated cultures
were compared, the 20 ug mL™" treated culture took ~2 hours, whereas both the 40
and double 20 ug mL™" treated cultures took to ~3 hours to recover; with both 20 + 20
and the 40 ug mL™" cultures being significantly different from the 20 ug mL™" recovery
time, but not significantly different from each other (Fig. 5.4b). Thus, this indicates that
the surviving proportion of cells in cultures that recover growth following LL-37
treatment are not resistant to LL-37, and instead are stochastically not bound by
sufficient LL-37 — something that can be overcome by increasing the concentration of
LL-37.
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Figure 5.4. B. subtilis cells that survive LL-37 are initially still susceptible to
subsequent treatment. a) Growth/lysis of wild-type B. subtilis upon the addition of
20 and 40 pyg mL" LL-37 (indicated by black arrow), the 20 + 20 culture was
subsequently treated with LL-37 again after 15 minutes (green arrow). b) Analysis
of the time taken for each culture treated with LL-37 to recover to the initial optical
density at which LL-37 was added; analysed by unpaired ordinary ANOVA with
Tukey’s multiple comparisons test to compare between all conditions, *** represents
p > 0.001. Data represented as mean+SD (n=3).

5.2.3 B. subtilis cells that recover the culture from LL-37 treatment are neither
depolarised or permeabilised

| next wanted to directly visualise cells that survive LL-37 treatment, to see if these
cells were in any way impacted by the LL-37 present. To do this | used time-lapse
microscopy of wild-type B. subtilis with the permeability dye SYTOX Green. In this
assay (which stains and follows growing cells, as opposed to taking samples from a
culture at time points and staining them for immediate imaging) | could not use the
membrane polarisation dye DiSC3(5) as it is growth-inhibitory against B. subtilis (te
Winkel et al., 2016). This microscopy revealed that the vast majority of cells in a culture
treated with 20 ug mL™" LL-37 were rapidly permeabilised, with high SYTOX Green
fluorescence after 5 minutes of incubation with the peptide (Fig. 5.5). Within the field
of view, only one cell was not permeabilised, indicated by its lack of SYTOX Green
fluorescence; it was only this non-permeabilised cell that was able to grow throughout
the time-lapse, whereas the other cells all became phase light within 30 minutes,
indicating they had subsequently lysed (Fig. 5.5). The non-permeabilised cell remained
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Figure 5.5. B. subtilis cells that survive LL-37 treatment are not permeabilised.
Time-lapse fluorescent microscopy of wild-type B. subtilis treated with 20 ug mL"’
LL-37, images are a merge of phase contrast (grey) and SYTOX Green (green, 200
nM); scale baris 5 um.
phase dark and cell growth had occurred within 30 minutes, as the cell was elongated,;
by 1 hour the cell had divided into 2 cells with the division septa of the next cell division
event becoming clear, by 4 hours the daughter cells of the sole non-permeabilised cell
numbered far more than the number of cells at the initial time point — showing how very
few surviving cells can recover an entire culture within a short time window (Fig. 5.5).
Altogether, this time-lapse microscopy showed the cells that survive LL-37 treatment
are not permeabilised by LL-37. However, this approach did not inform about the

membrane polarisation of cells that recover cultures from LL-37 treatment.

To investigate whether the surviving cells were initially polarised or depolarised and so
recovering membrane polarisation in the presence of LL-37 was my next focus. To
achieve this, different fluorescent dyes had to be used to indicate membrane
polarisation and permeabilisation, due to the growth inhibitory effects of DiSC3(5) in B.
subtilis. Instead, DIBAC4(3) and propidium iodide were used as membrane polarisation
and permeabilisation indicators, respectively. In contrast to the cationic membrane
polarisation indicator DiSC3(5), DIBAC4(3) is anionic, meaning it is excluded from
polarised cells and can only enter and stain depolarised cells (Brauner et al., 1984).
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DIBAC4(3) has similar excitation and emission wavelengths to SYTOX Green, meaning
they cannot be used together, so instead of SYTOX Green propidium iodide was used.
Propidium iodide functions like SYTOX Green, it is excluded from non-permeabilised
cells and fluoresces upon entry of permeabilised cells as it binds DNA (Stiefel et al.,
2015). For this experiment | used a lower concentration of LL-37, as previous
experiments have proven cells that survive LL-37 result from a stochastic lack of LL-
37 binding, this means lower concentrations of LL-37 should give a higher proportion
of surviving and so recovering cells. Time-lapse microscopy with DIBAC4(3) and
propidium iodide in wild-type B. subtilis treated with 5 ug mL"' LL-37 revealed that the
cells that grow in the presence of LL-37, in addition to not being permeabilised, as seen
in Fig. 5.5, are also not depolarised — as indicated by a lack of DiBAC4(3) fluorescence
in these phase dark cells (Fig. 5.6). In contrast, the permeabilised cells (propidium
iodide positive) were also depolarised (DiBAC4(3) positive) at just 5 minutes of
treatment, these cells went on to turn phase light, indicating subsequent lysis (Fig.
5.5a). To assess whether the surviving cells were transiently growth limited by the LL-
37 present, | conducted an untreated time-lapse alongside, to enable comparison of
growth. In both conditions, single cells were seen at 5 minutes, these had divided to
two cells by 30 minutes, these were elongated at 1 hour and by 2 hours four cells could
be delineated from each initial single cell population (Fig. 5.6). These similar growth
and division rates between treated and untreated cultures indicate that B. subtilis cells

that survive LL-37 treatment do not experience even a transient growth inhibition.

The above results clarified many features of the cells that survive LL-37 treatment and
so recover growth of the culture, including that these cells are neither depolarised or
permeabilised. However, these results did not clarify what happens to the small
subpopulation of cells that are depolarised but not permeabilised when treated with
low concentrations of LL-37, as seen in Fig. 4.3; thus, it remained unclear whether cells
that were depolarised but not permeabilised could recover from this depolarisation. |
searched through all fields of view of DIBAC4(3) and propidium iodide time-lapses to
find cells that were depolarised but not permeabilised. Only one occurrence of a
depolarised only cell was found. Within this field of view, three cell types were present:
permeabilised and depolarised; depolarised only; polarised and non-permeabilised.
Cells 1, 2 and 3 are examples of polarised and non-permeabilised cells, these cells
grew and divided over time; cell 4 was depolarised only, as indicated by its blue

DIBAC4(3) fluorescence (Fig. 5.7). The remaining cells were all depolarised and
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Figure 5.6. B. subtilis cells that survive LL-37 treatment are not permeabilised
or depolarised. Time-lapse fluorescent microscopy of wild-type B. subtilis treated
with 5 ug mL™" LL-37 or untreated, images are a merge of phase contrast (grey),
DIBAC4(3) (blue, 2.5 pM) and propidium iodide (pink, 10 uM); scale bar is 5 um.
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Figure 5.7. B. subtilis cells that are depolarised by LL-37 cannot recover. Time-
lapse fluorescent microscopy of wild-type B. subtilis treated with 5 uyg mL™" LL-37,
images are a merge of phase contrast (grey), DIiBAC4(3) (blue, 2.5 uM) and
propidium iodide (pink, 10 uM); drift caused cells to move across the field of view,
so numbers are used to identify the same cell at each time point; scale bar is 5 um.

permeabilised at 5 minutes and went on to turn phase light and lyse by 1 hour. With
this lysis the cell contents were released, meaning these dead cells became less
fluorescent over time. Whereas the depolarised only cell, cell 4, retained its DIBAC4(3)
fluorescence throughout the 2 hour period, indicating this cell did not lyse. The different
experimental conditions used in time-course and time-lapse microscopy mean
comparisons cannot be made between ‘the same’ treatments, for example in Fig. 4.3
a significant number of cells treated with 5 ug mL-" LL-37 are depolarised only, whereas
in a time-lapse setting the vast majority of cells treated with 5 ug mL-' LL-37 are both
depolarised and permeabilised (Fig. 5.6&7). This microscopy suggests that B. subtilis
is not able to recover from LL-37 induced depolarisation, and that LL-37 induced
depolarisation is not sufficient to trigger autolysis. However, as only one depolarised
but not permeabilised cell has been observed across the microscopy | have conducted
this result is not conclusive, as further observations are required to support this.

5.2.4 S. aureus can recover from LL-37-induced depolarisation
Having found that B. subtilis cells that grow in the presence of LL-37 are neither

depolarised or permeabilised, | wanted to see if this was also the case in the
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pathogenic Gram-positive species S. aureus. | first conducted DiSC3(5) and SYTOX
Green time-course microscopy in AL-PG S. aureus treated with 25 ug mL™' LL-37. As
controls for depolarisation and permeabilisation, respectively, gramicidin ABC and
nisin were used — nisin is not normally effective in S. aureus, but as the strain used
here was deficient for lysyl-phosphatidyl glycerol (L-PG) it was susceptible (Peschel et
al., 2001). The coccoid shape of S. aureus is visible in this microscopy, untreated cells
were phase dark, strongly DiSC3(5) stained indicating they were polarised, and lacked
SYTOX Green staining, meaning they were not permeabilised (Fig. 5.8). Incubation
with nisin caused S. aureus to become ‘phase bright’ as the interior of the cells became
light without the cell membrane being overtly compromised, the cells were also SYTOX
Green positive, indicating permeabilisation, and were depolarised as no DiSCs3(5)
staining occurred. This ‘phase bright’ phenomenon shows that the optical properties of
the cells have changed and ‘phase bright’ is distinct from phase light, lysed cells.
‘Phase bright’ S. aureus cells have previously been observed with other antimicrobial
agents but to the best of my knowledge the mechanism behind it has not yet been
characterised. With gramicidin ABC, S. aureus was depolarised without being
permeabilised, seen in the lack of both DiSC3(5) and SYTOX Green staining (Fig. 5.8).
Within 10 minutes of incubation with LL-37, S. aureus was depolarised, permeabilised
and ‘phase bright’, this state continued in the majority of cells imaged across the 120
minute time-course. However, by 120 minutes a single cell was observed that was not
permeabilised, as it lacked SYTOX Green fluorescence, but the cell was still
depolarised, as it also lacked DiSC3(5) fluorescence (Fig. 5.8). This microscopy
indicates that like B. subtilis, S. aureus is also rapidly permeabilised by LL-37 and
supports previous observations that S. aureus is not liable to lyse when treated with
LL-37 (Fig. 3.14), as no lysed (phase light) cells were visible at any time point. Instead
‘phase bright’ cells were seen — these coincided with SYTOX Green positive cells,
indicating S. aureus cells are ‘phase bright” when permeabilised (Fig. 5.8). The
existence of a depolarised but not permeabilised cell in this microscopy shows LL-37
also likely results in 3 cell subpopulations in S. aureus: polarised, depolarised, and
depolarised and permeabilised — leading to questions regarding whether LL-37-
induced depolarisation in S. aureus is also unrecoverable like it seems to be in B.
subtilis.

110



Untreated Gramicidin Nisin

o o
6 %93@
@
&

+25ug mL"LL-37

Phase contrast

DISC4(5)

SYTOX Green

10 minutes 30 minutes 60 minutes 90 minutes 120 minutes

DiSC4(5) Phase contrast

SYTOX Green

Figure 5.8. LL-37 induces rapid permeabilisation and depolarisation of S.
aureus. Time-course fluorescent microscopy images of AL-PG S. aureus with
DiSC3(5) (2 uM) and SYTOX Green (200 nM) fluorescence untreated, with nisin (5
puM) and gramicidin ABC (5 uM) after 5 minutes treatment, and of cells treated with
25 pyg mL"' LL-37 over time; orange arrow indicates depolarised but not
permeabilised cell treated with LL-37; scale bar is 2 ym.
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| next followed LL-37 treatment of S. aureus in a time-lapse format, for this DiSC3(5)
and SYTOX Green could be used as DiSC3(5) is not growth inhibitory in S. aureus
(Laborda Anadon, 2022). This showed the majority of S. aureus cells to be
permeabilised and depolarised, seen in SYTOX Green fluorescence and lack of
DiSC3(5) fluorescence, respectively, after just 5 minutes incubation with LL-37,
reaffirming the rapid permeabilising activity of LL-37 against S. aureus (Fig. 5.9). Some
cells within the bottom right cluster were polarised at 5 minutes, shown by their
DiSC3(5) fluorescence, and these cells went on to divide, with more cells present in
this cluster by 2 hours. Additionally, two cells in the top left cluster were initially
depolarised but not permeabilised, indicated by their lack of both DiSC3(5) and SYTOX
Green fluorescence; by 1 hour these two cells regained polarisation and by 3 hours
had resumed growth. By 4 hours three actively dividing clusters existed from the
original cells in the field of view, with both the initially polarised and initially depolarised
cells contributing to culture growth (Fig. 5.9). To establish whether S. aureus that grows
after LL-37 treatment experiences a growth lag, | conducted an untreated time-lapse
alongside. The untreated S. aureus cell clusters took ~2 hours for the first instance of
cell division to occur, this was also the case for the lower right LL-37 treated cluster
that remained polarised throughout. However, the cells that were initially depolarised
but then recovered polarisation took until 3 hours to divide, meaning the transient
depolarisation of these cells caused a growth delay (Fig. 5.9). Overall, this microscopy
indicates that S. aureus is able to recover from LL-37 treatment from two sub-
populations within cultures: cells that have not been bound by LL-37 meaning they are
polarised, and depolarised cells that can recover membrane polarisation and resume
growth after a delay, in contrast cells that have been permeabilised by LL-37 cannot

recover.
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Figure 5.9. S. aureus can recover from LL-37-induced depolarisation. Time-
lapse fluorescent microscopy of AL-PG S. aureus treated with 25 ug mL-' LL-37 and
untreated, images are a merge of phase contrast (grey), DiSC3(5) (red, 2 uM) and
SYTOX Green (green, 200 nM); yellow boxes zoom on region containing
depolarised but not permeabilised cells that recover; scale bar in all images is 2 um.
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5.2.5 Cultures are protected from subsequent LL-37 exposure by dead cell
debris

| next wanted to examine how the susceptibility of B. subtilis cultures that have regrown
following LL-37 treatment is impacted by their previous exposure to LL-37. | have
already established that these cells are not genetically resistant to LL-37 (Fig. 5.1), and
subsequently saw that this is due to the B. subtilis cells that recover from LL-37 being
unaffected by the AMP (Fig. 5.6). Instead of giving a second dose immediately after
the first, as | did in Fig. 5.4, | wanted to assess the susceptibility of cultures once they
had regrown to the initial ODeoo at which LL-37 was added. | treated wild-type B. subtilis
with 20 ug mL™" LL-37 and waited until the culture had recovered ODsoo to ~ 0.3 before
then giving a second 20 ug mL™" dose. The culture lysed upon addition of the first dose
of LL-37, seen in the reduction in ODsoo, before recovering growth after ~2 hours;
however, upon addition of the second dose of LL-37, no change in ODgoo Occurred
relative to the singly treated culture, with the culture continuing to grow at the same
rate as the culture that did not receive a second dose of LL-37 (Fig. 5.10). Overall, this
shows cultures that have received LL-37, whilst initially still susceptible to LL-37 (Fig.

5.4), are no longer susceptible to LL-37 once they have resumed growing (Fig. 5.10).

Next, | wanted to investigate how recovered cultures were able to survive subsequent
exposure to LL-37. As, whilst previous experiments suggested cells that recover from
LL-37 are not affected by the treatment, it is still possible that these cells may have
induced stress responses that would enable better survival of subsequent LL-37
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Figure 5.10. B. subtilis cultures are not susceptible to LL-37 once regrown.
Growth/lysis of wild-type B. subtilis upon the addition of 20 ug mL-! LL-37 (indicated
by black arrow), the LL-37 x2 culture was subsequently treated with LL-37 again
once the culture had regrown to the initial ODeoo at which LL-37 was added (pink
arrow). Data represented as meantSD (n=3).
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treatment. | first looked for previous observations of this subsequent exposure survival
phenomenon. Wu and Tan (2019) previously found that E. coli is able to survive LL-37
exposure through the presence of dead cell debris within the culture sequestering the
AMP; therefore, | looked to see if this was also the case in B. subtilis. Wild-type B.
subtilis lysate was generated by the sonication of a stationary phase culture, this was
then diluted in LB to mimic the equivalent debris of an ODeoo 0.3 culture. Wild-type B.
subtilis was grown in this cell lysate-enriched-LB and in normal LB for comparison,
once cultures had grown to ODeoo 0.3 LL-37 was added. The presence of cell lysate
did not impact the growth of untreated cultures, as + lysate and untreated grew
similarly. The presence of cell lysate in a culture treated with LL-37 prevented LL-37-
induced lysis, and instead this culture continued to grow in the presence of LL-37 (Fig.
5.11a), supporting the hypothesis that cell debris protects B. subtilis from LL-37. |
looked to see if this “dead cell binding” of LL-37 could be seen in action, by imaging B.
subtilis over time that had been treated with fluorescently labelled LL-37. LL-37 was
highly bound to cells within 10 minutes and exhibited the diffuse throughout cell binding
| observed previously in Fig. 4.4&5 (Fig. 5.11b). Of note, at 30 and 60 minutes phase
light cells were seen (Fig. 11b); these lysed cells, which were obviously non-viable,
were still highly bound by LL-37, visually confirming the binding of LL-37 to dead cells.

To verify that it was the presence of cell debris in recovered cultures that protected
them from subsequent exposure to LL-37, | decided to conduct the double dose assay
of Fig. 5.10 but with a wash before the second dose of LL-37. A wash step should
remove the cell debris from the culture and if the debris is responsible for protection,
should re-sensitise the culture to LL-37. In this assay, | compared the growth of these
conditions to naive cells which had not been previously exposed to LL-37. The culture
that had been washed lysed when the second dose of LL-37 was added, seen in its
reduction in ODesgo from ~0.25 to ~0.15, whereas the culture that was not washed had
only a minimal effect from a second dose of LL-37 and had resumed growth within 30
minutes. The lysis of the washed culture was similar to that of naive cells, with both
taking ~2 hours to recover to the initial ODeoo at which LL-37 was added (Fig. 5.12).
The renewed susceptibility that washing a culture caused supports the previous finding
that cell debris confers protection against LL-37 in B. subtilis, as the wash removes
this debris. This also indicates that cells that survive LL-37 are not adapted to grow in
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its presence, which is consistent with a lack of growth effect on cells that grow in the
presence of LL-37.

a)
1.5 —e— + Lysate + LL-37 P
A’
—e—  +[L-37 u“‘k“.“ .
L Akt poess
—— + Lysate N ‘:‘A““‘ 1
1.0- Untreated "
° ]
S
©
()]
O
0.5+
0.0 ! '
0 1 2 3 4 >
Time [h]
b) + 20 ug mL-" Fluor-LL-37
30 minutes
»
S
<
o
o
(O]
»
©
<
o
N~
4
-
=
o}
=
L

Figure 5.11. Cell debris protects B. subtilis from LL-37-induced lysis.
a) Growth/lysis of wild-type B. subtilis grown with and without wild-type B. subtilis
cell lysate upon the addition of 20 ug mL" LL-37 (indicated by arrow); cell lysate
was generated by the sonication of a stationary phase culture, this was then diluted
in LB to mimic the cell debris of an ODeoo 0.3 culture. Data represented as mean+SD
(n=3). b) Time-course fluorescent microscopy images of wild-type B. subtilis
untreated and of cells treated with 20 pg mL-' 5-Fam-LC-LL-37 (Fluor-LL-37); scale
baris 5 ym.
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Figure 5.12. Washing away cell debris restores B. subtilis susceptibility to LL-
37. Growth/lysis of wild-type B. subtilis upon the addition of 20 yg mL" LL-37
(indicated by first arrow), once the cultures had regrown to the initial ODgoo at which
LL-37 was added the ‘LL-37 x2 culture with wash’ culture was removed from the
plate reader, centrifuged and resuspended in fresh LB twice before being returned
to the plate reader, both the LL-37 x2 cultures were then treated with LL-37 again
(second arrow). Data represented as meantSD (n=3).

5.2.6 Membrane debris is responsible for the LL-37-sequestering activity of
dead cell debris

The protective effect of dead cell debris against LL-37 is shared between E. coli and
B. subtilis. Wu and Tan (2019) hypothesised that this protective effect was due to the
release of anionic DNA from dead cells binding and sequestering LL-37, preventing it
from interacting with live cells in the culture. However, as | had already observed that
LL-37 does not exhibit a preference for DNA-containing regions of B. subtilis cells (Fig.
4.5) this did not seem likely to be the case. To identify what component of dead cell
debris was sequestering LL-37, | separated cell lysate into an insoluble fraction, a
cytoplasmic fraction and a membrane fraction through sonication and
ultracentrifugation. Additionally, | used lysate from wild-type and L-form cells, which
lack a cell wall, to definitively distinguish between protection by the cell wall and
membrane components (Kawai ef al., 2014). Addition of the insoluble fraction, which
is composed of large cell components such as the cell wall and ribosomes, and of the
cytoplasmic fraction, which contains DNA, did not confer protection against LL-37, as
cells still lysed in their presence (Fig. 5.13a). Whereas the addition of the membrane
fraction from both wild-type and L-form cells protected the cells from lysis, and instead
they were able to continue growing similar to an untreated culture (Fig. 5.13a). | looked
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Figure 5.13. Membrane debris protects B. subtilis from LL-37. a) Growth/lysis
of wild-type (WT) B. subtilis grown with the cytoplasmic fraction, membrane fraction
and insoluble fraction of WT or L-form B. subtilis, upon the addition of 20 ug mL""
LL-37 (indicated by arrow). Insoluble fraction obtained from centrifugation pellet of
sonicated culture, the supernatant was ultra-centrifugated and the pellet formed the
membrane fraction, and the supernatant gave the cytoplasmic fraction; the fractions
were diluted to give debris akin to that of an ODego 0.3 culture. Data represented as
mean+SD (n=3). b) Fluorescent microscopy images of L-form membrane fraction
with Nile Red (50 ug mL") and 5-Fam-LC-LL-37 (Fluor-LL-37; 20 ug mL™"), scale
baris 5 ym.

to visualise the sequestering activity of the membrane fraction by conducting
fluorescence microscopy of the L-form membrane fraction, as this was the most
protective, with Nile Red, a membrane stain, and fluorescently-labelled LL-37
(Greenspan et al., 1985). This confirmed the debris present in the fraction to be
membrane, as it was highly bound by Nile Red, and the fluorescently-labelled LL-37
colocalised to these regions, proving the LL-37-binding activity of cell membrane debris
(Fig. 5.13b). Hence, the presence of membrane debris within a culture protects cells
from LL-37, as the debris appears to adsorb the LL-37, preventing its interaction with

live cells in the culture.
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Having established that the membrane component of dead cell debris is responsible
for sequestering LL-37 from live cells in recovered cultures, | wanted to examine how
teichoic acids and their modification could impact this sequestration activity. |
previously observed that teichoic acids and their D-alanylation protect B. subtilis from
LL-37, as when these are deficient B. subtilis is significantly more sensitive to LL-37
(Fig. 3.3&4). Thus, | decided the test the protective effect of cell lysate from WTA, LTA
and D-alanylation deficient B. subtfilis, in comparison to lysate from wild-type. Addition
of these lysates had no effect on the normal growth of B. subtilis, as all conditions had
very similar growth curves (Fig. 5.14a). When LL-37 was added wild-type lysate
protected the culture from the dramatic lysis experienced by the lysate free culture,
instead only a small decrease in ODsoo occurred before the wild-type lysate culture
resumed growing again (Fig. 5.14b). The protection conferred by the AWTA lysate was
almost identical to that of wild-type lysate, with their growth/lysis profiles being very
similar. Whereas the culture with ALTA lysate lysed more, yet its reduction in ODeoo
was not as rapid or prolonged as the culture without lysate. Finally, the addition of
AdItA lysate was extremely protective, as this culture experienced no reduction in
ODeoo and instead continued to grow immediately after the addition of LL-37 (Fig.
5.14b). Comparison of culture recovery time showed that whilst the addition AWTA
lysate did not significantly differ from wild-type lysate, the lack of LTAs in the ALTA
lysate resulted in a significantly longer time to recover (Fig. 5.14c). The addition of the
AdItA was so strikingly protective that the culture continued to grow without delay.
Altogether, this assay showed that LTA is a component of dead cell debris that is
involved in LL-37 sequestration, as lysate is less protective in its absence, this however
is not also the case for WTA, as lysate lacking WTA was as protective as wild-type
lysate. The striking protection conferred by Ad/tA lysate confirms that the normal

presence of D-alanylation suppresses LL-37 interaction with teichoic acids.

5.3 Discussion

Unpicking how some bacterial cells are able to survive and grow when treated with
antimicrobials is key to enhancing strategies against antibiotic tolerance and
resistance. To establish whether B. subtilis employs any strategies to evade the
bactericidal activity of LL-37, | looked into the roles of genetic mutations, extracellular
proteases and the presence of spores in cultures in surviving LL-37 treatment. In S.
aureus resistance to LL-37 has been characterised to be mediated through an increase
in cellular net charge and proteolytic degradation (Peschel et al., 2001; Sieprawska-
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Figure 5.14. Teichoic acids contribute to the sequestering activity of dead cell
debris. Growth/lysis of wild-type (WT) B. subtfilis (a) untreated and (b) upon the
addition of 20 yg mL-' LL-37 (indicated by arrow), cultures were grown with and
without cell lysate from WT, wall teichoic acid deficient (AWTA), lipoteichoic acid
deficient (ALTA) and D-alanylation deficient (Ad/tA) B. subtilis; cell lysates were
generated by the sonication of stationary phase cultures, these were diluted in LB
to mimic the cell debris of an ODeoo 0.3 culture. ¢) Analysis of the time taken for
each culture treated with LL-37 to recover to the initial optical density at which LL-
37 was added; analysed by unpaired ordinary ANOVA with Dunnet’'s multiple
comparisons test comparing to + WT lysate (excludes WT), **** represents p >
0.0001. Data represented as mean+SD (n=3).

Lupa et al., 2004). Peschel et al. (2001) were the first to describe MprF, the protein
responsible for adding an L-lysine residue to PG to confer a positive charge to the
membrane phospholipid. However, | have already shown that this resistance
mechanism, whilst conserved, is not effective in B. subtilis; as a strain lacking L-PG
was as susceptible as wild-type to LL-37, whereas D-alanylation was protective in B.
subtilis (Fig. 3.12b & 3.4). In addition, | analysed the possibility of any genetic
resistance mechanism that may be selected for when B. subtilis is treated with LL-37,

following the workflow described in Fig. 5.1a. This failed to identify any isolates that
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were more resistant to LL-37 than wild-type, indicating that genetic resistance is not
responsible for the proportion of cells that survive during LL-37 treatment. | next
analysed the role of proteolytic degradation of LL-37, as this has already been
characterised in other Gram-positive species, such as S. aureus and B. anthracis
(Sieprawska-Lupa et al., 2004; Thwaite et al., 2006). | looked to see if the extracellular
proteases of B. subtfilis could protect a growing culture from LL-37, but there was no
difference in the lytic activity of LL-37 incubated in protease-containing and lacking
supernatants (Fig. 5.2), meaning that proteolytic degradation is also not employed by
B. subtilis to enable survival of LL-37. A lack of protease activity against LL-37 has also
been observed in E. coli, with no LL-37 degradation occurring when it was incubated
in the supernatant of protease-producing cells (Wu & Tan, 2019). Additionally, the role
of proteolytic degradation in resistance to LL-37 is questionable, due to the finding that
LL-37 is resistant to proteolytic degradation when in solution and when bound to
membranes (Oren et al., 1999). This may mean that even if LL-37 is experimentally
susceptible to proteases, this may not be the case in vivo. The final mechanism |
explored was spore formation, a phenomenon that is limited to a subset of the Gram-
positive Firmicutes phylum (Fritze, 2004). This however proved to not contribute to the
survival and rapid recovery of B. subfilis from LL-37 treatment under these
experimental conditions, as cells lacking the ability to form spores recovered as quickly
as a wild-type culture (Fig. 5.3). This does not rule out that spores, if present under
other conditions, could contribute to LL-37 resistance in B. subtilis.

Having ruled out specific potential mechanisms for survival of LL-37, | then undertook
a more general approach that would instead show if the surviving sub-population of
cells were somehow resistant to LL-37. By adding LL-37 to a culture, and then adding
LL-37 to the culture again 15 minutes | could test whether the sub-population of cells
that recover so rapidly from LL-37 treatment do so because they are in anyway distinct,
or if their survival is just stochastic. As the twice treated cells lysed to the same extent
as those that received an initial double dose (Fig. 5.4), this showed the recovery of
cells in a B. subtilis culture to be likely driven by a stochastic lack of LL-37 binding
rather than specific characteristics of the surviving cells. | previously showed that LL-
37 exhibits cooperative binding (Fig. 4.1), together with these results this indicates that
when treated with LL-37 the majority of cells are bound by sufficient LL-37 and they
permeabilise and die; however, a small proportion, that diminishes as the LL-37

concentration is increased, are not bound by LL-37 and instead continue to grow and
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recover the growth of the culture. A lack of specific characteristics that protect cells
that recover from LL-37 was supported by the later finding that cells are susceptible to
further LL-37 if they are resuspended in fresh media (Fig. 5.12), as this showed that
the cells themselves are not tolerant of LL-37. Whilst these data indicate the stochastic
nature of LL-37 survival, this on its own is an interesting phenomenon that warrants
further investigation. RNA sequencing of recovered cultures had been considered for
this project however it was not undertaken for the following reasons: i) the results from
Fig. 5.4 indicated survival is stochastic, thus the likelihood of transcriptome changes
seemed low; ii) to have sufficient c.f.u. for RNA sequencing the cultures had to recover
to ODsoo 0.3 which would mean several generations of bacterial division would have
occurred, meaning any transient transcriptome changes would already be lost. This
issue of timing could be overcome by a combination of techniques. Firstly, the cells
that survived the LL-37 treatment would need to be isolated, they make up a small
proportion of the culture, so to achieve a sufficient number of cells a very large culture
would be required. Surviving cells could be isolated from their dead sister cells by flow
cytometry fluorescence-activated cell sorting (FACS), this technique would also enable
quantification of the dead and viable cells in a whole culture. FACS would require
labelling of the cells dependent on their viability, using a permeability indicator such as
SYTOX Green. FACS has recently been employed to sort B. subtilis spore-germinating
populations, in this study they effectively used propidium iodide as an indicator of
compromised cytoplasmic membranes (Zhang et al., 2020b). | have shown that only
SYTOX Green/ propidium iodide negative cells recover from LL-37 treatment, as all
permeability positive cells lyse (Fig. 5.5-7). When using FACS to sort LL-37 treated
cells, SYTOX Green positive cells would make up the dead proportion of the culture
and SYTOX Green negative cells would contain the viable cells remaining. This may
be complicated by the presence of depolarised but not permeabilised cells, as it
remains unclear whether or not these cells are viable in B. subtilis (Fig. 5.7). Once
FACS has isolated a sufficient number of surviving cells, these could then be rapidly
sampled for RNA sequencing. RNA sequencing would enable characterisation of the
transcriptome of LL-37 recovered cells, which when compared to that of untreated cells
should indicate whether these cells are in anyway distinct and reveal any adaptations
they may have.

The non-growing depolarised cell in Fig. 5.7 suggests that B. subtilis cells depolarised

by LL-37 are not viable; however, definitive conclusions cannot be drawn from a single
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observation so more research of this is required. This could be achieved by conducting
DIBAC4(3) and propidium iodide time-lapses where the fields of view are chosen
dependent on the presence of DIBAC4(3) only positive cells, as opposed to the random
selection of fields of view | conducted. By selecting DiIBAC4(3) only positive cells, a
number of these cells can be followed to reveal whether any regain membrane
polarisation. The lack of propidium iodide staining in the depolarised only cell across
the 2 hour time-lapse suggests that LL-37-induced depolarisation is not sufficient to
trigger rapid autolysis (Fig. 5.7) — again further observations are required to support
this. Of note, when Barns & Weisshaar (2013) conducted real-time single cell
microscopy of B. subtilis, they found that cells treated with low concentrations of LL-37
experienced a growth rate decrease that could be recovered if the LL-37 was washed
away. These growth rate decreased cells would not have been permeabilised by LL-
37, as | have shown that to be bactericidal; however, there is the possibility that this
growth rate decrease could be related to depolarisation, as this is not something that
Barns & Weisshaar (2013) monitored. Therefore, an important follow-up experiment
would be to conduct the same real-time single cell time-lapses as Barns & Weisshaar,
but to include a non-toxic membrane polarisation indicator too, such as DIBAC4(3).
Additionally, the ability to restore the growth of these cells with the washing away of
LL-37 indicates LL-37 had not interacted strongly with the cell envelopes. It seems that
low concentrations of LL-37 cause weak interactions with cells that whilst disruptive
are not bactericidal. Only higher levels of binding, caused by cooperative binding
(when the threshold is passed) are sufficient to fully disrupt the cytoplasmic membrane,
resulting in permeabilisation and cell death. Whilst the outcome of LL-37-induced
depolarisation is unclear in B. subfilis, in S. aureus it is clear that cells initially
depolarised by LL-37 can go on to recover membrane polarisation and eventually
resume growth (Fig. 5.9). Overall S. aureus appears to be a more resilient species to
LL-37 than B. subtilis, as wild-type S. aureus cannot be killed by LL-37 within the
confines of our experimental set-up (Table 3.2) and whilst bactericidal concentrations
induce rapid lysis in B. subtilis, AL-PG S. aureus cells whilst dead remain intact (Fig.
3.12). This resilience of S. aureus to LL-37 could be due to its co-evolution with the
AMP in the human body, as S. aureus will have been exposed to LL-37 when infecting
humans, whereas B. subtilis, being a soil microbe, has likely had little evolutionary
exposure to LL-37. Thus, the ability of S. aureus to recover its membrane polarisation
following LL-37 treatment should not be taken as an indication that B. subtilis will be
able to do likewise.
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The ability of cell debris to prevent the lytic activity of LL-37 (Fig. 5.11a) shows the
previously observed protective capacity of E. coli cell debris to also hold true in B.
subtilis (Snoussi et al., 2018; Wu & Tan, 2019). In B. subtilis this protection is also
conferred by the sequestering activity of the cell debris, as dead cells continue to bind
LL-37 following their lysis (Fig. 5.11b). This means that as more LL-37 is added to a
culture, it binds dead cell debris instead of the remaining live cells, conferring collective
tolerance to the culture, enabling it to survive and grow. This sequestration is likely
aided by the cooperative binding property of LL-37, resulting in LL-37 being
preferentially recruited to dead cells already bound by LL-37 as opposed to the LL-37-
free growing cells in the culture. Retention of LL-37 internalised by E. coli has also
been observed by Snoussi et al. (2018), they also observed rapid cytoplasmic
localisation of LL-37, as | also saw in B. subtilis in Fig. 4.4&5. Thus, whilst LL-37 is
initially interacting with the cell membrane, and also binding membrane debris from
dead cells, these observations again indicate that LL-37 is somehow also attracted to
the cytoplasm by an unknown mechanism. Previous experiments in this thesis have
shown LL-37 internalisation to be independent of DNA or transmembrane polarisation,
ruling out a voltage driven uptake mechanism (Fig. 4.4&5); thus, identifying what LL-
37 is attracted to within the cytoplasm remains an important research question.

Fractionation of dead cell debris revealed that in contrast to the DNA sequestration
hypothesis of Wu & Tan (2019), membrane debris of dead cells was responsible for
the sequestration of LL-37. This protection was strong, with no lysis occurring in the
membrane-containing cultures, whereas lysis occurred similar to wild-type when
cytoplasmic and insoluble fractions were added (Fig. 5.13a). This leads to an
interesting contradiction, in that LL-37 is somehow attracted to the cytoplasm of bound
cells, yet the cytoplasmic fraction confers no protection when added to growing
cultures. It may be that instead if LL-37 being actively attracted to a cytoplasmic
component, the interaction of many LL-37 peptides with the membrane results in its
transfer to the cytoplasm, without it being actively attracted to it. As | previously saw
that teichoic acids, and specifically their D-alanylation, confer protection against LL-37
(Fig. 3. 3&4), | tested the role of teichoic acids in the protection conferred by cell debris.
This showed that LTAs contribute, as debris from a ALTA strain was less protective
than wild-type, whereas AWTA was as protective as wild-type (Fig. 5.14), indicating
WTAs do not contribute to LL-37 sequestration. Debris containing teichoic acids

lacking D-alanylation was extremely protective, which shows the effectiveness of D-
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alanylation in suppressing LL-37 interaction with the cytoplasmic membrane, as in the
absence of D-alanylation interaction of LL-37 with cell debris must have been very high
(Fig. 5.14). Therefore, decoration of teichoic acids with cationic D-alanine is important
in live cells to repel LL-37, as seen in Fig. 3.4 and shown by Saar-Dover et al. (2012);
but then detrimental when present in dead cells as it reduces the sequestration of LL-
37 by dead cell debris.

The possibility of LL-37 sequestration by the pathogenic Gram-positive species S.
aureus should be investigated. Findings within this thesis make it unclear whether
sequestration could also occur in S. aureus as cells killed by LL-37 do not lyse (Fig.
3.14). S. aureus cultures take much longer to recover from LL-37 treatment than B.
subtilis, despite being treated with a sub-MIC concentration (25 pg mL™* for
growth/lysis; 40 uyg mL"' MIC (Table 3.2)) when B. subtilis is treated with MIC
concentration (20 ug mL™" for both (Table 3.1)) and B. subtilis recovers within ~2 hours
(Fig. 4.7d) whereas S. aureus takes ~5 hours to do the same (Fig. 3.14b).
Sequestration of LL-37 to already dead cells likely enables the rapid recovery of B.
subtilis cultures, as S. aureus cultures are not recovering so quickly this suggests this
mechanism may not be occurring in this species. Additionally, microscopy showed that
S. aureus cells killed by LL-37 are permeabilised but are not phase light rather they
turn ‘phase bright’, suggesting a lack of lysis — the unknown nature of ‘phase bright’
cells means this cannot be known for certain (Fig. 5.8). Thus, whilst dead cells accrue
in these cultures, they do not break apart to disperse cell debris. Yet, it is now well
established that LL-37 also exhibits cooperative binding (Fig. 4.1; Turner et al., 1998;
Snoussi et al., 2018), meaning dead, permeabilised (but not lysed cells) should still
recruit more LL-37 to themselves as they already contain LL-37. To clarify this issue,
firstly a double dose treatment of AL-PG S. aureus should be conducted, where a
culture is treated with LL-37 and once growth resumes then treated again to see if it is
tolerant of a second dose. If tolerant, a wash should be conducted between the first
and second doses of the same assay, to see if tolerance is abolished when the cells
are resuspended in fresh media. Once these preliminary experiments have been
conducted, and dependent on their results, further specific fractionation experiments
could be conducted to identify the specific component responsible for sequestration.

Overall, in this chapter | have shown that B. subtilis that has been exposed to LL-37
exhibits tolerance not through protease activity or spore formation, but instead through

the collective tolerance mechanism of LL-37 sequestration by the membranes of dead
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cells. This protection by membrane debris is contributed to by teichoic acids, but these
are not wholly responsible. This research also revealed contrasting populations
resulting from LL-37 treatment, with unaffected polarised cells growing to recover the
culture, whilst dead cells retain and sequester more LL-37 to protect their surviving
sister cells.
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Chapter 6 — Concluding remarks and future directions

The research in this thesis aimed to elucidate further aspects of the mechanism of
action of the human AMP LL-37, using the Gram-positive model organism B. subtfilis.
This research was divided into the 3 following foci: the impact of cell envelope
composition on LL-37 susceptibility; the immediate mechanism of action of LL-37; and
bacterial recovery and protection from LL-37. By collating the findings of these
chapters together, a summary of the mechanism of action of LL-37 against B. subtfilis
can be described as shown in Fig. 6.1.

In chapter 3 | investigated the role of cell envelope composition in susceptibility to LL-
37. This revealed that in B. subtilis, the common LL-37 resistance mechanism of L-PG
in the cytoplasmic membrane is surprisingly not effective. In fact, no membrane
headgroup was found to majorly alter susceptibility to LL-37 other than GLs to a minor
degree. This impact from GLs is likely due to their role in the synthesis of LTAs, as the
lack of LTAs and WTAs increased susceptibility to LL-37. Protection by teichoic acids
against LL-37 is contributed to by their decoration with D-alanine. Therefore, whilst in
B. subtilis positively charged L-PG does not protect against LL-37, the species can
increase its cellular net charge via D-alanylation to repel LL-37. Having ruled out
phospholipid headgroup composition in impacting LL-37 susceptibility, | then looked at
the role of phospholipid fatty acid tails, via membrane fluidity. This showed no change
in LL-37 susceptibility with high or low fluidity states. | then explored similar research
in the Gram-positive pathogenic species S. aureus, which successfully uses L-PG to
protect itself from LL-37. This work revealed that S. aureus experiences different
effects following LL-37 treatment — where B. subtilis rapidly lyses and recovers, S.
aureus instead suffers extended growth inhibition but not lysis, before recovering the
ability to grow. Finally, | aimed to establish similar membrane fluidity tuneable strains
in S. aureus, but this preliminary work revealed S. aureus to have more complex

genetic requirements in the synthesis of a BCFA-precursor auxotroph strain.

These insights in the Gram-positive model organism B. subtilis are useful as such
genetic tractability is not possible in Gram-positive pathogenic species, as these are
less well characterised and genetically malleable. For example, the important
protective role of LTAs in reducing susceptibility to LL-37 and sequestering the AMP
in dead cell debris would not have been so easily observed in S. aureus, as LTAs are
essential in this species (Grundling & Schneewind, 2007b). These discoveries in B.

127



&,

()
‘g\'ﬁ»“‘{ﬂ““ ‘g, ‘9?”%&@ @ g FEuninam V.
Q.f'&-.-@..b. uh mmmnn? » ¢ %E%%‘ .*
e Nt .. o &
- wwEiew . e w i N
.;‘M;»S‘Qk‘ .‘-Ilf;éll. afnmm i m® "&‘ﬂ"ﬁf %.3‘ \/am\\/
W e %y el w o e "%'4_&
culture s mmnn? <k ¢ v i mmwnn?
IE----EII’

Figure 6.1. The mechanism of action of LL-37 against B. subtilis. 1: LL-37
targets cell irrespective of their lipid headgroup and fatty acid composition, only
teichoic acids and their modification with cationic D-alanine act to repel LL-37. 2:
LL-37 binds the cytoplasmic membrane, causing low-level disruption that can
depolarise the cell. 3: LL-37 recruits more LL-37 via cooperative binding, high
binding enables permeabilisation of the cell, likely through pore formation. 4: LL-37
triggers autolysis (by an as yet uncharacterised molecular mechanism). 5: Lysed
cells accumulate in the culture, however some cells survive due to a stochastic lack
of LL-37 binding. 6: Unbound cells are polarised and grow/divide to recover the
population. 7: The culture recovers and is protected from subsequent LL-37
exposure by membrane debris from lysed cells that sequesters LL-37.

subtilis can then be used to undertake informed experimental approaches in other
pathogenic species, such as S. aureus and B. anthracis. Interestingly, whilst B. subtilis
and B. anthracis belong to the same genus, published research and experiments in
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this thesis have shown B. anthracis to be more similar to S. aureus in the context of
LL-37 susceptibility. Both pathogenic species successfully use L-PG to repel LL-37
and both achieve proteolytic degradation of LL-37, whereas my research has shown
B. subtilis cannot do either (Sieprawska-Lupa et al., 2004; Thwaite et al., 2006; Ernst
et al., 2009; Samant et al., 2009). This indicates that in the future, whilst B. subtilis
provides an invaluable starting tool for research into uncharacterised processes,
observations in this non-pathogenic species should not be assumed to be applicable
to even closely related pathogenic bacteria. Despite this, my research has highlighted
the role of teichoic acids and their D-alanylation in protecting against LL-37, something
that has also been seen in S. aureus (Saar-Dover et al., 2012). Future work should
focus on targeting teichoic acids, or more precisely D-alanine residues on teichoic
acids, to prevent their repulsion of LL-37 away from the bacterial cell envelope. This
could employ similar strategies to the MprF-targeting antibodies developed by
Slavetinsky et al. (2022); instead, antibodies that target the membrane spanning DItBD
complex, which mediates decoration of teichoic acids with D-alanine, could be
developed (Debabov et al., 2000; Pohl et al., 2013; Reichmann et al., 2013).

As a common resistance mechanism like L-PG-mediated repulsion of LL-37 is not
shared between B. subtilis and S. aureus, it cannot be assumed that because
membrane fluidity does not impact susceptibility to LL-37 in B. subtilis that this will also
be the case in S. aureus. Therefore, development of a S. aureus tuneable membrane
fluidity strain should be a priority in future work, as this would aid not only antimicrobial
susceptibility research but also fundamental cell biology research too. Research by
Singh et al. (2008 & 2018) has shown the synthesis of BCFAs in S. aureus to be more
complex than B. subtilis (Mercier et al., 2012; Gohrbandt et al., 2022), as the BKD
complex is not solely responsible for their synthesis. Thus, the first priority should be
uncovering all BCFA synthesis mechanisms in S. aureus, after this a BCFA precursor
auxotroph strain can be developed through the deletion of these mechanisms and
growth with BCFA precursors.

In chapter 4 | investigated the specific pathway of the mechanism of action of LL-37.
This showed LL-37 to exhibit cooperative binding, in which cells either have very low
LL-37 binding or, once a threshold has been passed, very high LL-37 binding, as LL-
37 molecules recruit more to themselves. This also revealed highly permeabilised cells
to exhibit extremely high binding of LL-37, showing the sequestering activity of dead
cells, described further in chapter 5, in action. Cells with low LL-37 binding were
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depolarised, whereas highly bound cells were both depolarised and permeabilised by
the AMP. | showed the binding and internalisation of LL-37 to be independent of
transmembrane polarisation or DNA localisation and revealed that despite LL-37 being
a membrane-interacting antimicrobial, it rapidly accumulates in the cytoplasm by an
unknown mechanism. | then found that the rapid permeabilisation that LL-37 induces
is independent of autolysis. However, autolysins are required for bacteriolysis. | was
then able to identify LytD and LytE as the autolysins triggered by LL-37, with LytD

having a dominant role.

A major enigma remaining from this, and other, research of LL-37 is the type of pore
that LL-37 forms in the cytoplasmic membrane. The depolarising activity of low
concentrations of LL-37 indicate that the AMP is able to interact with and disrupt the
membrane even when only few peptides have bound, this direct interaction with the
membrane is suggestive of the carpet or toroidal pore mechanisms (Jenssen et al.,
2006). Methods to characterise pore-forming peptides interacting with membranes are
continuously being developed and improved. A recent study used fluorescently-
labelled LL-37 as a means to follow LL-37 localisation in the membrane based on the
amount of surface-induced fluorescence attenuation (SIFA) (Li et al., 2016). This
showed LL-37 to be positioned on the membrane in states conducive with toroidal pore
formation; however, as other studies have indicated LL-37 to coat the membrane as in
the carpet model a conclusive mechanism is still sought (Oren & Shai, 1998). The
solution to this may lie in both mechanisms, as the carpet model may be followed at
low concentrations, with sufficient disruption so as to depolarise cells as my research
has shown; then, at high concentrations, this may shift to a toroidal pore mechanism,
with the peptide coating causing the membrane to bend in and form a peptide and
membrane lined pore. | am not the first the suggest this mechanism, and the research
described in Chapter 4 does not argue against this hypothesis either, however much
more characterisation is required to prove this model (Xhindoli et al., 2013). In the SIFA
study with LL-37, only a high concentration (~ 18 ug mL™") of LL-37 was used, repeating
this with both high and low concentrations should be informative in this matter (Li et
al., 2016). These studies should also be conducted in multiple bacterial species, to
allow for the differences within and between Gram-positive and Gram-negative
bacteria. Against E. coli LL-37 exhibits septal preference and growth-phase dependent
killing, phenomena that have been observed in multiple studies now (Sochacki et al.,

2011; Snoussi et al., 2018). However, against B. subfilis neither of these have been
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observed, both in previous publications and in the research presented in this thesis
(Barns & Weisshaar, 2013). This difference in LL-37 activity suggests the potential of
different mechanisms of action in different bacterial species. A priority in future LL-37
mechanism of action research should be the use of at least one Gram-positive and
Gram-negative bacterial species in these studies, and before making general
conclusions the relevance of these findings should then be tested in other bacterial
species. It is important to include Gram-negative bacterial species as they have the
additional outer membrane composed of LPS, which LL-37 has also been shown to
interact with (Turner et al., 1998).

This research has also revealed another important question, of what is LL-37 attracted
to and interacting with in bacterial cells. Microscopy revealed a diffuse intracellular
binding of LL-37, with no obvious preference for the cytoplasmic membrane.
Additionally, the rapid triggering of autolysis by LL-37 could mean LL-37 is interacting
directly with the cell wall machinery to activate autolysin activity. It has previously been
found that teichoic acids regulate the activity of certain autolysins (Flores-Kim et al.,
2019; Guyet et al., 2023); thus it may be that LL-37 interacting with teichoic acids
disturbs the normal teichoic acid-mediated regulation of autolysins, leading to their
misregulation and so autolysis. Investigating these potential additional targets of LL-
37 would aid in unravelling the remaining unknown factors in the mechanism of action
of LL-37. | had hypothesised that translocation of LL-37 to the cytoplasm could be
driven by the transmembrane potential of a cell, as the interior of the cell is more
negatively charged than the exterior and LL-37 is cationic so would likely be pushed
into this negative interior, as occurs with cell-penetrating peptides (Hoffmann et al.,
2018). However, this was disproven by my use of CCCP to depolarise cells, as this
assay showed that LL-37 still accumulates within the interior of depolarised cells. | also
showed that DNA is not responsible for this intracellular localisation either. Thus, it
appears LL-37 is either moved to the cytoplasm as a result of its interaction with the
membrane or it is attracted to a component of the cytoplasm | have not studied, such
as RNA. To decipher this, the activity of LL-37 against liposomes should be studied.
Previous work has already established that LL-37 remains active against liposomes,
but they did not perform experiments using fluorescently labelled LL-37 (Shahmiri et
al., 2016). If fluorescently labelled LL-37 is still recruited to the interior space of
liposomes, which are devoid of cellular cytoplasmic contents, this would show

translocation of LL-37 to the cytoplasm to be an unspecific process caused by its
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interaction with the membrane. Whereas if this translocation is abolished this would
instead suggest LL-37 is attracted to a specific component of the cytoplasm. To
characterise whether LL-37 also exhibits any interactions with the cell wall, two
approaches should be used. Firstly, the activity of LL-37 against L-forms should be
tested. Secondly, its activity should be tested against cells that have already been
treated with cell wall-interacting antibiotics. If these antibiotics reduce the killing activity
of LL-37 this would suggest that LL-37 is also a cell wall-targeting peptide, such dual-
targeting activity has previously been observed in daptomycin (Muller et al., 2016;
Grein et al., 2020).

In chapter 5, | studied the ability of B. subtilis to rapidly recover from LL-37-induced
lysis and protect itself against further LL-37 treatment. | showed the survival of cells
within a culture to be most likely due to a stochastic lack of LL-37 binding, rather than
specific characteristics of the cells or culture. These stochastically unbound cells
enable rapid growth recovery as they are unaffected by the AMP and so suffer no
growth inhibition. Preliminary data suggested that these B. subtilis cells that go on to
grow in the presence of LL-37 are polarised, and that LL-37-induced depolarisation
cannot be recovered from in this species, however more research is needed to support
this hypothesis. Contrastingly, | showed that S. aureus cells could recover from LL-37-
induced depolarisation to recover the culture, in addition to unbound polarised cells. |
then established the tolerance of cultures to subsequent LL-37 treatment is due to the
accumulation of cell debris, as this continues to bind LL-37 after death. This
sequestering activity was shown to be due to the presence of membrane debris, rather
than DNA as previous publications have hypothesised. | showed this protection to be
due in part to the presence of lipoteichoic acids, supporting the link between teichoic
acids, and their D-alanylation, and LL-37 susceptibility | presented in Chapter 3. The
presence of this membrane debris means further LL-37 exposure is sequestered by
dead cells, conferring collective tolerance to the growing cells in the culture.

My research has shown that S. aureus can recover from LL-37 induced depolarisation.
This indicates that low-level exposure to LL-37 could be disadvantageous to tackling a
S. aureus infection, as this exposure could trigger adaptations, such as increased L-
PG synthesis, to make the cells more resistant to LL-37. This is of concern as these
adaptations confer resistance to not only LL-37, but other commonly used antibiotics,
such as daptomycin and vancomycin (Friberg et al., 2020; Ledger et al., 2022). These
observations bring into question the efficacy of LL-37 in vivo as its presence may make
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infecting bacterial cells harder to treat. However, this and previous work has shown the
cooperative binding activity of LL-37, which implies that even at low concentrations of
LL-37, some cells will be highly bound and killed by the AMP (Melo et al., 2009). It may
be that this is the core physiological function of LL-37, opposed to large-scale bacterial
killing, as even if just a few cells are highly bound this is sufficient to trigger and
modulate an immune response to the infection (Lande et al., 2007; Vandamme et al.,
2012; Kim et al., 2017; Mookherjee et al., 2020). If this is the case, this process, whilst
sufficient to induce an immune response, would also establish selection pressure for
LL-37 resistance to evolve. Thus, to expand on the potential of LL-37-induced
adaptations, RNA sequencing should be undertaken. In Chapter 5 | discussed using a
combination of FACS and RNA sequencing to isolate and characterise cells that
survive LL-37 treatment. This should be undertaken in B. subtilis to verify that survival
in this species is due to a stochastic lack of LL-37 binding. Additionally, this should be
performed in S. aureus to also test this hypothesis, but then also performed at a later
stage to look at the adaptations that exposure to LL-37 triggers in this pathogenic

species.

Further attention should be paid to the collective tolerance conferred by membrane
debris that accumulates within cultures treated with LL-37. It should be investigated
whether this mechanism is also effective in the pathogenic species S. aureus. The
difference in lysis and recovery that S. aureus experiences when treated with LL-37
makes it unclear whether membrane debris will accumulate to the same degree as in
B. subtilis. The cell debris tolerance mechanism implies that eventually cell debris will
become saturated with LL-37, meaning further LL-37 would then be able to interact
with live cells. This of course would lead to feedback cycles in which LL-37 kills cells,
dead cells sequester further LL-37, dead cells become saturated, so LL-37 kills more
cells but then the cycle repeats - it may be that these cycles exist in bacterial infections
of the human body. To reduce this sequestering activity, a peptide that also binds
membrane debris could be used to compete for membrane debris binding, freeing LL-
37 to bind living bacterial cells. A similar approach was used by Wu & Tan (2019), in
which a peptide adjuvant was used to counteract the LL-37 sequestering activity of E.
coli cell debris. If found effective, such peptides could be used in vivo to enhance the
activity of LL-37 and reduce the survival of cells that would otherwise go on to adapt
and become less susceptible to LL-37 and other antibiotics.
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In my opinion, there were three key findings in this thesis. Firstly, the complete lack of
a role phospholipid head group and membrane fluidity in the susceptibility of B. subtfilis
to LL-37. This was surprising as LL-37 is well characterised to have a membrane-
interacting mechanism of action. Thus, it seemed likely that phospholipid composition,
with its variation in charge and structure, would impact the targeting of LL-37 and the
disruption it causes, however this was shown to not be the case. This means LL-37
must have much more elasticity in its targeting than previously hypothesised. The
second key finding relates to the stochasticity of LL-37 binding, as this work showed
this stochasticity to be vital to the survival and recovery of bacterial cells in the
presence of LL-37. These observations raise an interesting query about the potential
of bacteria to develop resistance to LL-37, as this mechanism enables the survival of
cells within a culture. However, as | have already discussed, it may be that LL-37
functions only to alert the immune system of an infection by killing some cells so that
they release immune activating cell components. This finding does not detract from the
bactericidal activity of LL-37, which can be enhanced through increased concentration
and perhaps the use of synergistic compounds. The third key finding relates LTA and
aspects of its activity across the three results chapters of this thesis. This research is
closely related to the recently published paper of Guyet et al., 2023; in this work, it was
found that the production of L-PG positively influences the production of LTA in both
B. subtilis and S. aureus, meaning with increased L-PG there is also increased LTA in
the cell envelope. In B. subtilis, LTA was found to regulate the activity of LytE, thus
changes in L-PG or LTA synthesis have the potential to dysregulate LytE cell wall
metabolism activity and cause autolysis. In fact, it was shown that sensitivity to the
lipopeptide daptomycin is increased in a strain lacking LTA compared to strains lacking
D-alanine or L-PG; this means LTA protects against daptomycin by a means that is not
only charge related, instead it is likely that the loss of LTA dysregulates LytE activity,
making the strain more susceptible to lysis by daptomycin. These observations, made
in B. subtilis were also found to be true in S. aureus, suggesting this is a common
feature amongst Gram-positive bacteria. Overall, the research of Guyet et al. (2023)
suggests that much of what has been assumed to be charge repulsion in the protection
conferred by L-PG and LTA may in fact be due to the regulatory network linking these
and autolysis. In chapter 3 | saw that B. subtilis lacking LTA was significantly more
susceptible to LL-37 and this wasn’t fully accounted for by D-alanylation. Thus, it
seems likely that LTA has another role in protection against LL-37, which could be via
regulation of LytE activity. However, the lack of increased susceptibility of L-PG lacking
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cells is contrary in this regard, as L-PG production should be inherently linked to LTA
production and as such the lack of increased susceptibility with the loss of L-PG is
surprising. In chapter 4 | explored the role of autolysis in the mechanism of action of
LL-37 and showed that whilst permeabilisation of B. subtilis is independent of autolysis,
the subsequent bacteriolysis requires autolysin expression, specifically by LytD and
LytE. Therefore, as LTA regulates LytE activity, it is likely that cells lacking LTA are
more likely to undergo autolysis, as their cell wall will already be weaker due to the
dysregulation of LytE — however, it should be noted that the precise mechanisms by
which teichoic acids regulate autolysins are still very poorly understood. In chapter 5 |
showed the protective effect conferred to cultures by the presence of LTA debris. This
shows that LTA is itself protective against LL-37, in addition to its potential regulatory
activity of LytE. Thus, by combining the findings of Guyet et al. (2023) and this thesis,
the charge repulsion protection conferred by teichoic acids is reaffirmed for LL-37, but
a second interesting possibility is raised, of the potential LTA-LytE regulatory system.

Overall, in this thesis | have contributed further understanding to the mechanism of
action of LL-37, and these results provide useful insights and starting points for future
research. Key questions surround the specific role of LL-37 in vivo, as whilst its
antibacterial activity is evident, the relevance of this at native concentrations within the
human body is questionable. However, this does not detract from antibacterial
research of LL-37, as understanding its mechanism of action not only enhances our
understanding of amphipathic AMPs, but also provides potential avenues for LL-37
application. For example, LL-37 derived synthetic peptides are being developed with
increased potency and LL-37 is being explored as a means to clear bacterial biofilms
on titanium alloy prostheses (Ridyard & Overhage, 2021; Wei et al., 2021; Piller et al.,
2022). Additionally, LL-37 has been found to enhance the activity of a range of
antibiotics in clearing biofilm infections, showing it still has relevance clinically
(Wuersching et al., 2021). This could mean that future healthcare strategies may
involve treating infections with exogeneous LL-37 or LL-37 derivatives, an exciting
potential given the current opposing rates of antibiotic resistance and development.
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Figure A1. Second biological repeat of experiment in Figure 3.2b. Analysis of
the time taken for B. subtilis lacking lysyl-phosphatidylglycerol (L-PG), cardiolipin
(CL), glycolipids (GL), phosphatidylethanolamine (PE) or phosphatidylserine (PS) &
PE to recover to the initial optical density at which 20 yg mL™' LL-37 was added;
analysed by unpaired ordinary ANOVA with Dunnet’'s multiple comparisons test
comparing to wild-type (WT), **** represents p < 0.0001. Data represented as
meanzSD (n=3).
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Figure A2. Second biological repeat of experiment in Figure 3.4c. Analysis of
the time taken for wild-type and D-alanylation (Ad/tA) deficient B. subtilis to recover
to the initial optical density at which 20 uyg mL™' LL-37 was added; analysed by
unpaired two-tailed t-test, *** represents p < 0.001. Data represented as mean+SD
(n=3).
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Figure A3. Second biological repeat of experiment in Figure 3.6¢c. Analysis of
the time taken for B. subtilis wild-type, Ades and Abkd Ades with isobutyric acid (I1B)
or 2-methylbutyric acid (MB) to recover to the initial optical density at which 20 pg
mL" LL-37 was added; Abkd Ades + IB/MB analysed by unpaired two-tailed t-test,
*** represents p < 0.001. Data represented as meanzSD (n=3).
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Figure A4. Second biological repeat of experiment in Figure 3.7d. Analysis of
the time taken for B. subtilis wild-type, Abkd Ades Pspac-des with 2-methylbutyric
acid (MB) and des expression uninduced or induced by 1 mM IPTG to recover to
the initial optical density at which 20 ug mL"" LL-37 was added; Abkd Ades + MB
with des expression un/induced analysed by unpaired two-tailed t-test, p value is
not significant (ns). Data represented as mean+SD (n=3).
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Figure A5. Second biological repeat of experiment in Figure 4.1a. Single cell
fluorescent microscopy quantification of 5-Fam-LL-37 (Fluor-LL-37) binding wild-
type B. subtilis after 5 minutes incubation; grey bar indicates median fluorescence
intensity; analysed by unpaired ordinary ANOVA with Dunnet's multiple
comparisons test comparing to untreated, *** represents p < 0.0001, **** represents
p <0.0001; n=139.
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Figure A6. Second biological repeat of experiment in Figure 4.4b. Single cell
quantification of wild-type B. subtilis treated with 5-Fam-LL-37 (Fluor-LL-37; 20 pg
mL-") and CCCP (100 uM) for 5 minutes; red bar indicates median fluorescence
intensity; analysed by unpaired two-tailed t-test, **** represents p < 0.0001; n = 96.
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Figure A7. Second biological repeat of experiment in Figure 4.8h. Analysis of
the time taken for B. subtilis strains: wild-type, AlytABC, AlytD, AlytE, AlytF, AlytG,
AcwlO upon the addition of 20 ug mL™" LL-37 to recover to the initial optical density
at which LL-37 was added; analysed by unpaired ordinary ANOVA with Dunnet’s
multiple comparisons test comparing to wild-type, **** represents p < 0.0001. Data
represented as mean+SD (n=3).
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Figure A8. Second biological repeat of experiment in Figure 4.9c. Analysis of
the time taken for wild-type, AlytD, AlytABCEF, AlytABCFcwlO B. subtilis strains to
recover to the initial optical density at which 10 uyg mL™" LL-37 was added; analysed
by unpaired ordinary ANOVA with Dunnet’s multiple comparisons test comparing to
wild-type, **** represents p < 0.0001. Data represented as meanSD (n=3).
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Figure A9. Second biological repeat of experiment in Figure 4.10c. Analysis of
the time taken for wild-type and o deficient (AsigD) B. subtilis treated with 20 ug
mL" LL-37 to recover to the initial optical density at which LL-37 was added;
analysed by unpaired two-tailed t-test, * represents p < 0.05. Data represented as
meanzSD (n=3).
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Figure A10. Second biological repeat of experiment in Figure 5.1c. Analysis of
the time taken for WT and potential suppressor strains (#1-10) treated with 20 ug
mL" LL-37 to recover to the initial optical density at which LL-37 was added;
analysed by unpaired ordinary ANOVA with Dunnet’'s multiple comparisons test
comparing to wild-type, ** represents p < 0.01. Data represented as mean+SD
(n=3).
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Figure A11. Second biological repeat of experiment in Figure 5.2b. Analysis of
the time taken for B. subtilis wild-type (WT) grown in WT, heat-inactivated (HI)-WT
and BRBO08 supernatant treated with 20 ug mL-' LL-37 to recover to the initial optical
density at which LL-37 was added; analysed by unpaired ordinary ANOVA with
Dunnet’s multiple comparisons test comparing to wild-type, *** represents p < 0.001.
Data represented as meantSD (n=3).
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Figure A12. Second biological repeat of experiment in Figure 5.3c. Analysis of
the time taken for wild-type and AspollE B. subtilis treated with 20 ug mL-' LL-37 to
recover to the initial optical density at which LL-37 was added; analysed by unpaired
two-tailed t-test, p value is not significant (ns). Data represented as mean+SD (n=3).
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Figure A13. Second biological repeat of experiment in Figure 5.4b. Analysis of
the time taken to recover to the initial optical density at which LL-37 was added for
wild-type B. subtilis treated with 20, 20 + 20 (second dose after 15 minutes) and 40
ug mL" LL-37; analysed by unpaired ordinary ANOVA with Tukey’s multiple
comparisons test to compare between all conditions, * represents p < 0.05, **
represents p < 0.01. Data represented as meanzSD (n=3).
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Figure A14. Second biological repeat of experiment in Figure 5.14c. Analysis
of the time taken time taken to recover to the initial optical density at which LL-37
was added for wild-type B. subtilis grown with and without cell lysate from WT, wall
teichoic acid deficient (AWTA), lipoteichoic acid deficient (ALTA) and D-alanylation
deficient (AdlItA) B. subtilis treated with 20 ug mL" LL-37; analysed by unpaired
ordinary ANOVA with Dunnet’s multiple comparisons test comparing to + WT lysate,
**** represents p > 0.0001 (excludes WT). Data represented as mean+SD (n=3).
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