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Abstract

Flotillin is a protein intrinsic to cell viability in humans, where it plays a role in cell morphology
and structure. In Bacillus subtilis, it is involved in sporulation. NfeD always accompanies
flotillins in prokaryotes, normally as an adjacent gene, though it is not present in eukaryotes.
SCO3607 and SCO3608, encoding flotillin and NfeD, respectively, are present in Streptomyces

coelicolor. No previous studies have examined the role of these two proteins in S. coelicolor.

Preliminary bioinformatics revealed NfeD-encoding genes in actinobacteria, which was
tentatively suggested as a new group of NfeD proteins; NfeD1b-5. Tn5062 transposon
insertions in SCO3607 and deletions of both genes, separately and together, displayed no
macroscopic phenotype; whilefluorescence microscopy revealed phenotypes related to cell
polarity. SCO3607 mutants displayed shorter tip to branch and cross-wall to cross-wall
distances, while SCO3608 mutants displayeda milder phenotype. A double knockout mutant
displayed shorter intra cross-wall distances and enlarged spores. Bacterial two hybrid
experiments were also performed, revealing SCO3607-SCO3607 interactions, though N-
terminal fusions of the cya-domains to SCO3607 abolished the interaction, suggesting the N-

terminus is essential for the interaction.
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1. Introduction

1.1. Structure of the cell surface

1.1.1. Eukaryotic membrane structure and lipid rafts

Cell membranes feature in all cells, where they determine the boundary of the cell and its
constituents. A cell membrane is a lipid bilayer consisting of lipids and proteins, where the
nonpolar hydrocarbon lipid tails face inwards, while the polar hydrophilic heads face outwards.
Essentially, these membranes regulate what enters and what leaves the cell. There are three
major classes of lipids in the membrane; phospholipids, glycolipids, and sterols. Phospholipids
are the most abundant class, including phosphoglycerides, of which the most common are
phosphatidylcholine, phosphatidylethanolamine (PE), phosphatidylserine,
phosphatidylinositol, and sphingolipids, of which sphingomyelin is the most common
Glycolipids are formed by the addition of carbohydrate groups to lipids, which can be split into
cerebrosides and gangliosides. The main sterol is cholesterol, which can be up to 50% of total
membrane lipid in humans. Plant membranes contain less cholesterol than humans, but more
phytosterols (Becker et al., 2006).

The cell membrane was originally proposed to be a homogenous liquid mosaic of protein and
lipid diffusing throughout the cell (Singer & Nicolson, 1972). This view was challenged, and
during the 70’s and 80’s this was gradually shown to be incorrect, and the concept of lipid
domains — membrane regions of non-homogenous lipid and protein content - was finally
formalised in 1982 (Karnovsky et al., 1982). The concept was that there were two liquid phases,
ordered and disordered, that contained different sets of lipids and proteins. So while the lipid
membrane is fluid, there are islands of less fluid lipids within the membrane. The ordered phase
(lo) domains were proposed to consist of densely packed sterol-dependent lipids, whereas the
disordered phase (ls) domains consist of loosely packed lipids (Ipsen et al., 1987, Veatch &
Keller, 2005). Conversely, proteins with an affinity for I, localise to the regions of lo, proteins
with medium affinity for lo will be more uniformly distributed, while proteins with low affinity
are repelled from these regions. Thus the biochemical properties of the lipids can

compartmentalise protein distribution (Simons & Toomre, 2000).



Figl-1. The lipid bilayer. The hydrophilic lipid heads are in red, the hydrophobic lipid tails
are in blue. Integral membrane proteins are in green and yellow (Becker et al., 2006).

This dense packing of the lipids in lo also prevents detergent incorporation into the membrane,
which  lent further support to the lipid microdomain hypothesis when
glycosylphosphatidylinositol (GPI)-anchored proteins in mammals were isolated with the
DRM (Detergent Resistant Membrane). These lipid microdomains, termed lipid rafts, were
hypothesised to contain heterogeneously distributed proteins and lipids, specifically sterols,
sphingolipids, and GPI-anchored proteins (Brown & Rose, 1992, Hakomori, 2003, Hakomori,
2008). In short, the DRM, which is not to be confused with the lipid raft, can be isolated by the
addition of Triton X-100 to the cells at 4°C, then separating the cellular components by
centrifugation (Brown, 1994). However, such methods are controversial and not without
problems. Depending on the detergent used, different proteins are isolated, highlighting
requirements for negative controls, and the possibility of different subsets of lipid domains
(Arnietal., 1998, Ostermeyer et al., 1999). Additionally, lipids act in a temperature-dependent
manner, and, as such, at lower temperatures lipids domains form larger domains, thus
potentially artificially creating these lipid domains. Further compounding the validity of the
methods is evidence that lower temperatures are required for isolation of the DRM. However,
model membranes show that phase separation can occur at 37°C, further questioning the
validity of the methods. Regardless, this should be seen as questioning the method for
extracting lipid rafts rather than a critique of the hypothesis of the lipid domain, This
emphasises the DRM should not be equated with lipid rafts, but rather an attempt at isolating
lipid rafts (McGuinn & Mahoney, 2014).

Lipid rafts, as defined by the 2006 Keystone Symposium of Lipid Rafts and Cell function, are
“... are small (10-200 nm), heterogenous, highly dynamic, sterol- and sphingolipid-enriched

domains that compartmentalize cellular processes. Small rafts can sometimes be stabilized to



form larger platforms through protein—protein and protein—lipid interactions (Pike, 2006).”
Thus, lipid rafts differ in lipid content from the rest of the membrane, which again differ
depending on the kind of cell or membrane in question (Becker et al., 2006). Specifically, lipid
rafts in eukaryotes typically have 50% sphingolipids, and due to cholesterol preferentially
interacting with sphingolipids, they contain 3 to 5-fold the amount of cholesterol found in the
bilayer, which is offset by lower amounts of phosphatidylcholine (Pike, 2009, Simons &
Ikonen, 1997, Anchisi et al., 2012). These main lipids of the lipid raft in the outer exoplasmic
leaflet are mirrored by phospholipids and cholesterol on the inner cytoplasmic leaflet. These
rafts are more ordered than other regions of the membrane due to the saturation of the
hydrocarbon chains of the sphingolipids and phospholipids compared to that of the rest of the
membrane (Brown & London, 1998). It is partially due to their size that they have been so
elusive; indeed, each lipid raft consists of only around 3000 sphingolipids spread over 50nm
(Pralle et al., 2000).

The proteins associated with lipid rafts can be divided into three groups; proteins found mostly
in rafts, proteins in the liquid-disordered phase, and the proteins moving in and out of the lipid
rafts. The previously mentioned GPI-anchored proteins are proteins found mostly in rafts, and
include G-protein Go subunits, endothelial nitric oxide synthase, and Src tyrosine Kkinases
(Jeong & McMahon, 2002). Many of these proteins required cholesterol for localisation;
indeed, depletion of cholesterol renders lipid rafts non-functional, and altered cholesterol

metabolism has a profound effect in eukaryotes (Simons & Toomre, 2000).

Mainly involved in signal transduction and lipid tracking, lipid rafts are also used by many
pathogens and toxins, such as HIV and cholera toxin, as a way of entering and exiting the cell
(Sezginetal., 2017). Additionally, a subset of lipid rafts called caveolae are required to convert
the cellular prion protein PrP(C) to the pathogenic isoform PrP(Sc), a step intrinsic to the
development of Creutzfeldt-Jakob disease in humans and scrapie in sheep (Hooper, 2011,
Schengrund, 2010). Other diseases associated with lipids rafts include, but are not limited to,
Alzheimer’s disease, Huntington’s disease and Parkinson’s disease (Watt et al., 2014, Korade
& Kenworthy, 2008, Fabelo et al., 2011)

Lipid rafts have been implicated in ApoE-mediated cholesterol delivery to neurons and
oligodendrocytes, and are thought to be involved in axon growth, synaptic maintenance, axon
regeneration and growth post nerve injury, and myelination (Vance et al., 2000, Posse De
Chaves et al., 2000, Simons & Lyons, 2013). ApoE is a protein made by glial cells involved in



cholesterol homeostasis; inheriting the E4 isoform greatly increases the risk of Alzheimer’s
disease, while other forms have a protective effect (Rebeck et al., 2002, Vance, 2012, Zlokovic,
2013). Similarly, Huntington’s disease is also associated with changes to cholesterol
metabolism, specifically those caused by polyglutamine expansion in the N-terminal part of
the huntingtin protein, which causes the protein to affect sterol regulatory element-binding
proteins, and leads to altered cholesterol levels (Block et al., 2010, Karasinska & Hayden,
2011, Valenza & Cattaneo, 2011). Altered cholesterol levels are also found in patients with
Parkinson’s disease, though no causative effect has been shown (Vance, 2012). Other proteins
that correlate with Parkinson’s disease and interact with lipid rafts are parkin, PINKI, a-
Synuclein, and DJ-1 (Kim et al., 2013, Fallon et al., 2002, Silvestri et al., 2005, Martinez et
al., 2007). In essence, it appears altered cholesterol metabolism has an effect on many

neurodegenerative diseases.

Yeast membranes differ from mammalian membranes, especially with regards to lipid rafts, as
they contain neither sphingomyelin nor cholesterol. Instead yeast produce inositol
phosphosphingolipids, which is hypothesised to be orthologous to sphingomyelin, and
ergosterols, which are even stronger lipid raft formers than sterols (Xu et al., 2001, Matmati &
Hannun, 2008). Furthermore, lipid domain formation in yeast model membranes is dependent
on interactions between inositol phosphosphingolipid and ergosterol (Klose et al., 2010).
Another point where yeast lipid rafts differ is the sphingolipid of yeast is odd in that not only
is it very long at 26 carbon atoms, but when it is synthesised it is coupled to Pmalp in the
endoplasmic reticulum, a lipid raft marker proton pump protein (Schneiter et al., 2004,
Schneiter et al., 1999). The synthesis of the lipid rafts themselves is also different in fungi
when compared to mammals, as the fungal lipid raft is formed in the endoplasmic reticulum as

opposed to Golgi apparatus (Brown & Rose, 1992, Bagnat et al., 2000).

Glycosphingolipids, sphingolipids with an attached carbohydrate, were originally characterised
as structural components of eukaryotic membranes related to membrane fluidity and stability,
but were later discovered to be a major component of the lipid raft in eukaryotes (Feinstein et
al., 1975, Tinker et al., 1976, Aaronson & Martin, 1983, Campanella, 1992, Hakomori, 2008,
Hakomori, 2003, Bagnat et al., 2000, Wachtler & Balasubramanian, 2006). Glycosphingolipids
in yeast are present in cell wall, cell membrane, and extracellular spaces, where they are
involved in cell-to-cell interactions, polarisation, cell signalling and protein sorting (Rodrigues
et al., 2000, Nimrichter et al., 2005, Hakomori, 2003, Rodrigues et al., 2008, Bagnat et al.,



2000). Polarisation is intrinsic for the morphological change from yeast to hyphal growth in
Candida albicans, which is again required for virulence (Whiteway & Bachewich, 2007,
Mitchell, 1998). Polarisation, and thus lipid rafts, are also required for the same morphological
switch in Aspergillus nidulans and Fusarium graminearum (Nimrichter & Rodrigues, 2011).
Lipid rafts are involved in the virulence of Cryptococcus neoformans, as proteins involved in
virulence were isolated from its lipid rafts, which are thought to organise these proteins at the
cell surface (Siafakas et al., 2006). Furthermore, vesicles were found to contain sterols,
glycosphingolipids, and protein involved in virulence which was found in lipid rafts of C.
neoformans, suggests that lipid rafts are present in vesicles, where they are hypothesised to
stabilise (Rodrigues et al., 2007). Edelfosine, a lysophosphatidylcholine analogue, is an
antitumour drug that targets the cell membrane, but which also causes acidification of the
intracellular compartment of yeast and causes disruptions to the cell membrane organisation.
It is thought to affect the cells by disrupting lipid rafts, as the organisation of lipid raft markers
was also disrupted (Czyz et al., 2013). This all suggests that targeting lipid rafts is a potential
mode of action for novel anti-fungal drugs. Other roles for lipid rafts in yeasts have been
identified in Saccharomyces cerevisaea where it was also involved in mating, and in

cytokinesis in Schizosaccharomyces pombe (Proszynski et al., 2006, Rajagopalan et al., 2003).

Plant membranes, lipid rafts, and DRMs differ in a few ways from their mammalian and fungal
counterparts. Plant sphingolipids have a ceramide backbone and up to eight different long chain
bases of esterified fatty acid, which are enriched in the DRM, with a polar head containing up
to 13 sugar moieties. The major plant sphingolipid is glycosylinositolphosphoceramide (GIPC)
and glucosylceramides (Pata et al., 2010). DRMs in plants have so far been isolated from the
plasma membrane and the Golgi apparatus, and in the former the DRMs account for between
5 and 10% of the plasma membrane proteins. Sterols make up about 20% of plant plasma
membranes, but this doubles in DRMs, in addition to elevated levels of conjugated sterols, such
as sterylglucosides and acylated sterylglucosides (Borner et al., 2005, Furt et al., 2007, Laloi
et al., 2007, Mongrand et al., 2004, Lefebvre et al., 2007). Phytosterols mainly differ from
cholesterol by having an extra alkyl group at the C24 position. Two of the most common
plasma membrane phytosterols are sitosterol and stigmasterolcontain an additional ethyl group,
and stigmasterol has an additional double bound at the C22 position (Schaller, 2004).
Polyphosphoinositides, which are involved in signalling, are also enriched in plant DRMs,

while the major structural glycerophospholipid is barely present in the DRM (Furt et al., 2010).



The animal and fungal DRM differ when compared with the plant DRM, as mammalian and
fungal lipid domains can be isolated as low-density fractions, while all investigated plant lipid
domains separate as high-density fractions (Brown & Rose, 1992, Mongrand et al., 2004,
Kierszniowska et al., 2009, Borner et al., 2005, Lefebvre et al., 2007, Morel et al., 2006, Furt
et al., 2010, Stanislas et al., 2009, Carmona-Salazar et al., 2011). An exception to the binary
are human neutrophils, which are capable of containing both high and low-density lipid
domains, where the former also contained cytoskeletal proteins (Nebl et al., 2002). Plant DRMs
also differ from the two others by sometimes displaying a mixed population of vesicular and
non-vesicular bilayer membranes. This is thought to be due to the high rigidity due to the Lo
phase, though it is possible this is an artefact from the Triton X-100 treatment used to extract
the DRM (Carmona-Salazar et al., 2011, Mongrand et al., 2004). While mammalian and fungal
DRMs are enriched in ergosterol and cholesterol, higher plant DRMs are enriched with a
variety of sterols. As an example of this variety, 61 phytosterols and pentacyclic triterpenes

were discovered in maize seedlings (Guo et al., 1995).

1.1.2. Prokaryotic membranes and lipid microdomains

Bacteria, like eukaryotes, have a cell membrane, though some have an additional outer
membrane. The bacterial cell membrane is very rich in proteins, and up to 70% of the
membrane consists of proteins. The chromosome is anchored to the cell membrane, where

DNA, cell wall polymers, and membrane lipids are synthesised (Champoux et al., 2004).

The general purpose of eukaryotic lipid rafts and bacterial microdomains are the same;
compartmentalisation and organisation of cellular processes. However, the manner in which this is
achieved, while superficially similar, has some key differences. Eukaryotic lipid rafts mainly contain
sphingolipids and cholesterol, of which the latter is only known to occur in a few bacteria, namely
Borrelia burgdorferi, Helicobacter pylori, Mycoplasma spp, Ehrlichia chaffeensis, and Anaplasma
phagocytophilum (Simons & lkonen, 1997, Bramkamp & Lopez, 2015). However, as sterols are not
found in other bacteria, and sphingolipids are not common either, and were only found in 2007, though
they likely originated in bacteria (Bourquin et al., 2010, Geiger et al., 2010, Hannich et al., 2011, Yard
et al., 2007). Thus bacterial lipid microdomains must be constituted by other lipids than those in
eukaryotes. Bacterial microdomains have been hypothesised to contain polyisoprenoid lipids and cyclic
polyisoprenoid lipids (also called hopanoids), in addition to cardiolipin (CL), which only occurs in
energy transducing bacterial membranes, such as the mitochondria and cytoplasmic bacterial membrane
(Lopez & Kolter, 2010, Donovan & Bramkamp, 2009, de Andrade Rosa et al., 2006). It is worth noting

the mitochondrial membrane is a bacterial membrane due to evolving from several bacterial families,



notably the Rickettsiaceae, Anaplasmataceae, and Rhodospirillaceae families (Abhishek et al., 2011,
Choi et al., 2005)

1.1.2.1. Cardiolipin

That many lipids and proteins are heterogeneously distributed suggests that there must be a
degree of self-organisation inherent to the cell which to base the localisation patterns on (Huang
et al., 2006). Examples of self-organisation include CL in the presence of Ca?* and unsaturated
PE (Cullis & de Kruijff, 1978, Rand & Sengupta, 1972). CL gets its name from where it was
originally found — beef heart (Pangborn, 1942). It is present in the bacterial cytoplasmic
membrane and mitochondria, which is bacterial in origin, and even though CL is not present in
most Archaea, where bisphosphatidylglycerol is thought to perform an analogous function,
halophilic archaea contain CL (Andersson et al., 1998, Corcelli, 2009, Angelini et al., 2012).
It is also worth noting that eukaryotes without mitochondria, such as Giardia lambli and
Trichomonas vaginalis, do not synthesise CL, suggesting a, evolutionary bacterial origin for
the CL (Guschina et al., 2009, Rosa Ide et al., 2008).
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Figl-2 The structure of CL. The R groups denote alkyl groups. Drawn using Chemdoodle
(Todsen, 2014).

Structurally, CL is a dimeric anionic phospholipid consisting of a glycerol backbone linking
two phosphatidyl groups which can carry two negative charges due to its four alkyl groups (see
Figl-2). CL is a high-curvature lipid due to the small cross-sectional area of the head group
compared to the hydrophobic domain, and introduces negative curvature to membranes. Due

to its dimeric structure CL can be utilised as a flexible linker, filling cavities on protein surfaces



and stabilising interactions between the subunits of oligomeric proteins and larger, multi-
protein structures (Mileykovskaya et al., 2005, Hunte, 2005). CL can form non-bilayer
structures, such as hexagonal structures, under certain physiological conditions and can thus
participate in the formation of dynamic protein-lipid membrane structures of high curvature,
e.g. mitochondrial membrane cristae, membrane fusion and bacterial division sites
(Mileykovskaya & Dowhan, 2005). Several techniques have allowed for breakthroughs in
protein and CL detection; CL is easily detectable using the dye 10-N-nonyl acridine orange
(NAO), though this somewhat controversial as often membrane depolarisation stops NAO-CL
binding (Garcia Fernandez et al., 2004)An equilibrium-based mechanism based on microphase
separation has been proposed to explain polar and septal localisation of CL in rod-shaped
bacteria. The model suggests that it is more energetically favourable for CL aggregates to
localise to regions of higher negative curvature and thus localise as a larger group to the poles
and septa, introducing more curvature due to their structure. There is an optimal size for these
lipid microdomains, as too much curvature will make it energetically unfavourable, thus
limiting the size of the domain. Thus, the short range attractive interactions between individual
CL molecules affect the long range interactions as well (Huang et al., 2006, Mukhopadhyay et
al., 2008).
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Figl-3. CL is in blue, phospholipids in red. The membrane of A) has a high energy state ¢ due
to the homogenous mixture of lipids. The cell wall in B) results in a lower membrane energy
level due to the higher curvature. The clustering of favourable lipids results in a lower total
energy level in C). The membrane in D) has the lowest energy level, as it has both cell wall
and clustering of lipids.CL is restricted to energy-transducing membranes bacterial
membranes, such as the bacterial cytoplasmic membrane and the inner mitochondrial
membrane (de Andrade Rosa et al., 2006). This is likely due to the ability CL to act as a proton
sink, making it intrinsic to mitochondrial enzymes and pathways like the oxidative
phosphorylation complexes (Haines & Dencher, 2002, Schlame, 2008). CL plays a major role
in inner leaflet of the mitochondrial membrane in addition to being implicated in cancer, Barth
syndrome, and diabetes amongst many other diseases (Kiebish et al., 2008, Han et al., 2007,
Schlame et al., 2002). It is also involved in the apoptopic pathways, where Cytochrome P450
oxidises CL (Schug & Gottlieb, 2009).



0
Il
ho—H_on Acyltransferase HO—1'—OH

| o Phosphatidic acid
s v Vv A,
OH I oI ,

OH

Glycerol-3-phosphate
c Phosphatidate
cytidiltransferase

Phosphatidylglycerophosphate

HO—] \"‘/Y_.]_|_[ —l—[lH o
HO O OH O 0 synthase N
H J, V) | SO
o T &, bn &
) Q J-L R‘
Phosphatidyl glycerol-phosphate A R,

Cytidildiphosphate diacylglycerol

c Tyrosine phosphatase

M

o] o] i 0
i\C‘Y-:J—Ill—-’J—lll—’.Jli Cardiolipin synthase S e S T
OH OH O jL R, /U\ —k’ﬂ\ R,
i/ﬂ* ;1 EEEE—— . N
Phsophatidyl glycerol Cardilipin

Figl-4. Eukaryotic and prokaryotic CL pathway. A) is a diagram of CL synthesis of the
eukaryotic type, whereas B) is the prokaryotic type of CL synthesis (Schlame, 2008).

CL is synthesised, as illustrated in Figl-4, through one of two distinctively different enzymes,
which are cytidinediphosphate-diacylglycerol-alcohol phosphatidyltransferase (CAP) and
phospholipase D, which are dubbed the eukaryotic-type and prokaryotic-type, respectively
(Schlame, 2008). These are broad groups, and some bacteria use the typically eukaryotic
enzyme, such as the alpha proteobacteria and the actinobacteria, while some eukaryotes
synthesise CL through the prokaryotic type enzyme, such as Trypanosoma brucei, which has
an essential bacterial-type CL synthase (Serricchio & Butikofer, 2012, Sandoval-Calderon et
al., 2009, Luevano-Martinez, 2015). It is likely the eukaryotic CAP arose from a chimeric event
involving archaeal and alpha proteobacterial CAPs, as they are more closely related to them
than the actinobacterial CAPs. This is consistent with the theory of mitochondria being of alpha

proteobacterial origin (Luevano-Martinez, 2015, Tian et al., 2012).
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In detail, the eukaryotic CL synthesis is an irreversible pathway, where glycerol-3-phosphate
is acylated twice, synthesising phosphatidic acid, which is converted into cytidinediphosphate-
diacylglycerol (CDP-DAG). CDP-DAG IS further converted into
phosphatidylglycerophosphate, which is then dephosphorylated into phosphatidylglycerol
(PG) before another CDP-DAG molecule is added to the PG, creating CL (Tan et al., 2012).
CDP-DAG is also a precursor for other phospholipids, including phosphatidylglycerol,
phosphatidylinositol, and phosphoinositides (Athenstaedt & Daum, 1999). Interestingly, the
breakdown of CL in eukaryotes is facilitated by a phospholipase D that shares some similarity

with the bacterial CL synthesising phospholipase D (Choi et al., 2006).

Prokaryotic CL synthesis is much simpler than the eukaryotic type; a molecule of PG transfers
one of its phosphatidyl moieties to another PG, performed by diphosphatidylglycerol synthase,
and then has a glycerol group removed by phospholipase D. However, as opposed to the
eukaryotic pathway, phospholipase D can also function in reverse (De Siervo & Salton, 1971,
Hirschberg & Kennedy, 1972). An example of a bacteria with a bacterial-type CL synthase is
Chlamydophila pneumoniae (Mancini & Ciervo, 2015). However, as previously mentioned,
actinobacteria can synthesise CL irreversibly, typical of the eukaryotic pathway, and the
eukaryotic CL synthase is descended from the alpha proteobacterial CL synthase (Sandoval-
Calderon et al., 2009, Tian et al., 2012).

CL in bacteria localises to cell poles and septal region (Kawai et al., 2004, Mileykovskaya &
Dowhan, 2000, Barak et al., 2008, Maloney et al., 2011). B. subtilis synthesises CL from PG,
and a double knockout mutant of the genes that encode the biosynthetic proteins is not viable;
however, cells depleted of PgsA survive for a few hours due to PA and CDP-DAG being able
to temporarily substitute for them (Barak et al., 2008). E. coli is viable without CL and PG, but
is temperature-sensitive (Kikuchi et al., 2000). Staphylococcus aureus requires CL under
conditions of high salinity, but is otherwise viable. It also has two CL synthases (Tsai et al.,
2011). Changes to CL distribution, specifically from septa to membrane, increases daptomycin
resistance in S. aureus, Enterococcus species, and Salmonella typhimurium (Dalebroux et al.,
2014, Tran et al., 2013). CL also stops daptomycin translocation in liposomes, which is likely
how it functions in vivo (Zhang et al., 2014). CL is also a virulence factor for Moraxella
catarrhalis, where deletion of CL greatly hampers the bacterial adhesion to epithelial cells
(Buskirk & Lafontaine, 2014). Furthermore, deletion of the CL synthase in Pseudomonas

putida resulted in increased antibiotic sensitivity, likely due to faulty efflux pumps (Bernal et
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al., 2007). CL also likely plays a role in DNA replication, through its interaction with the DNA
replicator DnaA, and cell division, through its effect on the remodelling of the membrane. This
IS coherent with its previously mentioned roles (Mileykovskaya & Dowhan, 2005). These
discoveries suggest prokaryotic-type CL synthases are potential targets for a multi-drug
antibiotic resistance therapy. Daptomycin resistance in Enterococcus faecalis is mediated by a
redistribution of CL from the septum, facilitated by a mutation in liaFSR, a three-component
regulatory system involved in cell envelope homeostasis. Full resistance to daptomycin is
achieved with mutations to its CL synthase and a glycerophosphoryl diester phosphodiesterase
(Tran et al., 2013).
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Figl-5. S. coelicolor phospholipid synthesis pathway. A diagram showing the different

known phospholipid synthesis pathways in S. coelicolor (Sandoval-Calderon et al., 2009).

CL synthesis in filamentous actinobacteria, such as S. coelicolor, is different in several ways.
Its distribution is different; it does not localise to specific regions, but rather is enriched in
regions with no chromosomes, hyphal tips, and branch points (Jyothikumar et al., 2012). It
contains both prokaryotic and eukaryotic-type CL synthases, of which its eukaryotic-type
synthesises CL irreversibly (Sandoval-Calderon et al., 2009, Arabolaza et al., 2010). Even

though S. coelicolor contains several putative and confirmed CL synthases, at least one of
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these, CIsA, a eukaryotic type CL synthase, is essential for growth. Furthermore,

overexpression of CIsA caused morphological defects (Jyothikumar et al., 2012).

1.1.2.2. Hopanoids

Hopanoids are another source of lipids that potentially localise to the bacterial lipid
microdomains. Hopanoids are pentacyclic triterpenes (also called hopanes), a subgroup of the
triterpenoids. Triterpenoids are a large class of natural compounds built from six C5-
isoprenoids units that also includes sterols (Mahato & Sen, 1997, Mahato et al., 1992).
Hopanoids get their poetic name from the Hopea trees due to the presence of other pentacyclic
triterpenes in the resin of the tree, where they were first isolated from in 1955 (Siedenburg &
Jendrossek, 2011, Mills & Werner, 1955).

Hopanoids are synthesised from squalenes by squalene-hopene cyclases in one of the most
complex single-step biochemical reaction known; the altering of 13 covalent bonds to form 5
cycles and establishment of nine stereo centres. In a very similar reaction, eukaryotes utilise
the closely related 2,3-oxidosqualene cyclases to form a variety of sterols, also a triterpenoid,
from squalene, where four cycles are formed from the alteration of 14 covalent bonds, and
seven stereo centres are formed (Yoder & Johnston, 2005). However, there is evidence that
some horizontal gene transfer has taken place, as some eukaryotes have the primarily
prokaryotic squalene-hopene cyclases and vice versa (Frickey & Kannenberg, 2009).
Interestingly, because the synthesis does not require oxygen, it is possible hopanoids predate
oxygen on Earth, and this is especially interesting as cyanobacteria can produce them (Hartner
et al., 2005). Due to their resilient skeleton, they are physically conserved in nature and are the
most abundant compounds in nature and are present in all soils and sediments (Saito & Suzuki,
2007).

Hopanoids occur in a varying estimate of bacteria, from 10-50%, but are absent in Archaea,
and neither is it present in E. coli (Frickey & Kannenberg, 2009, Sahm et al., 1993, Siedenburg
& Jendrossek, 2011). It has been suggested that due to their prevalence and biochemical
properities hopanoids may be the main lipid homologue in some prokaryotic lipid
microdomains, similar to the role of the structurally similar cholesterol, which being a sterol is
also formed from squalene, in eukaryotic lipid rafts (Lopez & Kolter, 2010, Crane & Tamm,
2004). Due to this, hopanoids are considered the bacterial functional cholesterol homologue
(Saenz et al., 2015).
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The biochemically simplest of hopanoids, diplopterol, from which many of the others are
modified from, had in vitro the ability to form I, microdomains in giant unilamellar vesicles.
This effect is similar to cholesterol, and diplopterol also modulated the order of lipid A, a
lipopolysaccharide endotoxin unique to Gram-negative bacteria (Saenz et al., 2012).
Hopanoids in Rhodopseudomonas palustris are dispensable for growth, but are involved in
membrane integrity and pH homeostasis (possible due to affecting lipid A), and when
methylated at the C2 position hopanoids increase cell membrane rigidity which protects against
stress, similar to cholesterol (Wu et al., 2015, Welander et al., 2009, Crane & Tamm, 2004).
Furthermore, when no hopanoids are synthesised, CL production increases several fold
(Neubauer et al., 2015). The other pentacyclic triterpenes betulinic acid, oleanolic acid, and
ursolic acid interact with CL to modulate membrane fluidity in model membranes
(Broniatowski et al., 2014). This is similar to the properties of cholesterol. There is further
evidence for lateral cell membrane protein and lipid heterogeneity in the hopanoid producing
species Gloeobacter violaceus (Rexroth et al., 2011). Furthermore, squalene, a precursor in
hopanoid synthesis, localised in a single spot in the cell membrane of S. aureus, which suggests
it may spontaneously localise to more energetically favourable patterns, similar to CL.
Interestingly, when the squalene-hopene cyclase YisP of B. subtilis was inhibited, several
proteins failed to localise to the membrane (Lopez & Kolter, 2010). Additionally, when treated
with nystatin, an anti-fungal compound that binds the sterol ergosterol, biofilm formation was
induced in B. subtilis and cation leakage occurred. As bacteria do not synthesise ergosterol, it
potentially binds hopanoids or similar squalene-derived products (Lopez et al., 2009). In a
mutant Methylobacterium extorquens strain lacking the hopanoid synthesis cluster the
multidrug efflux system ceased to function, but was restored upon addition of cholesterol or
diplopterol (Hopanoids as functional analogues of cholesterol in bacterial membranes.). This
is similar to what has been observed for the antimicrobial resistance of Burkholderia
multivorans, where a transposon insertion in the hopanoid synthesis cluster increased

membrane permeability and prevented removal of antimicrobials (Malott et al., 2012).

Hopanoids are also present in streptomycetes. In Streptomyces scabies, hopanoids are not
required for growth, and upregulation occurs during hyphal growth (Seipke & Loria, 2009). In
S. coelicolor, hopanoids have also been suggested to alleviate osmotic stress during aerial
hyphal growth by minimising outward diffusion of water and protecting the hyphae against

desiccation by tightening the space between lipids (Poralla et al., 2000).
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There are many factors suggesting hopanoids are an important part of the lipid microdomain;
its distribution mimics the distribution of CL, they are structurally and functionally
homologous to cholesterol, are required for membrane integrity, mutant phenotypes are similar
to CL-deficient phenotypes and have less antimicrobial resistance, and are involved in protein
localisation (Lopez & Kolter, 2010, Lopez et al., 2009, Tran et al., 2013, Malott et al., 2012).
And while hopanoid synthesising genes are missing from many bacterial genomes and are
dispensable for growth in the bacteria they are present in, hopanoids are still an intriguing piece

of the puzzle based on in vitro biochemical properties and in vivo cell membrane functions.

That hopanoids and CL are not required for viability in bacteria, with a CL synthase in at least
S. coelicolor being an exception, can be interpreted to mean there are other unknown, major
factors in bacterial lipid microdomains, and that lipid microdomains are not as vital as in
eukaryotes (Jyothikumar et al., 2012, Arora et al., 2004). There are several avenues available
with regards to the relationship between CL, hopanoids, and bacterial microdomains:
measuring hopanoids synthesis in a CL synthase knockout, as per what has been done vice
versa in Rhodopseudomonas palustris, elucidating whether CL overexpression can alleviate
the phenotypes associated with hopanoid depletion, and following up with whether hopanoid
and a double CL synthase and squalene-hopene cyclase knockout mutant strain is lethal
(Neubauer et al., 2015).

1.1.3. Cell wall

The cell membrane is protected by the cell wall, a peptidoglycan structure that surrounds and
protects the cell. Bacteria can be divided into two main groups based on their cell walls’
retention ofthe Gram stain, which is named after the inventor Hans Christian Gram. The
testdifferentiates between these two types of bacteria; the Gram-positive and the Gram-
negative. Gram-positive bacteria contain a single membrane and thick cell wall consisting of
50% peptidoglycan, also called murein, which causes the cell to retain the Gram stain (Koch,
2000). Gram-negative bacteria are characterised by two membranes and a thin peptidoglycan
layer, which results in failure to retain the stain. The peptidoglycan consists of linked
monomers of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), with the linking
of the monomers facilitated glycosidic bonds. These long glycan chains are then cross-linked
by tetrapeptides on the NAMs (Madigan et al., 2012).

The role of the cell wall is to support the cytoplasmic membrane from internal osmotic pressure,

ensure correct cell shape, and adhesion to surfaces and other bacteria. However, the cell wall
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does not keep antibiotics out, and the Gram-negative outer membrane contributes to the greater
antibiotic resistance in Gram-negative bacteria through preventing uptake of antibiotics.
However, there are some examples of the cell wall evolving to keep antibiotics out (Munita &
Avrias, 2016). Additionally, due to important roles of the cell wall and only being present in
Archaea, algae, and bacteria, it makes for an excellent target for antibiotics, whether directly
or indirectly. Notably, the B-lactams exploit this by binding the penicillin-binding proteins
(PBPs), which are proteins involved in the last steps of peptidoglycan synthesis. However,
resistance to f-lactams is increasingly common, both through p-lactamases that hydrolyse the
B-lactam ring, and PBPs changing to be unaffected by p-lactams (Skalweit, 2015). The latter is

the mode of resistance in methicillin-resistant Staphylococcus aureus (Lambert, 2002).

Also present in the Gram-positive cell wall are proteins, teichoic acids (TAs), and some
bacteria produce polysaccharide capsules as well (Lambert, 2002). Not all Gram-positive
organisms have TAs, but most have some anionic analogue (Sutcliffe & Shaw, 1991, Reusch,
1984). TAs can be split into wall-TAs (WTAs) and lipo-TAs (LTASs), where WTASs are
covalently linked to the cell wall, whilst the LTAs are tethered to the membrane by a glycolipid
anchor, generally a disaccharide linked to a diacylglycerol, and the repeating unit chain extends
into the cell wall (Fischer, 1988). The specific mechanisms and roles of TAs are largely
unknown, however, 30-60% of the cell wall in Gram-positive bacteria that can produce LTAs
consists of LTAs (Neuhaus & Baddiley, 2003, Streshinskaya et al., 2007). While WTAs are
dispensable in some bacteria, such as S. aureus, they are essential in others such as B. subtilis
(D'Elia et al., 2006, Weigel et al., 2003, Schertzer & Brown, 2003).

Structurally, WTASs consist of two parts: a polymer chain consisting of phosphodiester-linked
poly(glycerophosphate) (Gro-P) repeats bound to a disaccharide linker which covalently binds
the chain to the rest of the cell wall. The linker consists of an N-acetylmannosamine attached
to a NAG-1-phosphate with 1-2 glycerol-3-phosphates attached to the C4 oxygen of NAG. The
most common of the Gro-P repeats are a ribitol-5-phosphate or glycerol-3-phosphate, though
many other monomers exist, such as arabitol-phosphate in the case of Agromyces cerinus or
erythritol-phosphate in Glycomyces tenuis (Potekhina et al., 1993, Shashkov et al., 1995,
Neuhaus & Baddiley, 2003). Protonated D-alanyl residues are covalently linked to these Gro-
P chains, granting the TAs their anionic charge (Neuhaus & Baddiley, 2003). This D-
alanylation also increases the virulence of Gram-positive bacteria and increase their resistance

to cationic antimicrobial peptides, as well as B. subtilis cells being prone to lysis in the presence
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of glycine if they were defective in D-alanine synthesis (Peschel et al., 1999, Abachin et al.,
2002, Collins et al., 2002, Kovacs et al., 2006, Heaton et al., 1988). The chains themselves
vary in length, repeating unit, anchor, and D-glucosylation, which depend on factors as diverse
as organism and strain, media and phosphate availability, temperature, and life cycle (Leopold
& Fischer, 1992, Pollack et al., 1992, Boylen & Ensign, 1968, Grant, 1979, Baddiley et al.,
1961, Baddiley et al., 1962, Sanderson et al., 1962, Dehus et al., 2011, Botella et al., 2014).

LTAs also consist of phosphodiester-linked repeats, most commonly ribitol-5-phosphate or
glycerol-3-phosphate, similar to WTAs, but rather than being covalently bound to the cell wall,
LTAs are linked to the cytoplasmic membrane (Neuhaus & Baddiley, 2003). LTAs are much
more common in low GC-content bacteria (55 mol%?>), and in high GC-content bacteria LTAs
are normally replaced by lipoglycans (Sutcliffe & Shaw, 1991). LTAs can be further divided
into five different types: | — V (Schneewind & Missiakas, 2014). Type | LTAs are the most
common and are comprised of glycerol-3-phosphates. They vary in length, sidechain
substituent, and the glycolipid anchor that tethers them to the membrane. Type | LTAs are also
further subdivided based on their sidechain substituent, a-GIcNAc or a-Gal, into group A or B,
respectively (Schneewind & Missiakas, 2014). Type 1l LTAs have a galactose-galactose-Gro-
P repeating unit, while type 11l LTAs have a galactose-Gro-P repeating unit (Neuhaus &
Baddiley, 2003, Fischer, 1994). Type IV are the WTAs and LTAs of Streptococcus
pneumoniae, which are has choline sidegroups (Fischer, 1997, Bergmann & Hammerschmidt,
2006).

Type V LTAs include lipid-anchored polysaccharides, such as lipoglycans, Gro-P
lipoglucogalactofuranan from Bifidobacteira bifidum, and succinyl lipomannan from
Micrococcus luteus, and are very common among acid-fast bacteria that often lack
conventional LTAs (Fischer, 1987, Fischer, 1991, Berg et al., 2007). Though the definition of
an LTA states the requirement for phosphodiester-linked repeating units, these are included
regardless (Schneewind & Missiakas, 2014). Actinomycetes generally synthesise lipoglycans
rather than "true" LTAs, though some Tenericutes and Actinobacteria, which are mostly high
G + C, synthesise both lipoglycans of the type V LTAs in addition to type | LTAs, while most
Firmicutes, which are mostly low G + C, synthesise only one type of LTAs (Rahman et al.,
2009c, Rahman et al., 2009b, Schneewind & Missiakas, 2014, Rahman et al., 2009a).

While the exact functions of LTAS remain elusive, it is documented that LtaS (lipotechoic acid
synthase) is required for S. aureus growth under normal laboratory conditions; tryptic soy broth
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at 37°C (Grundling & Schneewind, 2007). It is speculated LTAs play a role in membrane
stability, and B. subtilis strains defective in D-alanine production, an intrinsic part of most TAs,
would readily lyse in the presence of glycine (Jorasch et al., 1998, Heaton et al., 1988). More
information was yielded when it was discovered how glycolipid synthesis affects the LTAS;
alterations to a glycosyltransferase resulted in aberrant cell shapes and enlarged cell sizes in
Staphylococcus aureus due to changes to the glycolipid anchor of the LTA, and in
Streptococcus lead to a drop in mortality from 90% to 20% in mice and four-fold drop in
invasiveness (Kiriukhin et al., 2001, Doran et al., 2005). In S. pneumonia, proteins involved in
defence against the immune system and normal cellular functions use the exposed cholines of
its unique type V LTAs as anchors, and other examples are proteins involved in cellular
adhesion, such as PspC, and autolysins, such as LytA, LytB, and LytC, involved with the cell
wall modulation (Bergmann & Hammerschmidt, 2006, Gamez & Hammerschmidt, 2012). Due
to all these effects, LTAs are a potential target for new vaccines (Chapot-Chartier &
Kulakauskas, 2014).

Actinomycetes generally synthesise lipoglycans rather LTAs, though LTAs are present in S.
albidoflavus, S. hygroscopicus, and S. coelicolor, and the first mention of LTAs in a
Streptomycete occurs in a Russian paper from 1983 (Rahman et al., 2009a). The deletion of
two TagF (teichoic acid glycerol) homologues, a protein involved in LTA synthesis pathways,

in S. coelicolor affected sporulation (Kleinschnitz et al., 2011b).
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1.2. Proteins associated with the membrane

1.2.1. Protein export

Bacteria have a highly organised subcellular distribution of membrane lipids and cell wall
constituents, but also of proteins. This cellular heterogeneity serves to compartmentalise
cellular processes and organise the cell. This compartmentalisation is intrinsic for correct
protein function, e.g. cytosolic proteins remain in the cytosol, membrane proteins localise to
the membrane etc. A majority of proteins are secreted by the Sec system (the general secretory
pathway; type II), which also folds precursor proteins, a minority of fully-folded proteins are
secreted by the Tat system (the twin arginine translocase pathway), and a subset of small,
mature proteins are exported to the inner membrane by the YidC insertase (Dalbey et al., 2011).
There are also the ABC transporters (type 1), flagellar secretion (type Ill), and conjugative
secretion (type V). However, roughly 20% of bacterial proteins are predicated to be targeted
for secretion by the Sec system, making it the most common secretion system (Song et al.,
2009).

Proteins are targeted to the Sec pathway by a 20-30 residue N-terminal sequence (Natale et al.,
2008). It consists of an N-terminal basic region, a hydrophobic patch, and a three-residue motif
for signal peptidase | (SPasel) cleavage, which is normally expressed as AxA in prokaryotes,
where alanine is the most common residue (von Heijne, 1990, Paetzel et al., 2002). Secretory
proteins are targeted to the Sec pathway by either the co-translational or the post-translational
mechanism. In the post-translational pathway the protein to be exported is targeted by the
chaperon SecB, which binds to the unfolded protein and directs it to the SecYEG translocase
via SecA, consisting of SecY, SecE, and SecG, which is in turn powered by the SecB-activated
ATPase SecA, and finally SecD and SecF promote the release of the now fully-folded protein
(Driessen, 2001, Randall & Hardy, 1995, Hartl et al., 1990, Hanada et al., 1994, Douville et
al., 1995, Gierasch, 1989). Additionally, proton motive force (PMF) is also used to translocate
the protein through an unknown mechanism in addition to ATP (Schiebel et al., 1991). The co-
translational pathway is more common for integral membrane proteins, where the signal
recognition particle (SRP) binds the signal peptide of the nascent secretory protein as it is being
synthesised, creating an SRP-ribosome-protein chain and targets it to the Sec translocase via
interactions with the membrane receptor FtsY (Natale et al., 2008, Luirink & Sinning, 2004).
However, folding of newly synthesised proteins is aided by up to three other highly conserved
chaperones: Trigger factor, DnaK/DnaJ/GrpE, and GroEL/GroES (Deuerling et al., 1999,
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Agashe et al., 2004, Kerner et al., 2005). These are common to all proteins, including integral

membrane proteins and other secreted proteins.

The Tat system works differently from the Sec system, with the biggest difference being the
source of energy powering the translocation, as the Sec system exports and folds precursor
proteins in an ATP-dependent manner, whilst Tat exports fully formed proteins using proton
motive force (Palmer & Berks, 2012, Yahr & Wickner, 2001). Proteins are targeted to the N-
terminal-binding site of TatBC by an N-terminal peptide, [(S/T)RRXFLK], the twin-arginine
motif (Berks, 1996, Gerard & Cline, 2006, Alami et al., 2003, Kreutzenbeck et al., 2007). TatB
serves to stabilise TatC, which is believed to act as the motor (De Keersmaeker et al., 2007,
Bruser et al., 2003). Furthermore, TatB is dispensable for growth and is missing from many
genomes (Blaudeck et al., 2005). If PMF is available, the translocator TatA is recruited at this
stage. Exactly how TatA functions is unknown, but it is postulated it forms a stable aqueous
pore in the membrane, as a proton efflux is observed during Tat-dependent translocation in
thylakoid membranes (Alder & Theg, 2003). Naturally, it would require sealing immediately
after translocation, and PspA, a protein that aids in dealing with membrane stress and
alterations to PMF (DeLisa et al., 2004).

In S. lividans both TatB and TatC are dispensable for growth, but TatA is not, though this is
not due to redundancy, as TatB and TatC have different functions (De Keersmaeker et al.,
2005a). The Tat system of S. lividans differs from that of E. coli, as the Tat proteins have been
found localised in the cytoplasm in the former, but not in the latter (De Keersmaeker et al.,
2005b).

S. coelicolor exports a total of roughly 800 proteins, of which 190 are predicted to be exported
by the Tat pathway. Of these 190 proteins, spanning a wide variety of proteins, 25 are
confirmed to be translocated by the Tat pathway (Widdick et al., 2006). One example of a Tat
pathway translocated protein is chitosanase, an enzyme that breaks down the antimicrobial
chitosan (Ghinet et al., 2010). Cytochrome bcz, a part of the aerobic respiration chain, activity
is abolished in the absence of an active Tat pathway (Hopkins et al., 2014). The lethality of a
chpE null mutant was also suppressed by inactivation of the Tat pathway (Di Berardo et al.,
2008). Several other industrially important S. coelicolor enzymes are also exported by the Tat

pathway, though in other bacteria (van Bloois et al., 2009, Scheele et al., 2013).

20



1.2.1.1. Lipoproteins

A type of protein that requires the Sec or Tat machinery for correct localisation are the
lipoproteins, a class of membrane-associated proteins involved in signal transduction and
nutrient uptake, and make up 1-3% of the protein encoding genes of a given bacteria (Berks et
al., 2000)(Sutcliffe et al., 2012). They all share a conserved type Il signal peptide sequence,
called a lipobox sequence motif, characterised by a modified cysteine residue, which is required
for proper protein modification. The lipobox is traditionally expressed as a “L-3 — (A/S/T)-2 —
(G/A)-1 — C+1, where the latter cysteine residue is the aforementioned modified cysteine
(Thompson et al., 2010). Once the lipoprotein has been translocated across the membrane, the
lipoprotein diacylglycerol transferase (Lgt) adds a thioether-linked sulphydryl group to the
cysteine residue of the lipobox. Lipoprotein signal peptidase (Lsp) then cleaves the signal
peptide, leaving the cysteine with the sulphydryl group at the N-terminal of the protein, which
is now attached to the outer face of the cytoplasmic membrane (Hutchings et al., 2009). While
this is where the reaction stops in most Gram-positive bacteria, in Gram-negative bacteria and
a few high G + C content Gram-positive bacteria, the lipoprotein may have a further fatty acid
attached to the modified cysteine residue by N-acyl transferase (Lnt), then transported to the
outer membrane by the lipoprotein localisation (Lol) pathway (Narita et al., 2004, Tokuda,
2009). Gram-positive bacteria known to encode N-acyl transferases are S. aureus and

mycobacteria (Rezwan et al., 2007, Tschumi et al., 2009, Kurokawa et al., 2009).

1.2.2. Protein localisation

However, it is not always clear why a protein localises to a specific area of the cell, while in
other cases it is, such as the polar localisation of ProP in E. coli being dependent on CL
(Mileykovskaya, 2007). Exactly what causes the protein to localise to a certain region f the cell
can be a lipid, DNA, other proteins, etc. Many proteins are localised heterogeneously due to
protein-protein interactions such as MinCD and RacA in B. subtilis (Wu & Errington, 2003,
Barak et al., 1998). In their case they require DivIVA for their polar localisation. DivIVA is
an example of a prokaryotic protein organising in a non-homogenous manner in relation to
lipids (Ben-Yehuda et al., 2003).

A model for protein localisation has been suggested, a “diffusion-and-capture” model, where
a protein travels round the cell until it reaches its designated site, such as has been suggested
for DivIVAIn S. coelicolor (Rudner & Losick, 2010). Often in this case it will be said proteins

are “targeted” to e.g. the poles, which is misleading, as they reach it by passive diffusion. The
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correct use of targeted in relation to bacteria would be used to describe the active mechanism
in which plasmid segregation occurs. Plasmid segregation occurs by protein polymerisation
and depolymerisation pushing, and in some cases pulling, the newly synthesised plasmid
molecules to either side of the cell. In summary, a protein is not targeted if it reaches its
localisation through passive diffusion (Rudner & Losick, 2010, Ebersbach & Gerdes, 2005).

1.2.3. Protein structure and how it relates to function

Proteins interact with each other not just for localisation, but also for function. Proteins usually
assemble into complexes with other proteins or the same protein, forming hetero-oligomers or
homo-oligomers, respectively. These can range in size from ribosomes of 2.5 mega daltons to
the much smaller histone octamers, where the monomers range from 11400 to 15400 daltons
(Bashan et al., 2003, Luger, 2003).

The assembly of these multi-protein complexes are carried out by non-covalent interactions
dependent on quaternary structure of the proteins (Jones & Thornton, 1996). Other types of
protein-protein interactions include stable and transient interactions subject to covalent,
electron pairing and disulphide bonds, and non-covalent bonds, such as van der Waal’s forces,
ionic interactions, hydrophobic bonds, and hydrogen bonds (Westermarck et al., 2013). Most
proteins are not covalently bound, but a few exceptions such as ubiquitin, exist (Kaiser et al.,
2011).

The CM is selectively permeable due to a variety of channels, e.g. ion channels (Katz & Miledi,
1973). It is thus natural to presume that certain protein structures are more suited for
membranes than others, e.g. the 3 -barrel of the outer membrane of Gram-negative bacteria,
chloroplasts and mitochondria (Schulz, 2002, Wimley, 2003). Generally, a p-sheet is more
likely to be a part of the protein-lipid interface due to the higher structural regularity. Membrane
proteins are classified as either integral or peripheral, based on how easily they dissociate from
the membrane, with peripheral membrane proteins generally released by quite mild conditions,
due to their weaker binding, which is generally by electrostatic interactions or hydrogen bonds
between the protein and lipid components, though the interaction can be between a peripheral
membrane protein and an integral membrane protein as well (Findlay, 1987). For integral
membrane proteins, the residues localised inside the CM are also generally hydrophobic,
making it relatively easy to predict with hydropathy plots (Lodish, 1988). The regions
immediately flanking the transmembrane regions are usually positive, which is probably to
confer selectivity for negatively charged phospholipids (Watts, 1993).
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There are other structures important for lipid binding, such as tertiary structure and structural
motifs. The different types of binding can be divided into four binding types; non-specific
hydrophobic association, covalently bound lipid anchors, specific protein-lipid binding and
protein-lipid electrostatic interactions. Binding through non-specific hydrophobic association
includes amphiphilic a-helices, exposed non-polar loops, post-translationally acylated or
lipidated amino acid residues, or acyl chains of specifically bound regulatory lipids. An
example of a non-specific hydrophobic interaction is the amphiphilic helix of the PBP-5 of E.
coli, and an example of a putative amphiphilic helix in S. coelicolor is DivIVA (O'Daniel et
al., 2010, Yang et al., 2002). An example of a protein that is membrane anchored through a
covalently bound lipid anchor are the GPI-anchored proteins, which is associated with lipid
rafts, though no example of a prokaryotic GPl-anchored protein is evident in the literature
(Levental et al., 2010).

Quite a few proteins require anionic phospholipids, such as CL, for correct function. In B.
subtilis, the aforementioned sporulation protein FisB remodels the membrane during
sporulation through interacting with CL, and MurG, associated with the peptidoglycan
machinery, binds anionic phospholipids, preferably CL (Doan et al., 2009, van den Brink-van
der Laan et al., 2003). Furthermore, DnaA, the initiator of DNA replication, co-localises with
and is activated by CL (Sekimizu & Kornberg, 1988, Maloney et al., 2011). CL is also required

for properly function efflux pumps in Pseudomas putida (Bernal et al., 2007).

1.2.4. Proteins associated with the mammalian lipid raft

Further proteins that require a specific subset of lipids, the lipid raft, are flotillins. These
proteins are highly conserved membrane-associated proteins, first identified as reggie-1 and
reggie-2 in goldfish and rats as plasma membrane associated proteins upregulated during axon
regeneration (Malaga-Trillo et al., 2002, Schulte et al., 1997, Lang et al., 1998). At the same
time, reggie-1 and reggie-2 were identified independently in mice and fruit flies as flotillin-2
and flotillin-1, respectively (Bickel et al., 1997, Galbiati et al., 1998). Humans have two
flotillins, flotillin-1 and flotillin-2 (Bickel et al., 1997).

Depending on the type of cell, lipid rafts also contain additional proteins, specifically caveolin,
which are present in the previously mentioned specialised lipid rafts called caveolae, which are
flask-shaped regions with roles in membrane integrity, vesicular trafficking and signal
transduction, present in glial, epithelial, endothelial, muscle and adipose cells. Flotillins have

a tripartite structure in common; an N-terminal membrane domain, a central SPFH (Stomatin,

23



Prohibitin, Flotillin and HfIK/C) domain, and a variable heptad repeat-rich sequences predicted
to form inter and/or intermolecular coiled-coil structures known as the flotillin domain
(Dempwolff et al., 2012). Bacterial stomatin-containing proteins, such as flotillin, form various
oligomers; dimers, trimers, tetramers and multimers, even though it lacks the normal coiled-
coils required for oligomerisation (Kuwahara et al., 2009). Stomatins were originally described
as integral membrane proteins in red blood cell, and loss of stomatin results in red blood cells
leaking Na+ and K+ (Hiebl-Dirschmied et al., 1991, Delaunay et al., 1999). Stomatin-like
protein 2 (SLP-2) localises to CL-rich domains in the mitochondria, and upregulation of SLP-
2 increases the amount of CL and induces biogenesis, while in upregulation of SLP-2 in T-
lymphocytes was found to inhibit apoptosis, increase ATP-storage, where it is likely to recruit
prohibitins to CL-rich microdomains in mitochondria (Christie et al., 2011). Prokaryotic
stomatin-like proteins arose first from a common ancestor. Paraslipins likely arose through a
duplication process, and there is strong support for a paraslipin of Rickettsia-like
proteobacterium, the progenitor of the mitochondria, being the origin of the eukaryotic
stomatin (Fitzpatrick et al., 2006, Green & Young, 2008).

Flotillin-1

Figl-6. The domain structure of flotillin-1 of Homo sapiens sapiens. The grey membrane-
associated hydrophobic sections intersect the blue SPFH domain, with the green C-terminal
tail being the flotillin domain, with the red palmitate reside also enhancing membrane

association. The image has been copied (Browman et al., 2007).
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Flotillins are termed raft markers as they are found in all tissues due to ubiquitous expression,
as opposed to the caveolins (Tavernarakis et al., 1999). These cholesterol-binding proteins are
the three caveolins; caveolin-1, caveolin-2 and caveolin-3. The caveolin-1 and caveolin-2
encoding genes are located next to each other on the same chromosome and form a hetero-
oligomeric complex. Caveolin-3, which is located on a different chromosome, has been shown
to interact with caveolin-2. Additionally, caveolin-2 levels are higher in lungs, and caveolin-3

has been implicated in muscular diseases (Gazzerro et al., 2010, Zhu et al., 2010).

Flotillins interact with many proteins in eukaryotes; Src kinases, actin, N-methyl-D-aspartate
receptors and each other (Langhorst et al., 2007, Babuke et al., 2009, Swanwick et al., 2009).
Flotillins also interact with vinexins, CAP/ponsin and ArgBP2 in eukaryotes and is required
for the localisation of cadherin to cell-cell junctions. These proteins are all associated with the
actin cytoskeleton, which flotillin also interacts with, an interaction which is dependent on its
SPFH domain (Stuermer et al., 2001, Guillaume et al., 2013, Rivera-Milla et al., 2006,
Stuermer et al., 2004, Baumann et al., 2000, Kokubo et al., 2003, Kioka et al., 2002, Kimura
et al.,, 2001, Langhorst et al., 2007). Flotillin are also associated with Parkinson’s and
Alzheimer’s disease, specifically abnormal upregulation of the protein, though no direct link
has been shown (Jacobowitz & Kallarakal, 2004, Kokubo et al., 2000, Girardot et al., 2003).

Flotillin also plays a role in collagen uptake (Lee et al., 2014).

In Aspergillus nidulans GFP-tagged flotillin formed foci along the plasma membrane, but not
around the hyphal tips, and deletion caused slower growth, irregular shaped hyphae and
impaired formation of sterol-rich plasma membrane domains (SRD), and it was suggested
flotillin was involved in cellular compartmentalisation. A stomatin null mutant caused irregular
hyphae and increased hyphal branching in young hyphae, but did not affect SRDs (Takeshita
etal., 2012).

1.2.5. Proteins associated with the bacterial lipid raft

Many bacterial proteins contain SPFH domains, a protein domain family associated with lipid
raft proteins in eukaryotes, and this protein family is broadly split into twelve different
subfamilies. Of the two of interest to this work, due to the immediate presence of nfeD, are
SPFH1a and —b, notating stomatins, SPFH2a, -b, and —c, notating flotillins. (Hinderhofer et
al., 2009). SCO3607, from S. coelicolor, has 33.1% amino acid identity with the human

flotillin-1, consistent with what has been shown for B. subtilis. Furthermore, bacterial flotillins
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are very common and are present in a wide variety of genomes, suggesting a conserved role
(Donovan & Bramkamp, 2009).

The first bacterial flotillin was discovered in 1999, and was first isolated from the DRM of the
B. halodurans, in addition to being upregulated following alkaline stress conditions (Zhang et
al., 2005, Tavernarakis et al., 1999). B. subtilis encodes two flotillins, FIoA (previously YqfA)
and FloT (previously YuaG). FloA shares very little sequence similarity with other flotillins,
and it is counted as an SPFH protein based on its genetic association with an nfeD. The yuaFGI
operon of B. subtilis is induced strongly by 6", which is induced by alkaline conditions, similar
to what was observed in B. halodurans, though that stationary phase induction was independent
of % in the stationary phase in a strain lacking sigW (Huang et al., 1999, Wiegert et al., 2001).
FloT disruption in B. subtilis led to delayed sporulation and decreased sporulation efficiency,
and likely involved in early stage of sporulation onset. This was due to a delay in transcription
of spollAB, which phosphorylates SpoOA, leading to sporulation (Donovan & Bramkamp,
2009). Additionally, the deletion of the B. subtilis flotillins (floA and floT) greatly impairs
biofilm formation (Yepes et al., 2012). FloA and FloT deletions impact biofilm formation
through its interactions with FtsH, an ATP-dependent metalloprotease required for biofilm
formation. The expression of the two flotillins is important for FtsH functionality, in addition
to flotillin null mutants resulting in reduced levels of FtsH. The flotillins also co-localised with
FtsH at the septum during exponential growth. In an FtsH null mutant the sporulation frequency
is greatly reduced due to an increased amount of SpoOM, which is in vitro a substrate for
protease FtsH (Thi Nguyen & Schumann, 2012). SpoOM is a sporulation control protein, which
overexpression leads to impaired sporulation, but also impaired sporulation when depleted or
absent. spoOM deletion also results in lower expression of spo0OA, which encodes a downstream
protein also involved in sporulation. Spo0OA, encoded by spo0A, is a phosphatase and a master
regulator which affects the transcription of 121 genes (Han et al., 1998). Thus FtsH indirectly
regulates phosphorylation of many downstream proteins involved in sporulation (Le &
Schumann, 2009, Perego, 1998, Ohlsen et al., 1994, Molle et al., 2003). Depending on the
amount of SpoOA~P, cells sporulate or differentiate into matrix-producing cells required for
biofilm formation, which requires FtsH (Yepes et al., 2012). Upregulation of the two flotillins
in B. subtilis also caused problems with signal transductions, shape, and cell differentiation,
likely through the increased stabilisation of FtsH (Mielich-Suss et al., 2013). As a FloT null

mutant resultes in decreased sporulation efficiency in B. subtilis, it is likely it interacts with as
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of yet unknown proteins involved in phosphorylating SpoOA, but the exact mechanisms are
unclear due to the multiple levels of control (Donovan & Bramkamp, 2009). In E. coli,
overproduction of a flotillin orthologue compensates for a missing membrane-associated
protease (Chiba et al., 2006).
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Figl-7. Simplified B. subtilis phosphorelay with NfeD and flotillin added. Adapted from
Piggot & Hilbert, 2004, with NfeD and flotillin added from Lopez & Kolter 2010, and Donovan
& Bramkamp, 20009.

Several other proteins with known roles in secretion and signalling were also discovered in the

DRM isolated from B. subtilis and B. halodurans. These heterogeneously distributed proteins
are also likely lipid raft proteins (Lopez & Kolter, 2010, Donovan & Bramkamp, 2009).
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FloT potentially forms a homo-oligomer forming foci in the septal and polar regions,
overlapping with CL. However, it is not likely that CL is a target for FIoT, as during sporulation
the CL and PG localised to the prespore membrane, while the FIoT localised to the mother cell
membrane. This does not necessarily disprove that CL is a target; if they hypothetically
interact, an unknown factor could make the two dissociate. GFP-tagging showed that only a
few foci were visible during the early exponential phase, but an increased amount of foci was
observed during stationary phase (Donovan & Bramkamp, 2009). Another possible localisation
target for flotillin in bacteria is hopanoids. When YisP, a squalene synthase in a pathway that
produces a C30 hopanoid, was inhibited by zaragozic acid the heterogeneous membrane
distribution of the flotillin-yfp ceased, suggesting the C30 hopanoid is required for correct
membrane localisation of flotillin. It is thus likely that cytoplasmic flotillin is degraded. A
protein that also was not detected in the membrane following interference in hopanoid
pathways, was KinC (Lopez & Kaolter, 2010). KinC is a kinase homologous to KinA and KinB
that phosphorylates SpoOA, required for sporulation, and is involved in quorum sensing and
matrix production (LeDeaux & Grossman, 1995, Lopez et al., 2009). This further implicates
the role of the bacterial lipid raft in a variety of cellular functions. Similarly, a flotillin
homologue and a KinC homologue were co-isolated with the DRM in S. aureus and found to
localise in a heterogeneous manner. In the same experiment, YqiK, a protein very similar to
flotillin-1 in E. coli, was also found to localise to the membrane in a non-homogeneous manner
(Lopez & Kaolter, 2010).

1.2.6. Nodulation formation efficiency D

NfeD proteins have a conspicuous relationship with SPFH-domain containing genes; genes
containing SPFH-domains are usually found adjacent to an nfeD (Hinderhofer et al., 2009).
NfeD is not found in eukaryotes, yet is present in both Archaea and bacteria. NfeD proteins are
categorised as either long (~400 amino acids) or short (~145 amino acids), which can be further
divided into three groups: NfeD1a, NfeD1b and truncated NfeD1b. nfeD1b is further organised
into 4 groups, where nfeD1b-1 is bacterial and is found upstream of eoslipin, nfeD1b-2 is found
in Archaea and bacteria and is found upstream of ygeZ, nfeD1b-3 is similar to nfed1b-2 but is
upstream of eoslipin, whereas nfed1b-4 is the main archaeal group and is found downstream of
eoslipin (Green et al., 2004). However, due to the presence of nfeD immediately downstream
of the floT of S. coelicolor, it is worthwhile exploring at least an indirect relationship between

the two.
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However, the nomenclature can be extremely confusing; two groups have separately suggested
systems for annotating the different nfeDs associated with different SPFH proteins. The first to
published suggested the system mentioned in the section on flotillins, with SPFH1 being in the
same operon as NfeD1, SPFH2 with NfeD2 and so forth, while another suggested an entirely
separate method for annotating NfeD, by doing it as the aforementioned NfeD1a, NfeD1b, and
truncated NfeD1b (Hinderhofer et al., 2009). For this section, the latter is used.

In total, 76% of NfeD homologues are associated with a slipin gene, and over 85% of nfeD1b
and nfeD1a either have an adjacent eoslipin, paraslipin, ygfA or flotillin. The NfeD of B.
subtilis, YuaF, has not been assigned to any of these groups, as bioinformatics have not yielded
enough evidence to assign it to any group as of yet (Green et al., 2009). Sequence analysis
show the long variant contains an N-terminal serine protease domain with sequence similarity
with the ClpP protease of E. coli, a multi-spanning membrane domain and a soluble C-terminal
NfeD domain (Yokoyama et al., 2006, Yokoyama & Matsui, 2005). It has been suggested that
this protease domain either arose through a deletion whereby a clpP protease domain was fused
to an nfeD, or that nfeD originally contained one, but was lost later by some genes (Hinderhofer
et al., 2009, Green et al., 2009). The truncated version has an N-terminal hydrophobic region,
a soluble five-stranded B-barrel domain homologous to the C-terminal domain of the long
variant NfeD, which is thought to form a novel oligosaccharide/oligonucleotide-binding (OB)
fold, but it is missing conserved residues normally required for OB, suggesting a protein-
protein interactions (Walker et al., 2008, Kuwahara et al., 2008, Green et al., 2009, Yokoyama
& Matsui, 2005). The YuaF/NfeD protein of B. subtilis colocalises with FloT, but YqgeZ, which
is encoded directly upstream of floA, acts independently of FloA (Dempwolff et al., 2012). A
study in Pyrococcus horikoshii showed that an NfeD protein was a serine protease that cleaved
a flotillin found in the same operon in the C-terminal hydrophobic region, and it was
hypothesised that this opened an ion channel (Yokoyama & Matsui, 2005). The ¢"-controlled
ygeZyqfAB operon, which includes an nfeD, but no SPFH-encoding gene, grants resistance to
the SPP prophage-encoded bacteriocin sublancin (Butcher & Helmann, 2006). It is worth
noting that the NfeD proteins referenced here are genetically unrelated to the original NfeD
protein due to automated gene annotation incorrectly annotating sequences as NfeD proteins.
The original NfeD protein shows similarity to an ornithine cyclodeaminase, as opposed to the
B-barrel and protease domain containing proteins investigated in this study (Garcia-Rodriguez
& Toro, 2000, Soto et al., 1994).
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Figl-8. The sYuaF structure contains an OB-fold. The residues visible are the 97-174 of
full-length YuaF from B. subtilis. The five B-sheet barrel is the OB-fold, which was previously
identified using NMR. The image has been copied (Walker et al., 2008).

While there is no literature available on SCO3607 and SCO3608, the flotillin and NfeD
homologues of S. coelicolor, respectively, the amino acid structure of the flotillin is remarkably
similar to that of both the flotillin of B. subtilis and humans. The amino acid structure of
SCO3608 is also very similar to its counterpart in B. subtilis, albeit less than the flotillin, and
there are no nfeDs present in eukaryotes.

1.2.7. Bacterial phospholipids

The main bacterial lipids are PE, PG, and CL. Additionally, many other different phospholipids
are synthesised; sphingolipids, sterols, PG derivatives, PG, and the previously mentioned
hopanoids (Aktas & Narberhaus, 2015). Bacterial lipids vary greatly depending on the species,
stimulus, stress, and part of the life cycle. These differences set them firmly apart from many
eukaryotes, however, some differences are less obvious than others; difference in lipid raft

phospholipids, and the lack of, with a few exceptions, cholesterol and sphingolipids, but the
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presence of hopanoids and CL, with the mitochondrial membrane being considered a bacterial
membrane (Pike, 2009, Simons & Ikonen, 1997, Anchisi et al., 2012, Bramkamp & Lopez,
2015). There are also great differences in phospholipid content and not just present
phospholipids; of the cell membrane phospholipids in E. coli roughly 70% are
phosphatidylethanolamine (PE), 20% phosphatidylglycerol (PG), and 5% CL (Raetz &
Dowhan, 1990). There is also lipid A, a phospholipid unique to, and synthesised by most,
Gram-negative bacteria classed as an endotoxin (Raetz & Whitfield, 2002). On the other hand,
in B. subtilis PE comprises only 20%, PG, 40%, and CL 25%; the remaining 15% is the
zwitterionic lipid lysyl-phosphatidylglycerol (Mileykovskaya & Dowhan, 2005). Changes also
occur to phospholipid content during the different life cycle stages; in S. aureus phospholipid
content changes from the exponential to the stationary phase, CL, PE, and phosphatidylglucose
(PGL) increase, respectively from  5-30%, 0.3-7%, and 0.7-1%, while
lysylphosphatidylglycerol (LPG) remained constant at around 14% and PG dropped from 76-
38% (Short & White, 1971).
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1.3. Bacterial biology

1.3.1.1. Cell division in model organisms

Most bacteria grow by binary fission; each cell divides in two. In the case of E. coli, the model
Gram-negative bacteria, the cell elongates to approximately twice its normal length, doubles
its cellular constituents such as DNA and plasmids, and forms a septum in the middle. The
septum is the physical barrier formed by the inwards growth of the cell membrane(s) and cell
wall. This eventually event causes the cell two split in two. In. B. subtilis, the model Gram-
positive bacteria, the split occurs without the cell wall as part of the septum (Madigan et al.,
2012). In general, most bacteria share the first few stages of cell division, but diverge during
the later stages (Errington et al., 2003). Additionally, while E. coli proteins are recruited in a
linear process, B. subtilis proteins are recruited in a co-dependent manner (Daniel & Errington,
2000).

In this process there are 10-15 proteins that are conserved throughout eubacteria; FtsZ, Ftsl,
FtsW, FtsA, FtsK, FtsN, FtsL/DivIC, FtsQ/DivIB, ZipA, RodA, MinC, MinD (Natale et al.,
2013). It is still not entirely clear what signals the cell to divide, but the two main factors are
that of nucleoid occlusion and the Min system. Just prior to cell division initiation there are
DNA-free regions of the cell; the two poles and the midcell position. The theory of nucleoid
occlusion is based on the divisome, the cell division enzymes and proteins, sense the lack of
DNA at the centre of the cell, through unknown mechanisms, whereupon sensing the lack of
DNA at the midcell form a Z-ring, which plays a central role in causing the cell contraction.
FtsZ is the bacterial tubulin homologue and polymerises to form the Z-ring in a GTP-dependent
manner (Lowe & Amos, 1998, Nogales et al., 1998, Scheffers et al., 2002, Diaz et al., 2001).
Fts stands for filamentous temperature sensitive, which is due to when these proteins are
deleted, the cells become filamentous and temperature sensitive (Errington et al., 2003).
Evidence so far shows that as Z-ring can form where there are low concentrations of DNA,
suggesting that it is not a binary presence/no presence mechanism, but rather the concentration
of DNA that is facilitator (Regamey et al., 2000).

The membrane-associated FtsA and the membrane-bound ZipA anchors the Z-ring to the
membrane, though the Z-ring can still form in the absence of either protein, but not both
(Pichoff & Lutkenhaus, 2002, Pichoff & Lutkenhaus, 2005, Hale & de Boer, 1997). The same
FtsZ residue interacts with both ZipA and FtsA, so these factors suggests FtsA and ZipA have

at least partially overlapping roles (Erickson, 2001). E. coli containing FtsA mutants with

32



decreased self-interaction compensated to a large degree for ZipA deletions, suggesting the
role of ZipA is actually to antagonise FtsA (Pichoff et al., 2012, Szwedziak et al., 2012).

B. subtilis does not have ZipA; however, it has EzrA. EzrA is conserved in other Gram-
positives. EzrA acts as a direct inhibitor of Z-ring polymerisation, and null mutants have
additional Z-ring formation and the poles and septa (Levin et al., 1999, Haeusser et al., 2004).
EzrA does however also play a secondary role, as loss of function mutation in EzrA and GpsB,
which is involved in cell elongation through translocation of PBP-1, severely affects viability
(Claessen et al., 2008). Viability is also severely affected by loss of function mutations with
SepF and ZapA, both which stabilise FtsZ protofilaments (Hamoen et al., 2006, Gueiros-Filho
& Losick, 2002). Finally, EzrA also acts in concert with FtsL in contraction of Z-ring (Kawai
& Ogasawara, 2006).

FtsA is thought to promote Z-ring formation through ATP-hydrolysis, recruits further divisome
enzyme, and drives cell contraction (Errington et al., 2003). FtsA:FtsZ ratios are important; in
E. coli the optimal ratio is 1:100, whereas it is 1:5 in B. subtilis (Dai & Lutkenhaus, 1992,
Dewar et al., 1992). ZipA also localises to the Z-ring, in an FtsZ-dependent, FtsA-independent
manner. Increased levels of FtsN can also compensate for ZipA deletions, probably by binding
directly with FtsA (Busiek et al., 2012).

The Min system in E. coli, consisting of MinC, MinD, and MinE, is better understood. The
Min protein name is derived from the mini cells formed by bacteria missing these proteins due
to Z-rings forming at the poles (de Boer et al., 1989). MinC, a dimer, is the actual inhibitor of
Z-ring formation (Bi & Lutkenhaus, 1993). MinC dimerises is bound by the ATPase activator
MinD at the C-terminal, while the depolymerisation of FtsZ occurs at the N-terminal (Hu &
Lutkenhaus, 2000, de Boer et al., 1991). MinCD inhibits Z-ring formation at the cell poles by
oscillating back and forth every 20 seconds (Raskin & de Boer, 1999b, Raskin & de Boer,
1999a, Hu & Lutkenhaus, 1999). This is driven by MinE, which is localised more centrally
than MinCD, but when it moves towards the pole containing MinCD the two proteins move
quickly to the opposite pole (Fu et al., 2001, Hale et al., 2001). MinE dimerises at the C-
terminal, but its N-terminal interacts MinCD, probably hydrolysing the ATP of the ATP-bound
MinD, forcing it from the membrane and into the cytoplasm, whereupon it migrates to the other
MinE-free pole (King et al., 1999, Zhang et al., 1998, Zhao et al., 1995, Hu et al., 2002).
MinCD statistically spends more time at the cell poles, making the midcell position the
favourable position for cell division (Madigan et al., 2012).
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However, different bacteria have different approaches to the Min system. B. subtilis contains
both MinC and MinD, but no MinE. Instead, MinC and MinD stably localise to the poles
through the interaction of MinD with DivIVA (Levin etal., 1992, Cha & Stewart, 1997, Karoui
& Errington, 2001, Marston et al., 1998). It is worth bearing in mind DivIVA localises to the

cell poles due to the negative curvature in these regions (Ramamurthi & Losick, 2009).

Another factor in Z-ring formation is RodA. RodA is an essential protein that translocates Lipid
I1, a peptidoglycan precursor, across the membrane (Mohammadi et al., 2011, Mohammadi et
al., 2007). Cells without RodA do not form a complete septum, leading to a spherical cell shape
(Addinall & Lutkenhaus, 1996, Henriques et al., 1998).

FtsK is the next enzyme to be recruited to the divisome, and is recruited before initiation of
constriction, but does not become active until later in the cell division process (Lowe et al.,
2008, Wang et al., 2005). FtsK is a DNA translocase that assembles as a hexamer, which C-
terminal is a DNA translocase domain and N-terminal is required for recruitment of other
divisome proteins (Draper et al., 1998, Yu et al., 1998, Di Lallo et al., 2003, Geissler &
Margolin, 2005, Dubarry et al., 2010, Massey et al., 2006). Its role is to separate daughter and
mother chromosomes, which is done by bringing the dif terminus region to the septum where
the XerCD recombinase performs decatenation and dimer resolution (Massey et al., 2006,
Sherratt et al., 2010). It specifically recruits FtsQ, ZapC, and TolQ (Dubarry et al., 2010, Hale
etal., 2011, Gerding et al., 2007).

FtsQ is a 276 residue membrane protein, which periplasmic a-domain contains a POTRA
domain, which are domains involved in protein-protein interactions. Its -domain is also
associated with protein-protein interactions (D'Ulisse et al., 2007). Two-hybrid experiments
showed FtsQ interacted with up to ten different proteins in the cell divisome, but
immunoprecipitation showed it primarily interacts with two of them, FtsB and FtsL
(Buddelmeijer & Beckwith, 2004). FtsQ is also considered an attractive target for antibiotics
due to its protein-protein interactions with other divisome proteins, its highly conserved nature,
lack of eukaryotic homologues that would be affected, and the FtsQBL complex being present
in almost all bacteria (den Blaauwen et al., 2014, van den Ent et al., 2008, Grenga et al., 2010,
Gonzalez et al., 2010). This complex initiates septal peptidoglycan synthesis and are associated
with Z-ring regulation, the latter of which also requires FtsN and FtsA (Tsang & Bernhardt,
2015, Bottomley et al., 2014, Liu et al., 2015). The FtsB of B. subtilis is DivIC, and DivIB is
its FtsQ homologue (Masson et al., 2009).
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Though exact role of FtsL remains elusive, it contains a coiled-coil motif and a leucine zipper
motif, both of which are involved in protein-protein interactions (Villanelo et al., 2011).
Combined with its poorly conserved structure and that mutagenesis does not seem to be affect
it too much, it is likely it is the structure of the protein rather than the residues themselves that

are required for function (Sievers & Errington, 2000)

FtsW, the next protein to be recruited to the divisomes, is thought to have a role in lipid 2
translocation, and ftswW and its homologues are found close to a class B PBP, such as ftsl (Ishino
et al., 1989, den Blaauwen et al., 2014). The two types of PBPs, class A and class B, are
different in that slass A are bigger and have both transglycosylase and transpeptidase activity,
while class B only have transpeptidase activity (Goffin & Ghuysen, 1998). SpoVE is the B.
subtilis homologue of FtsW based on position on the genome, but its role is in sporulation.
(Henriques et al., 1992). However, ylaO is thought to be a functional homologue (Errington et
al., 2003). FtsW and Ftsl have a perfect presence-absence correlation, illustrating their linked
functions. Though no direct link between FtsZ and FtsW is evident in E. coli, FtsZ-FtsW
interactions take place in M. tuberculosis, mediated by a C-terminal extension absent in most
bacteria (Datta et al., 2002).

Ftsl, also known as PBP-3, interacts directly with MrcB, also known as PBP1b, through its N-
terminal to catalyse peptide cross-bridging between peptidoglycan glycan chains (Bertsche et
al., 2006). Furthermore, it also interacts with the aforementioned FtsW and FtsN, which also
interacts with PBP1b and is thought to play a role in modulating its activity (Muller et al.,
2007). FtsN is another essential protein required for the recruitment of two non-essential
components, AmiC and the Tol-Pal complex (Gerding et al., 2007, Bernhardt & de Boer,
2003).

13.1.2. Sporulation

A few bacteria are capable of undergoing sporulation in response to nutrient depletion or other
stress factors, producing endospores. They are much smaller than normal cell, tougher,
dehydrated, and metabolically quiescent, making them difficult to kill, as most antibiotics
target dividing cells. Upon favourable conditions they become active, undergo germination and

outgrowth, making the endospore metabolically active again (Champoux et al., 2004).

B. subtilis has several strategies for survival, such as motility, forming biofilms, taking up
DNA, and undergoing sporulation (Vlamakis et al., 2013, Burton et al., 2007, Rao et al., 2008).
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When nutrients become lacking or other factors cause B. subtilis to undergo sporulation, five
autophosphorylating histidine kinases (KinA-D) phosphorylate SpoOF, which phosphorylates
Spo0B, which phosphorylates the master regulator SpoOA, now the active SpoOA~P, initiating
Stage 0 (Hamon & Lazazzera, 2001, Burbulys et al., 1991). The specific ligands that cause this
cascade of events remain elusive, but pyruvate has been identified as a potential candidate (Wu
et al., 2013). SpoOA~P then begins to regulate 121 genes to begin sporulation (Molle et al.,
2003). Counteracting phosphorylation of SpoOA are the Rap phosphatases (RapA, RapB, RapE
and RapH) and SpoOE phosphatases (Mueller & Sonenshein, 1992). Low levels of SpoOA~P
will only start biofilm formation as a survival response, whereas higher levels with start
sporulation. This is facilitated by its effect on Sinl, the inhibitor of the biofilm repressor SinR.
At low levels of SpoOA~P it will bind to sinl regulatory regions with a high affinity for it,
promoting expression, thus inhibiting SinR. However, at higher concentrations, SpoOA~P will
also bind the regulatory regions of low affinity, which hinders expression (Fujita & Losick,
2005, Chai et al., 2010).

Once sporulation begins, the cell will now contain two copies of the chromosome. However,
these will be entwined with each other and stretching from pole to pole, forming the axial
filament, the beginning of Stage 1 (Ryter et al., 1966). It bears reason the exact number of
chromosomes is tightly regulated, which is done by three separate proteins. SpoOA~P binds to
regions near the dif site, the origin of replication, inhibiting additional chromosome replication
(Boonstra et al., 2013). SpoOA~P also plays an indirect role in activating transcription of sirA,
which product inhibits DnaA binding to dif, preventing further chromosomal replication (Rahn-
Lee et al., 2011). Sda binds to KinA, one of the histidine kinases that starts aforementioned
phosphorelay resulting in SpoOA~P, and inhibits sporulation if there is DNA damage or
replication effects, thus preventing the cell from initiating sporulation during DNA replication
(Cunningham & Burkholder, 2009, Veening et al., 2009). Furthermore, the RacA protein,
which localises to the cell poles in a DivIVA-dependent manner, anchors the chromosomes by
binding GC-rich inverted repeats at the dif site to the cell poles, ensuring each pole receives
one chromosome (Ben-Yehuda et al., 2003, Ramamurthi & Losick, 2009).

Up until this point, things have been quite similar to normal cell division; the first obvious
difference between cell division and sporulation is the septum forming at one of the cell poles
rather than at the midcell position (Levin & Losick, 1996). This stage is the asymmetric

septation stage, and the change in the Z-ring position is dependent on increased FtsZ and
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SpollE levels, a polar septum protein which plays an elusive role in causing polar localisation
of FtsZ (Carniol et al., 2005). SpollE also dephosphorylates SpollAA, which binds SpollAB,
an inactivator of 6", which synthesis has already occurred due to the master regulator SpoOA~P
(Duncan et al., 1995). Though SpollE is synthesised in both compartments, c" is only activated
in the forespore, possibly due to the localisation of SpollE and decreased levels of SpollAB in
the forespore (Guberman et al., 2008, Dworkin & Losick, 2001). This asymmetric gene
expression is due to only about a third of the chromosome being present in the forespore at this
stage, which is thought to be one of the mechanisms through with spatial gene regulation and

compartmentalisation occurs (Wu & Errington, 1998, Frandsen et al., 1999).

SpoOA~P also causes expression of oF, a sigma factor leading to the expression of genes
involved in de novo fatty acid synthesis (Pedrido et al., 2013). Though oF is synthesised as an
inactive precursor, it is present in both compartments (Fujita & Losick, 2002). To activate c*,
o™ leads to expression of SpolIR in the forespore, which is secreted to the intermembrane
compartment, where it activates SpollGA, an aspartic protease, through an acylation event
(Diez et al., 2012). SpollIGA then processes o- to its active form, beginning the next stage of

sporulation, engulfment (Imamura et al., 2008).

During the engulfment step, the mother cell engulfs the forespore. To allow this process to
happen, the peptidoglycan must be remodelled, which is carried out by SpolID, SpolIM and
SpolID (Abanes-De Mello et al., 2002). While most of the peptidoglycan is degraded, a small
amount is still left, and is required for membrane movement during engulfment and thus
probably serves as scaffolding role, similar to actin in phagocytosis (Meyer et al., 2010,
Tocheva et al., 2013). The engulfment mechanism is a ratchet-like mechanism, where the
membrane engulfs the pre-spore compartment through random movements in a SpollQ and
SpolllAH dependent manner, which prevent movement backwards (Broder & Pogliano, 2006,
Blaylock et al., 2004, Doan et al., 2005). Membrane fission is then facilitated by FisB, a CL-
associated protein (Doan et al., 2013). At this point, the metabolism of the forespore begins to
drop considerably, whereupon the mother cell translocates small molecules that continue the
expression of genes required for sporulation (Doan et al., 2009, Camp & Losick, 2009). At this
point, ¢, also known as SpollIG, is expressed under control of the forespore-specific F and
activated by SpolllIAA-SpolllAH, though chromosome translocation is also thought to play a
role, regulating further downstream pre-spore genes, such as the protease SpolVB and CtpB

(Regan et al., 2012). The two serine proteases then cleave SpolVFA and BofA, two proteins
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that form a complex with the metalloprotease SpolVFB to inhibit it. Active SpolVFA then
converts pro-cX into active oX (Campo & Rudner, 2007, Resnekov & Losick, 1998, Lu et al.,
1995).

The forespore is now completely engulfed, and the coat and cortex assembly stage is inititated.
The coat, which is the outermost layer, consists of seventy proteins spread across four layers,
the basement layer, inner layer, outer layer, and crust, each of which is dependent on proper
assembly of the previous layer, while the cortex consists of specialised peptidoglycan,
consisting of an inner layer similar to the vegetative cell wall, while the outer cortex differs in
transpeptidation frequency and that it contains muramic lactam (McKenney et al., 2013,
Henriques & Moran, 2007, McKenney et al., 2010, Roels et al., 1992, Tipper & Linnett, 1976,
Warth & Strominger, 1972, Popham & Setlow, 1993). Its lower transpeptidation is thought to
allow the spore to contract and expand in response to otherwise harmful stimuli, such as pH
and heat, without germinating, alternatively to allow the spore to rehydrate during germination
(Ou & Marquis, 1970, Lewis et al., 1960, Gould & Dring, 1975, Popham et al., 1999).

The coat and cortex assembly stage begins with SpoVM, a very small protein of 26 residues
synthesised in the mother cell, localising to the forespore surface through positive curvature
(Levin et al., 1993, Ramamurthi et al., 2009). SpolVVA then localises to SpoVM, and begins to
form the basement layer of the coat, acting as a scaffolding protein, driving the assembly by
ATP hydrolysis (Ramamurthi et al., 2006, Roels et al., 1992, Ramamurthi & Losick, 2008,
Castaing et al., 2013). Required for the correct assembly of the inner coat, outer coat, and crust
are SafA, CotE, and CotZ and CotY, respectively (Tan & Ramamurthi, 2014). The mother cell
synthesises the coat proteins, however some are dependent of signals such as SpollQ, SpoVM,
and SpolVA from the forespore for correct coat assembly, but deletion of the two latter
abolishes cortex assembly, suggesting they are co-coordinated (McKenney & Eichenberger,
2012, Tan & Ramamurthi, 2014). Though the exact mechanisms of the linked coordination
remains elusive, a small mother cell protein named CmpA is involved in cortex assembly
through inhibiting cortex peptidoglycan assembly, which effect is overcome by SpoVM and
SpolVA through proteolytic activity (Ebmeier et al., 2012).

The ways in which the cortex differs from the normal cell wall is due to different PBPs, and
CwlID and PdaA, which convert muramic acid into muramic lactam, which is required for

germination and is required for the cortex-lytic enzymes SleB and CwlJ (Popham et al., 1999,
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Gilmore et al., 2004, Popham et al., 1996, Ishikawa et al., 1998). The cK-regulated Mur
proteins, MurAA, MurB, MurC, and MurF, are proteins that modify peptidoglycan precursors.

Mutations in two proteins with potential Lipid Il flippase activity, SpoVB and SpoVE, the
homologue of the aforementioned FtsW, which has flippase activity in vitro, result in
peptidoglycan precursor build up in the mother cell and stops cortex assembly. This is due to
once the precursors are modified, they are anchored to the outer forespore membrane through
Lipid I and Lipid I, with the complex then being flipped into the intermembrane space, where
they are subject to further modification by PBBs before forming the cortex (Fay & Dworkin,
2009, Vasudevan et al., 2007, Ruiz, 2008, lkeda et al., 1989, Mohammadi et al., 2011).

1.3.2. Introduction to Streptomyces

There are over 500 different Streptomyces identified, making Streptomycetaea the largest
family of the actinobacteria. They are Gram-positive, aerobic, sporulating, filamentous,
primarily soil dwelling bacteria that grow by as branching hyphae. Its life cycle is essentially
split in three stages; sporulation upon favourable conditions, followed by vegetative hyphal
growth and scavenging for nutrients. When the nutrients becoming limiting the vegetative
hyphae are cannibalised for aerial hyphal growth and begin producing spores. Each of the
spore-containing aerial hyphae will contain roughly 50 spores. They are industrially important,
with half of Streptomycetes producing antibiotic compounds, 500 different ones in total. This
is due to the extensive secondary metabolism of Streptomycetes. However, some
streptomycetes produce anti-fungals, anti-parasitic compounds, anti-cancer compounds,
respectively nystatin by S. noursei, avermectin by S. avermitilis, and migrastatin by S. platensis
(Champoux et al., 2004, Nakae et al., 2000).

Streptomycetes are generally not pathogens, but a few, such as S. somaliensis and S. sudanensis
can cause actinomycetoma (Quintana et al., 2008, el Hassan et al., 2001). Actinomycetoma
usually occurs in the cervicofacial area, while other infections, such as thoracic and abdominal
infections are rare, can follow traumatic damage. These lesions can generally be treated, but
can be difficult to the antibiotic resistance inherent in Streptomycetes (Champoux et al., 2004,
Hamid, 2011). Streptomycetes can also be plant pathogens, were they can cause potato scabs.
The two types of scabs are common scab and netted scab. The common scab is normally caused
by S. scabei, but other Streptomycetes can also cause it (Bouchek-Mechiche et al., 2006). These
infective species produce a phytotoxin called thaxtomycin located on a pathogenicity island
(Bukhalid et al., 1998, Loria et al., 2008, Kers et al., 2005). S. reticuliscabiei was found to be
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the main cause of the netted scab, but did not contain the thaxtomycin pathogenicity island
(Bouchek-Mechiche et al., 2000).

1.3.3. Life cycle of S. coelicolor

Streptomycete life cycle is quite different from both E. coli and B. subtilis. When a
streptomycete spore germinates, it forms one to two germ tubes which develop as branching
vegetative hyphae. As the spore germinates, it forms hydrophilic vegetative mycelia, which
aids in adhering the mycelia the environment (Claessen et al., 2006). Peptidoglycan is
incorporated at the hyphal tip, as opposed to E. coli and B. subtilis incorporating it along the
lateral walls in an MreB-dependent manner (Schwedock et al., 1997, de Pedro et al., 2003,
Flardh & Buttner, 2009). The mycelium secretes hydrolytic enzymes, many of which are
exported with the twin arginine transport system, to break down the insoluble nutrients, such
as chitin and cellulose, allowing for absorption of the nutrients (Fukamizo & Brzezinski, 1997).
Once nutrients become limiting, the vegetative mycelium is broken down to provide fuel for
the aerial hyphae. The aerial hyphae are long, non-septated apical compartments containing at
least 50 chromosomes known as the sporogenic cell. It is during this phase that most of the

secondary metabolism takes place (Chater et al., 2010).

During its vegetative growth and sporulation S. coelicolor utilises many proteins homologous
to cell division proteins of Escherichia coli, e.g. FtsZ, Ftsl and FtsK (Flardh, 2003b, Flardh &
Buttner, 2009). Additionally, a protein similar to FtsK, called TraB, is essential for plasmid
conjugation in S. coelicolor (Thoma et al., 2015). Interestingly, FtsA, ZipA, ZapA, ZapB, EzrA
and SpollE are all absent in streptomycetes. These proteins are involved in Z-ring assembly or
membrane anchoring of Z-ring in E. coli and B. subtilis, though FtsW and Ftsl are possible
candidates for Z-ring stabilisation and anchoring in S. coelicolor (Datta et al., 2002, Datta et
al., 2006). It is thought that the newly incorporated components at the apex are far softer than
the ones incorporated earlier, causing turgor pressure to stretch the tip, thus contributing to the
cell elongation (Goriely & Tabor, 2003, Miguelez et al., 1992).

The initiation of the aerial hyphae is regulated by the bld (for bald, due to the null mutants’
inability to form aerial hyphae) cascade, which results in the transcription of surface active
proteins, which coats the aerial hyphae in a hydrophobic sheath, allowing for aerial growth by
breaking surface tension. Colonies with bld mutations are unable to form aerial hyphae, and
thus appear to have a bald phenotype, and furthermore, as they cannot sporulate, cannot
synthesise antibiotics. The bld proteins and enzymes have a wide array of different functions,
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as it is not a term for a family of related proteins but rather a phenotype, though many bld genes
encode regulatory proteins. E. g. bldA encodes a tRNA required for the translation of the rare
leucine codon TTA, which is present in ~2% of S. coelicolor genes, while bldN encodes an
extracytoplasmic sigma-factor (Leskiw et al., 1991, Bibb et al., 2000, den Hengst et al., 2010).
bldD, a transcriptional regulator involved in supressing morphological differentiation by
supressing transcription of genes required for morphological development. This repression is
mediated by c-di-GMP, which forms a tetramer, which causes BIdD to dimerise and repress
sporulation genes (Tschowri et al., 2014). BldD putatively regulates 167 genes, and of these at
least two sigma factors, 6N ¢"NC and 42 (25%) genes encode regulatory proteins (den
Hengst et al., 2010).

However, all but two of the bld mutants (bldM and bldN) fail to form SapB, a surface active
peptide (Claessen et al., 2006). SapB is a lantibiotic-like peptide encoded in the ram (rapid
aerial mycelium formation) cluster as ramS, which also comprises ramA and ramB. Molecular
modelling supports the hypothesis that SapB coats the hyphal surface. The C-terminus of the
ramC protein is very similar to lantibiotic modifying enzymes, such as CinM and MrsM, and
is thought to modify, at least in part, the ramS product to make SapB, though it is not known
whether this occurs before or during export (Kodani et al., 2004). ramA and ramB encode
components for an ABC transporter, and RamR, a response regulator, activates the ramCSAB
operon by binding to its promoter region (Ma & Kendall, 1994, Keijser et al., 2002, O'Connor
et al., 2002). Interestingly, when a bld mutant is grown in close proximity to a different bld
mutant or wild-type S. coelicolor strain, wild-type phenotype is restored. This is called
extracellular complementation (Claessen et al., 2006). Similarly, applying SapB to bld mutants

also restores the wild-type phenotype (Willey et al., 1991, Willey et al., 1993).

When aerial hyphae escape the aqueous environment, they acquire the rodlet layer. This is a
thin, fibrous sheet consisting of paired rods of 8-12 nm in width and 450 nm in length. They
are superficially similar in function to the fungal SC3 hydrophobins, and S. coelicolor and S.
tendae complemented with SC3 hydrophobins restores the wild-type phenotype, even if they
have no sequence similarity (Wosten, 2001). The is an excellent example of convergent
evolution of unrelated organisms exploiting the same niche Furthermore, the fungal
hydrophobins can be extracted from SDS-treated cell walls with trifluoracetic acid, and when
applied to the cell wall of S. coelicolor, this results in the isolation of two homologous proteins,

RdIA and RdIB, which is the constituents of the sheet described above. rdl mutant strains
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lacking a rodlet layer exibit a phenotype where they are covered in fine fibrils with a diameter
of 4-6 nm. These fibrils are amyloids, insoluble fibrous protein aggregates, of five proteins,
ChpD-H. They are about 55 amino acids long, though there are three other larger chaplins;
ChpA-C. The larger ones are about four times as larger, with two domains similar to mature
forms of ChpD-H with a C-terminal sorting signal that anchors them peptidoglycan wall (de
Jong et al., 2009). Chaplins are secreted by the Sec system to the cell wall where they form
amyloid fibrils of paired rodlets in a process that is hypothesised to be dependent on the rodlins.
All chaplins provide the cell wall with rigidity and suface hydrophobicity, and ChpE and ChpH
perform an additional function, similar to that of SapB, by lowering the surface tension of the

medium in submerged cultures (de Jong et al., 2009).

White (whi) mutants are capable of forming aerial hyphae, but are unable to sporulate. Their
distinctive colour is due to the grey polyketide pigment associated with mature spores being
absent in mutants with defects in sporulation pathways. whi mutants are linked with bld
mutations, as some are regulated by bld genes, such as BldD, which represses the promoter of
whiG (den Hengst et al., 2010). whi genes can be divided into two groups, early and late,
depending on when they are produced. Aerial growth lessens BldD-mediated repression of an

WhIG which signals the onset of sporulation. ¢"/"® transcribes whiH

early whi gene encoding o
and whil, which regulate both themselves and each other and are thought to lose their
autorepressive abilities in response to lack of growth. whiA and whiB, two ¢""®-independent
genes, are constantly expressed at low levels, but in response to aerial growth they are strongly
upregulated. The function of WhiA is unknown, and WhiB is likely to be a DNA-binding
protein. The last early whi gene is whiJ. Surprisingly, when whiJ The late whi genes are whiD,
which is similar to whiD, whiE, which is an enzyme for polyketide synthesis, whiF, which is

an allele of whiG, and three of unknown function, whiL, whiM and whiO (Chater, 2001).

Additionally, the small integral membrane protein CrgA is thought to be involved in the
coordination of the switch, maybe by inhibition of cell division (Del Sol et al., 2003, Del Sol
et al., 2006). It is during sporulation that many of the secondary metabolites are produced, in
response to nutrient depletion, as the secondary metabolites include antibiotics which would

reduce competition for the remaining nutrients.

S. coelicolor contains three mreB genes, mreB, mbl and SCO6166, and of these three proteins
MreB and Mbl are the most closely related and have a very similar function. SCO6166 is much
smaller than MreB and Mbl, of 28.7kDa compared to 36.5 and 37.5kDA, respectively, and
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lacks two subdomains of actin-like proteins, IB and I1B. SCO6166 is also transcribed along
with a protein homologous to the DnaK-suppressor DksA of E. coli. Additionally, SCO6166
IS not present in all Streptomycetes, suggesting a non-essential function (Heichlinger et al.,
2011a, Jones et al., 2001).

All the proteins show different expression levels during vegetative growth and sporulation;
SC06166 showed high levels of expression during vegetative growth but dwindles rapidly
towards sporulation; MreB was expressed at an intermediate level during the vegetative state
before dwindling as the cells reach sporulation, whereas Mbl level of expression increased the
closer to sporulation the culture was. Mbl and MreB both direct synthesis of the stress-resistant
spore wall, with Ambl spores almost as resistant as wild type, but Amreb strains were highly

sensitive to lysozyme and vancomycin (Heichlinger et al., 2011a).

S. coelicolor’s RodZ homologue, a multidomain protein that localises in a helical manner
which in it interacts with MreB in other rod-shaped bacteria, was also interacts with MreB, but
not Mbl or SCO6166 (van den Ent et al., 2010, Heichlinger et al., 2011a). MreB and Mbl also
colocalise, and Mbl requires MreB for correct localisation.

As mentioned above, MreB in S. coelicolor has little effect on hyphal tip extension and rod-
shape of S. coelicolor, but seems to be involved in sporulation (Flardh & Buttner, 2009).
Another protein seems to perform this role in S. coelicolor; DivIVA is conserved throughout
the Gram-positive bacteria, but has different roles and varying degrees of importance
depending on the bacterium. Indeed, most rod-shaped relatives of S. coelicolor lack mreB genes
and assemble their cell walls at the cell poles as opposed to the more common MreB-directed
lateral cell wall assembly (Hempel et al., 2008). Deletion and two-hybrid experiments in
Streptococcus pneumonia showed that deletion caused severe cell division defects, and
consistently the two-hybrid experiments suggest DivIVA interacted with cell division proteins.
However, DivIVA is required for polar growth in the actinomycetes Corynebacterium
glutamicum and M. tuberculosis, though DivIVA from M. tuberculosis and S. coelicolor was
able to restore polarity in C. glutamicum (Lenarcic et al., 2009, Letek et al., 2008).
Furthermore, DivIVA is directs hyphal branching by creating foci, marking the site for future
branching hyphae. A small number of foci do not develop into hyphae, suggesting it may be a

dynamic process (Hempel et al., 2008).
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In all the aforementioned bacteria DivIVA-GFP localises to the polar regions and septa, i. e.
areas of negative curvature, and it is likely that DivIVVA serves as a target for localising proteins
to the polar and septal regions (Lenarcic et al., 2009). DivIVA in B. subtilis is a 164-amino
acid protein and is predicted to be comprised mainly of a-helices and coiled coil, forms dimeric
dimer through coiled-coil interactions with the N- and C-terminals linked by a flexible linker
at the 57-65 residues, with the F17 and R18 residues part of crossed-loop essential for
membrane binding. The F17 and R18 residues are not entirely conserved throughout the Gram-
positive bacteria, though the basic properties, hydrophobic and basic, respectively, are
conserved (Oliva et al., 2010).

DivIVA in S. coelicolor, SCO2077, has a role similar to that of DivIVA in the other
actinomycetes, where it is an essential protein and has an important role in tip growth,
branching and as a polar determinant. There are a few differences between B. subtilis DivIVA
and S. coelicolor DivIVA, the latter being considerably larger, and the F17 residue substituted
for a valine, which is consistent with regards to the hydrophobicity of the residue. The N-
terminal is highly conserved in relation to B. subtilis, though the rest of the protein is less
conserved, maybe due to the C-terminal being responsible for protein recruitment or that less
conservation is required for its a-helix structure. Its localisation is the same as other DivIVAsS;
DivIVA-EGFP fusions localised to areas of negative curvature, but it also localises to the lateral
cell walls, where branching occured at small foci of DivIVA (Hempel et al., 2008). It has also
been implicated in the localisation of cellulose-like protein to the hyphal tip, consistent with its
suggested role in cell division protein localisation (Xu et al., 2008). Overexpression of DivIVA
results in aberrantly shaped branches due to DivIVA localising to the lateral walls (Hempel et
al., 2008). It is essential for the viability of S. coelicolor, and partial depletions led to
phenotypes similar to fungal mutants with defects in tip growth or nuclear migration genes,

which had not been observed in S. coelicolor previously (Flardh, 2003a).

S. coelicolor also contains a protein similar to the B. subtilis DivIVA; SC02669 is similar to
DivIVA and contains a predicted forkhead domain. This suggests it anchors DNA to the
membrane, if it also binds to the membrane. SCO2669 is also conserved throughout
streptomycetes, suggesting an essential function. However, based on sequence similarity, it
does not look like it is a membrane protein, regardless of low e values when compared to
DivIVA.

44



Proteins such as DivIVA are localised to areas of high curvature, which is likely due to the CL
in these regions (Flardh, 2003a). In eukaryotes, proteins of the BAR domain superfamily are
also involved in membrane structure and also contain coiled-coil motifs, in addition to
structurally resembling DivIVA (Peter et al., 2004, Shimada et al., 2007, Oliva et al., 2010).
BAR domains are also thought to induce and stabilise membrane curvature, moulding
membranes to suit cellular processes (Ayton et al., 2007). BAR domains insert like a wedge

into the membrane that pushes polar headgroups apart (Farsad et al., 2001, Gallop et al., 2006).

1.3.4. Streptomycete phospholipids

Actinomycetes have extensive fatty acid synthesis pathways, which do not only supply fatty
acids for lipid synthesis, but also for triacylglycerides (Olukoshi & Packter, 1994). Though no
phospholipid profile is available for S. coelicolor in the literature, there is one for the closely
related Streptomyces hygroscopicus: 27% CL, 46% PE, 5% lysocardiolipin (LCL), 4%
dilysocardiolipin (DLCL), 12% phosphatidylinositol mannoside (PIM, and phosphatidic 12%
acid (PA) (Hoischen et al., 1997). S. coelicolor does synthesise CL, LCL, DLCL,
phosphatidylinositol (PI), PE, and PIM. Of these, CL is around 30% of the total phospholipid
content of S. coelicolor, while in E. coli this number is around 5%, yet in Streptomyces
pristinaespiralis up to 65% (Falcioni et al., 2006). Phosphatidylinositol is absent in E. coli, but
present in S. coelicolor (Raetz & Dowhan, 1990, Borodina et al., 2005).

1.4 Research aims

In order to determine the role of membrane organisation in the establishment of morphological
complexity in Streptomyces, we investigated the role of SCO3607 and SCO3608, the FloT and
NfeD homologues on the morphological development of the model organism S. coelicolor. As
FloT, at least, is associated with lipids rafts in eukaryotes, a role of these proteins in
morphological development might suggest that membrane organisationmight play a role in
streptomycete branching development. As the two proteins are found next to each other and
are likely to be in the same operon, and additional evolutionary evidence suggests at least an
indirect interaction between the two proteins, further bioinformatic information and
experiments are required to expand on their evolutionary relationship. With this in mind,
elucidating their role in the complex life cycle of S. coelicolor through disruption and deletion
experiments is the next logical step, similar to what has been done in B. subtilis. This allowed
a more complete picture of the role of flotillin in B. subtilis, and will also give a much more

complete picture in ascertaining the phenotypic and microscopic effects the lack of these
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proteins will have in S. coelicolor. Whether their roles will be similar is uncertain due to the
differences in life cycle, but their molecular mechanisms are likely to be the same due to their

highly conserved nature.

Furthermore, data on how flotillin potentially interacts with NfeD or other flotillin proteins can
yield information about the molecular mechanisms of protein-protein interactions in flotillins
in humans and other species due to their highly conserved nature. To this end, bacterial two
hybrid experiments represent a simple, yet elegant, route to take. This will potentially not only
show whether FIoT binds NfeD, but also whether FlIoT binds FloT or NfeD binds NfeD, and
also potentially which region the binding takes places. In short, the aims are to

1) Explore the evolutionary relationship between SCO3607 and SCO3608 and their respective
evolutionary origins. Phylogenetic trees will potentially yield information on the evolution of
SCO03607 and SCO3608, both within Streptomyces and in a wider context. Multiple sequence
alignment and evolutionary pressure tests may reveal conserved residues involved in the

function of the relevant protein.

2) Conduct mutagenesis assays to test whether the genes are essential for viability. If the genes
are essential, knock-down mutants may be attempted. If they are not essential, testing for

mutant phenotypes on a variety of agars is the next step.

3) Perform microscopic analysis of the mutants to potentially show additional phenotypes. As
it is hypothesised to be involved in cell polarity, special care will be paid to branching and

cross-wall assembly, in addition to spore sizes.

4) Test for protein-protein interactions between the two proteins using bacterial two-hybrid
assays. The information gleaned from the multiple sequence alignment and bioinformatics will
help explore the potential mechanisms involved.
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2. Materials and methods

2.1. Growth conditions for bacterial strains and preservation

2.1.1. Plasmids, cosmids, and bacterial strains

Table 2-1A. Table listing the bacterial strains with their genotypes. Antibiotic resistances

are listed as amp’ to ampicillin, am" to apramycin, chlr" to chloramphenicol, hyg" to

hygromycin, kanr" to kanamycin, and str' to streptomycin.

Bacterium genus

Characteristics

Source

. coelicolor BAD107

Control strain, kan"

E. coli IM109 Cloning host (Yanisch-Perron et al., 1985)
E. coli ET12567 Methylation-deficient strain, chlr" | (MacNeil et al., 1992)
E. coli DH5a Cloning host (Taylor et al., 1993)
E. coli BW25113 AaraBAD, 4hsdR (Datsenko & Wanner, 2000)
E. coli BTH101 cya-deficient strain, str' (Karimova et al., 1998)
Rajaghopal &  Herron,
S. coelicolor BAD106 Control strain, kan', am' unpublished
Rajaghopal &  Herron,

unpublished

. coelicolor M145

Wild-type

(Gramajo et al., 1993)

. coelicolor CFW3607A

Tn5062 insertion at the 3983859

position on the reverse strand, am'

This study

. coelicolor CFW3607B

Tn5062 insertion at the 3983859

position on the reverse strand, am'

This study

. coelicolor CFW3607C

Tn5062 insertion at the 3983859

position on the reverse strand, am’

This study

. coelicolor CFW3607D

Tn5062 insertion at the 3983859

position on the reverse strand, am’

This study

47




Table 2-1B. Table listing the bacterial strains with their genotypes.

Tn5062 insertion at the 3983859

S. coelicolor CFW3607E | position on the reverse strand, am" | This study
Tn5062 insertion at the 3983859

S. coelicolor CFW3607F | position on the reverse strand, am" | This study
Tn5062 insertion at the 3983859

S. coelicolor CFW3607G | position on the reverse strand, am" | This study
Tn5062 insertion at the 3983859

S. coelicolor CFW3607H | position on the reverse strand, am" | This study
Tn5062 insertion at the 3983859

S. coelicolor CFW36071 | position on the reverse strand, am" | This study
StH66.1.H03 inserted at the
3983859 position on the reverse

S. coelicolor CFW3607J | strand, am', kan" This study
Tn5062 insertion at the 3984837

S. coelicolor CFW3607K | position, am' This study
Tn5062 insertion at the 3984837

S. coelicolor CFW3607L | position, am' This study
Tn5062 insertion at the 3984837

S. coelicolor CFW3607M | position, am' This study

S. coelicolor CFW3607A | M145 ASC0O3607, am" amp’ This study

S. coelicolor CFW3608A | M145 ASC0O3608, am', amp' This study

S. coelicolor | M145 ASCO3607 ASCO3608,

CFW3607/8A am', amp’ This study
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Table 2-2A. Table describing the various plasmids and cosmids used in this study.

Plasmid/Cosmid

name

Characteristics

Source

StH66 Cosmid containing SCO3607 and SCO3608, | (Redenbach et al., 1996)
amp', kan"
StH66.1.A02 SC03607::Tn5062, am', amp", kan" This study
StH66.1.H03 SC03607::Tn5062, am', amp", kan" This study
StH66.1.C09 SC03609::Tn5062, am', amp", kan" This study
StH66.1.D07 SC03606::Tn5062, am', amp", kan" This study
plJ773 am', amp', FRT/FLP, oriT (Gust et al., 2003)
plJ790 chir’, \RED (Gust et al., 2003)
StH66C3 SC03607 deletion cosmid, am', amp' This study
StH66C4 SC03608 deletion cosmid, am', amp' This study
StH66C5 SCO607 and SCO3608 deletion cosmid, am', | This study
amp’
puUZ8002 Non-transmissible oriT mobilizing plasmid, kan' | (Paget et al., 1999)
pMS82 Integrative vector for Streptomyces; oriTRK2 int | (Gregory et al., 2003)
attP®BTL1; hyg'
pUC19 amp' (Yanisch-Perron et al.,
1985)
pBGS19 kan' (Spratt et al., 1986)
pUT18 cya-T18 , amp' (Karimova et al., 1998)
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Table 2-2B. Table describing the various plasmids and cosmids used in this study.

Plasmid/Cosmid | Characteristics Source

name

pUT18C cya-T18 , amp' (Karimova et al., 1998)

pUT18C-zip GCN4-cya containing positive control plasmid, | (Karimova et al., 1998)
amp’

pKT25 cya-T25, kan' (Karimova et al., 1998)

PKNT25 cya-T25, kan' (Karimova et al., 1998)

pPKNT25-zip GCN4-cya containing positive control plasmid, kan" | (Karimova et al., 1998)

pCFW102 SC03607 and SCO3608 in pUC19, amp’ This study

pCFW103 SC03607 and SCO3608 in pBGS19, kan' This study

pCFW103 SC03607 and SCO3608 in pBGS19, kan' This study

pCFW104 SC03607 and SCO3608 in pMS82, hyg" This study

pCFW106 SC03607 in pUC19, amp' This study

pCFW108 SC03608 in pUC19, amp' This study

pCFW109 SC03607 in pUT18, amp’ This study

pCFW111 SC03607 in pUT18c, amp’ This study

pCFW112 SC03608 in pUT18, amp’ This study

pCFW113 SC03607 in pKT25, kan' This study

pCFW114 SC03608 in pKT25, kan' This study

pCFW115 SC03607 in pKNT25, kan" This study
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2.1.2. Antibiotics, chemicals, and media

All media bar SFM was autoclaved at 121°C and 15 psi for 15 minutes. SFM was autoclaved
for 30 minutes. Concentrations given as a percent are w/v. Reagents added after autoclaving
were filtered through a 0.22um filter. All media was made up according to Kieser or Sambrook

unless otherwise stated (Kieser et al., 2000, Sambrook et al., 1989).

Table 2-3A. Table describing the media used. All agar was adjusted to pH 7.0 with NaOH
if necessary. Agar and yeast extract were from Oxoid, tryptone and NaCl from Fisher
Scientific, glucose from BDG and mannitol was from Fisher BioReagents. When required,
antibiotics were added to the media after autoclaving (see Table 2-4 for concentrations).

Media Reagents

2xYT (Kieser et al., 2000) 169 tryptone
10g yeast extract
5g NaCl

dH2O up to 1L

Luria-Bertani (Sambrook et al., 1989) 10g tryptone

5(g yeast extract

5g NaCl

10g agar (plates only)

dHO up to 1L
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Table 2-3B. Table describing the media used.

Media

Reagents

Minimal media (MM) (Hopwood, 1967)

0.5 L-asparagine
0.5g K2HPO4

0.2 MgSQO4+7H20
10g agar

dH2O up to 1L

10g glucose added after autoclaving

M9 minimal salts media

33.99 Naz2HPO4
159 KH2PO4
59 NH4CL
2.5g NaCl

10g agar

dHO up to 1L

10g glucose added after autoclaving
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Table 2-3C. Table describing the media used.

Media

Reagents

R5 media (Okanishi et al., 1974)

10.12g glucose

5(g yeast extract

5.73g TES buffer

0.1g casaminoacids

2mL trace element solution (see below)
10.12g MgCl,+6H20

103g sucrose

0.25g K2SO4

The following were added after autoclaving:
10mL (0.5%) KH2PO4

4mL (5M) CaCl*2H-0
15mL (20%) L-proline

1.4mL (1M) NaOH

SFM (MS agar) (Doull & Vining, 1989)

20g soya flour
20g mannitol
209 agar

Tap water up to 1L.
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Table 2-3E.

Media

Reagents

S. O. B. (Hanahan, 1983)

20 tryptone

5(g yeast extract
0.548g NaCl
0.186g KCI
dH2O up to 1L

MgCl added after autoclaving to make a final

10mM solution

S. O. C. (Sambrook et al., 1989)

As S. O. B., but with 3.603g sucrose

Trace Element Solution

40mg ZnCl,

200mg FeCl*H20
10mg CuCl2*H20
MnCl2+4H20
Na2B407¢10H20
(NH4)6MO7024+4H20

Up to 100mL
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Table 2-3E.

Media

Reagents

Yeast extract-malt extract medium (YEME)
(Kieser et al., 2000)

39 yeast extract
5g peptone

3g malt extract
109 glucose
3409 sucrose
dH20 up to 1L

MgCl2*H20 added after autoclaving to make a
final 2mM solution

Table 2-4. Table describing antibiotic usage dependent on bacteria. All antibiotics except

chloramphenicol were dissolved in sterile dH20, which was dissolved in 96% ethanol.

Concentration | Concentration
Antibiotic (E. coli) (S. coelicolor) Manufacturer
Ampicillin 50 pg/mL N/A Sigma
Apramycin 100 pg/mL 25 pg/mL Sigma
Chloramphenicol | 10 pg/mL N/A Sigma
Kanamycin 50 pg/mL 25 pg/mL Sigma
Hygromycin 100 pg/mL 100 pg/mL Sigma

55



2.1.3. E. coli growth conditions
E. coli cultures were grown at 37°C for 16 hours unless otherwise noted. If grown in liquid

cultures, the cultures would be grown at 225rpm sealed with sponge to keep the culture sterile.

2.1.4. S. coelicolor growth conditions.

S. coelicolor plate cultures were grown at 30°C until grey-coloured spores were observed.
Liquid cultures were grown until sufficient biomass was observed, or until the liquid cultured
entered stationary phase. This was determined by the initiation of the red pigment antibiotic
undecylprodigiosin. This usually took two to three days. As with E. coli, if a culture was grown
in liquid it was grown at 225rpm, but at 30°C.

2.1.5. S. coelicolor glycerol stocks

S. coelicolor was streaked out for single colonies on SFM and a single colony was used to make
a lawn of bacteria on a fresh plate of SFM. 10mL of sterile 10% glycerol in dH20 was added
to the plate and a sterile cotton bud was used to gently suspend the spores in the ImL 10%

glycerol. The suspension was then transferred to 1.5mL Eppendorf tubes and stored at -20°C.

2.1.6. E. coli glycerol stocks

E. coli was grown overnight with antibiotic selection in 5mL of LB broth at 37°C at 225rpm.
670uL of the overnight culture was transferred to a sterile Eppendorf tube and 330uL sterile
80% glycerol in dH>O was then added to the Eppendorf tube. The stock was then stored at -
80°C.
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2.1.7. PCR primers

Table 2-5. List of PCR primers used in this work. EZR1 and EZL2 were from a different
study (Herron et al., 2004).

Name Sequence (5’ to 3°)

SCO3607DELF | TGTTCTCTTCTCTCTGTGTGATTCGGGGGCGTTGTCATGATTCCG
GGGATCCGTCGACC

SCO3607DELR | CACGGGCTCTCCCGGCAACCGGTCGACGCGGGGGCGTCATGTG
GCTGGAGCTGCTTC

SCO3608DELF | CGAAGCTCAGCGACGGGCGGGAGGGGGACGGCACGCATGATTC
CGGGGATCCGTCGACC

SCO3608DELR | ACGAGTGAAGGCAGGGAAGGCAGGAAGGCGCGGACCTCATGT
AGGCTGGAGCTGCTTC

SCO3607AF ATATCTAGAGATGAGTCCTGTCGTCATCG

SCO3607AR ATAGGTACCCGGTCCGTGATCTCCACCTT

SCO3608AF ATATCTAGAGATGGCCTGGTTTCTCGG

SCO3608AR ATAGGTACCCGTCAGCGGTCGACCGGGC

A02F2 GCCTTCCAGATCCAGGACATCAC

A02R2 ATGGTGGTGTGCGGCGACGAC

HO3F GGTCGTGGAGAGCGCGCTCATCTCCCGC

HO3R GCGCGCCGCCGGTATCGCCGCGGCCCA

EZR1 ATGCGCTCCATCAAGAAGAG

EZL2 TCCAGCTCGACCAGGATG
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2.1.8. Intergeneric conjugation of E. coli with S. coelicolor

Transformed E. coli ET12567/pUZ8002 was used to inoculate 10mL of LB broth containing
kanamycin and chloramphenicol and the appropriate antibiotic for the cosmid and grown
overnight. 0.4mL of the culture was then used to inoculate 40mL of LB with the same antibiotic
selection and grown to an O. D.s0o 0f 0.4-0.6. The cells were then washed twice with 25mL of
fresh LB to remove antibiotics that might inhibit Streptomyces growth. The cells were then
resuspended in 1mL of LB. 100puL of S. coelicolor spore suspension were added to 500uL of
2xYT and heat-shocked at 50°C for 10 minutes and allowed to cool. 500puL of E. coli cells
were added to the S. coelicolor spores, mixed and pelleted by centrifugation. Most of the
supernatant was poured off and the pellet resuspended in the residual liquid (roughly 200uL).
From this a 1/1, 1/10 and 1/100 dilution were made and plated out on SFM + 10mM MgCl;
and incubated at 30°C for 16 hours (Kieser et al., 2000).

The plates were then overlaid with 1mL water containing 0.5mg nalidixic acid and the
appropriate antibiotic for the resistance cassette being conjugated and incubation was continued
at 30°C for another two to three days. Potential exconjugants were selected and plated onto two
separate SFM plates, one with apramycin selection and another with apramycin and kanamycin
selection. 50 colonies were plated onto each plate in a hex grid and numbered (Kieser et al.,
2000). From these two plates double crossovers could be selected based on kanamycin
sensitivity and apramycin resistance. The double crossovers were then verified by PCR using

the primers in table 2-5.
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2.2. Bioinformatics

Protein sequences were retrieved for all experiments by using the Basic Local Alignment
Research Tool (BLAST) on the NCBI website, with the accession numbers for SCO3607 and
SCO03608 being NP_627802 and NP_627803 (Coordinators, 2017, Altschul et al., 1990). The
proteins were selected for the multiple sequence alignment on the basis of articles published
about the protein and they were then retrieved from the NCBI website as above. These were

then imported in CLC Viewer 7, which was used to perform the multiple sequence alignment.

To construct the phylogenetic trees, the protein query sequence used to retreieve the sequences
from NCBI were SCO3607, both human flotillins, and the Arabidopsis thaliana sequences.
This multiple query method was used to avoid getting false negative results, as there is quite
some difference between the flotillin sequence of Arabidopsis thaliana and the other flotillins.
To find NfeDs, YuaF, YqfA, and SCO3608 were used, as no nfeD is present in non-prokaryote
genomes as well as guaranteeing both truncated and full-length NfeDs in the BLAST searches.
Once all the sequences were compiled, CLC Viewer 7 was used to create a multiple sequence

alignment, which was in turn used to construct the phylogenetic trees.

To find sequences for the synteny figure (see Fig3-6), http://strepdb.streptomyces.org.uk was
used to find the SCO3607 and SCO3608 homologues in other streptomycetes (Fernandez-
Martinez et al., 2011).

To calculate the dn/ds ratios for evolutionary rogramme can be found here:
http://abacus.gene.ucl.ac.uk/software/paml.html pressure for SCO3607 and SCO3608,

Phylogenetic Analysis by Maximum Likelihood (PAML) was performed in YnQO, with genetic
sequences retrieved from NCBI as above (Coordinators, 2017, Yang, 2007, Yang & Bielawski,
2000).

With protein sequences retrieved from NCBI for SCO3607 and SCO3608 using the accession

numbers above, InterPro was used for domain prediction (Hunter et al., 2012).
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2.3. Molecular Microbiology methods

2.3.1. Buffers and reagents

Table 2-6. Buffers and reagents used in isolation of plasmid and cosmid DNA from E.

coli.

Solution Reagents

Solution 1 50mM glucose, 26mM Tris-Cl (pH 8),
10mM EDTA, 100pg/mL RNAse A (pH
8).

Solution 11 0.2 M NaOH, 1% SDS.

Solution HI 60mL 5 M potassium acetate, 11.5mL
glacial acetic acid, 28.5mL H20, results in
a final 3M potassium and 5M acetate
solution. This was measured pH 5.5.

Lysozyme buffer 0.3M sucrose (10.3%), 25mM Tris, 25mM
EDTA, pH 8

Lysozyme 50mg/mL in dH.0

Proteinase K

50mg/mL in dH20.

Phenol: Chloroform

A 1:1 mix of phenol and chloroform.

RNAase A

10mg/mL in 10mM Tris, 15mM NacCl, pH
7.5. Heated to 100°C for 15 minutes.

TAE buffer

2.3.2. Isolation of plasmid and cosmid DNA from E. coli

Cosmid and plasmid DNA was prepared according to (Birnboim & Doly, 1979) or using a

Bioline MiniPrep Kit. The former method was used to identify potential clones while the latter

was used to isolate DNA for cloning and subcloning.
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The relevant cosmid- or plasmid-containing E. coli culture was streaked out for single colonies
on LB agar containing appropriate antibiotic selection and grown overnight at 37°C. The single
colonies were used to inoculate 25mL Universal tubes containing 5mL LB broth and
appropriate antibiotic selection. The culture was grown overnight at 37°C. 5mL in total of the
overnight culture was transferred to a 1.5mL Eppendorf tube and pelleted by centrifugation at
13,000rpm for a minute and the supernatant fraction poured off. This was repeated and 100uL
of Solution I (see Table 2-6) was added and mixed by vigorous vortexing until the pellet was
fully resuspended. 200uL of freshly prepared ice cold Solution 1l was added and the contents
were mixed by inverting the Eppendorf tube 5 times. 150uL of Solution 111 was added and

mixed by inversion for 10 seconds. The Eppendorf tube was then stored on ice for 5 minutes.

The contents were then pelleted by centrifugation at 13,000rpm for 5 minutes and the
supernatant was transferred to a fresh Eppendorf tube containing 400mL of chloroform: phenol.
The contents were then mixed by vortexing and then pelleted by centrifugation at 13,000rpm
for 5 minutes. The top layer was then transferred to a fresh Eppendorf tube and DNA was
precipitated with 600uL of 100% v/v ethanol, mixed by inversion and set to stand at 2 minutes.
It was then pelleted by centrifugation at 13,000rpm and the supernatant removed. The
remaining 100% v/v ethanol was evaporated by leaving the Eppendorf tube open on the lab
bench, and the DNA was then resuspended in 30mL of dH20. This was then stored at -20°C.

2.3.3. S. coelicolor genomic DNA extraction

50mL YEME media was inoculated with 500uL of S. coelicolor spore suspension and grown
overnight. 50mg of mycelium was pelleted by centrifugation and resuspended in 500uL
lysozyme buffer. 25uL lysozyme and 3pL RNAase A was then added and left to incubate at
37°C for 30-60 minutes with occasional vortexing and mixing. 10uL 10% SDS was added and
the mixture was incubated at 55°C for 15 minutes. It was then incubated at 37°C for 30 minutes.
5uL proteinase K was then added and the mixture was incubated at 55°C for 15 minutes before
200uL 250mM KCI was added and vortexed. 500uL phenol-chloroform was added to remove
the protein and the mixture was vortexed for 1 minute before it was centrifuged for 5 minutes
at 13,000rpm.

The aqueous layer was then transferred to a new tube with a cut pipette tip, leaving behind as
much white interface as possible. The phenol-chloroform step was repeated at least once. This
step was repeated twice with 500uL chloroform to remove the phenol which can interfere with
downstream applications. The aqueous phase was transferred to a new Eppendorf tube with
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3M NaAc (pH 5.2) and dH20 to make a final concentration of 0.3M NaAc. 54 volumes of
isopropanol were added. This was then mixed by inversion until the DNA formed a white lump.
The DNA was then transferred to a fresh Eppendorf tube and washed with 70% EtOH by
centrifuging it for 5 minutes at 13,000rpm. The supernatant was then removed and the DNA

was resuspended in dH20 (Kieser et al., 2000).

2.3.4. DNA digestion with restriction enzymes.
DNA, either plasmid, cosmid, or nucleoidal in dH.O was digested with restriction enzymes
according to the details of the manufacturer. A standard 20pL DNA digestion was conducted,

in order, as follows:

15.5uL of dH20 containing 1pg DNA
2L of appropriate 10x buffer

2ul of 1pg/ul acetylated BSA

This was made up in a 0.6mL Eppendorf tube on ice and mixed by pipetting. 0.5uL of 10u/pL
restriction enzyme was then added to take the restriction enzyme mixture up to 20pL. The
Eppendorf tube was then transferred to a 37°C water bath and incubated for 2-4 hours. For

higher DNA concentrations, the digestion mixtures were left overnight in the 37°C water bath.

For double digestions, 0.5uL of dH20 was replaced with another 0.5uL of restriction enzyme.
Acetylated BSA was diluted from manufacturer’s stock and stored at -4 °C to minimise thawing

and refreezing. The restriction enzymes utilised were from Promega.

2.3.5. Agarose gel electrophoresis

Agarose was added to TAE buffer to make a 1% w/v mixture and microwaved until the agarose
was dissolved. This was left to cool at room temperature until steam was no longer visible.
Ethidium bromide was then added to make a solution of 0.5ug/mL ethidium bromide. All
equipment was handled using gloves. The liquid was then poured into the casting tray and the
comb added to form the wells. Either plastic walls or autoclave tape was used to prevent the
liquid from spilling out the sides. This was then left to stand until the gel had solidified. The

size of the wells was dependent on the size of the sample to be run.

Once the gel had solidified, the comb and tape or plastic walls were removed and the gel, still
on the casting tray, was put into the tank. It was then filled up with TAE buffer so the gel was

covered. This was the running buffer. Dye was added to the DNA samples to be run at a ratio
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of 1:10 of dye: DNA. The samples were loaded into the wells. DNA was loaded at the
negatively charged end of the tank, allowing the DNA to migrate to the positively charged pole
at the other end of the tank. Gel electrophoresis was conducted until the bands had migrated
3/4" of the agarose gel, at 50 or 100 volts for 1-2 hours.

Alternatively, gel electrophoresis was conducted without ethidium bromide being added to the
gel before the it had set. This was performed at 40 volts and when the DNA had migrated across
three quarters of the gel, ethidium bromide was added to the running buffer to make an
0.5pg/mL concentration. All waste was then disposed of accordingly and all equipment which
had been in touch with ethidium bromide rinsed thoroughly with water. Gloves were used to

handle all the equipment.

2.3.6. DNA extraction from agarose gels.

The PCR and gel electrophoresis DNA was cleaned and extracted in accordance with the
manufacturer’s instructions, with some minor changes. The NucleoSpin® Extract II
(Macherey-Nagel) kit was used. The band containing the DNA to be purified was cut out of
the gel. The slice could weigh up to 100ng and was dissolved in 200uL buffer NT. This was
then incubated in a water bath for 10 minutes at 50°C with brief vortexing every 2-3 minutes.
The mixture was then transferred to a column in a 2mL collecting tube and centrifuged at
13,000rpm for 1 minute. The DNA, now bound to the column, was kept and the flowthrough
discarded. 600pL buffer NT3 was added to the column and was then washed by centrifugation
at 13,000rpm for 1 minute. It was then centrifuged again at 13,000rpm for 2 minutes to remove
residual buffer NT3. Buffer NT3 contains ethanol and this could potentially interfere with
downstream applications. The DNA was eluted by transferring the column to a 1.5mL
Eppendorf tube and adding 20upL sterile dH2O to the column before centrifuging it at
13,000rpm for 1 minute.

2.3.7. Polymerase chain reaction

2.3.7.1. PCR primer design

Polymerase chain reaction (PCR) primers were designed by using Clone Manager 3.0 by SciEd
Software to analyse the sequence and relevant restriction sites were added to either side. PCR
primer length was restricted to less than 25 nucleotides, unless otherwise noted. Primer3

software was used to analyse the primers to check for issues related to the primers, such as self-
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annealing primers, similar denaturation temperatures, and hairpin loops (Rozen & Skaletsky,
2000).

2.3.7.2. PCR reaction

OneTaq DNA polymerase from NEB was used for all standard PCR reactions. OneTaq PCR
reactions were set up as follows: 5uL 10x OneTaq Reaction Buffer, 1uL 10mM dNTP mixture,
2uL 0.4pM primer mixture in dH20, 1pL 1-10ng template in dH2O, 1uL MyTag DNA
polymerase, and dH>O up to 50uL. MyTaq from Bioline was used to find out the different
annealing temperatures and confirm the presence of genes. MyTag PCR reactions were set up
as follows: 10pL 5x MyTaq Reaction Buffer, 1uL 0.4puM primer mixture, 1pL 1-10ng
template, 1uL MyTaqg DNA polymerase, dH20 up to 50uL. Bovine serum albumin (Bioline)

was added to make a final solution of 20mg/mL if the PCR yield was poor.
The PCR cycle was done as described in Table 2-7.

Table 2-7. Table detailing standard PCR programme.

Step Temperature Time Number of cycles
Initial denaturation | 94°C 30 seconds 1
Denaturation 94°C 30 seconds 30
Annealing 45-68°C (up to 72°C for | 1 minute 30
MyTaq
Extension 68°C for OneTaq and 72°C | 1 minute per kb | 30
for MyTaq
Final extension 68°C for OneTaq and 72°C | 5 minutes 1
for MyTaq
Hold 4°C

2.3.8. DNA ligation
When inserting a stretch of DNA (insert) into a plasmid or cosmid (vector), a ligation
experiment was conducted. The insert to be ligated into the vector originated from either a PCR

experiment (cloning) or already existed in a separate plasmid or cosmid (subcloning). PCR was
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typically used when restriction enzyme sites had to be added to the ends of the insert, thus the
PCR was conducted as described (See Chapter 2.3.7.) to create these sites and amplify the
insert. The insert was then isolated from an agarose gel (See Chapter 2.3.6.). This was then
restriction enzyme digested with the appropriate restriction enzymes (See Chapter 2.3.4.) If the
insert was already available in an existing plasmid or cosmid or originated from an earlier
cloning experiment, this was isolated from E. coli (see Chapter 2.3.2.), but was otherwise

subject to the same procedures.

Once the insert and vector were both digested, the appropriate concentrations for the ligation

reaction mixture were calculated according to the following equation:
Insert ng = (Ng of vector x kb size of insert)/(kb size of vector) x molar ratio of insert/vector

The amount of vector was typically 100ng and the molar ratio from 3-10, and dH20 was added
to make the ligation reaction 8.5 pL. 1L of 10x ligase buffer (Promega) was then added before
0.5puL T4 DNA (Promega) ligase was added. This was left at 4 °C overnight. The ligated
plasmid was then transformed into E. coli DH5a. (See Chapter 2.3.10-11).

Concentrations were measured using a NanoDrop 2000c¢ (Thermo Scientific).

2.3.9. Preparation and transformation of electro-competent E. coli

All equipment was chilled on ice or in a freezer prior to production of electro-competent cells.
E. coli DH5a was streaked out for single colonies from -80°C glycerol stocks on M9 minimal
salts agar and incubated overnight at 37°C. Single colonies were used to inoculate 5mL LB

broth cultures and incubated overnight at 225rpm at 37°C.

50mL LB broth containing ImL 1M MgSOQgs in a 250mL Erlenmeyer with relevant antibiotics
was inoculated with 0.5mL from the overnight cultures and grown to between 0.3 and 0.45
O.Deoo. The cultures were then chilled on ice for 30 minutes, transferred to 50mL Falcon tubes
and pelleted by centrifugation at 4°C for 10 minutes at 2500rpm. The supernatant was poured
off and 25 mL of 10% glycerol was added. They were left on ice for 90 minutes and were very
gently resuspended. The cells were washed another two times with 10% glycerol. The cells

were then resuspended in the remaining 10% glycerol. 50uL aliquots were stored at -80°C.

5uL plasmid or cosmid DNA was added to a 50uL electro-competent cell aliquot and the
mixture was electroporated in an electroporation cuvette. 1mL of ice cold LB was immediately

added, and transferred to a 10mL Universal tube. This was then grown without antibiotics for
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1 hour at 225rpm and 37°C (an extra half hour was added for cosmid transformation and/or
ET12567/pUZ8002). 250uL of the culture was spread onto LB agar containing the appropriate

antibiotics and grown overnight.

2.3.10. Preparation and transformation of chemically competent E. coli

E. coli was streaked out for single colonies and used to inoculate a culture as per electro-
competent E. coli. The 50mL culture was then pelleted by centrifugation for 10 minutes at
4100rpm and resuspended in 12.5mL of ice cold 100mM MgCl..The cultures was pelleted by
centrifugation again for 10 minutes at 4100rpm and the pellet was resuspended in ice cold
CaCl,. 22mL of CaCl. was then added and kept on ice for at least 20 minutes. It was again
pelleted by centrifugation for 10 minutes at 4100rpm and resuspended in 100mM CaCl; in 20%
glycerol w/v and dispensed in 100uL aliquots.

Chemically competent cells were thawed on ice, moved to a 15mL Falcon tube, and the relevant
cosmid, plasmid, or ligation mixture was added and left on ice for a minimum of 30 minutes.
They were then heat-shocked at 42°C for 45-50 seconds, stored on ice for 10 minutes before
900p.L of ice-cold SOC was added. The culture was then incubated at 37°C degrees for 1 hour.
If it was a cosmid being transformed or ET12567/pUZ8002 was used, an extra hour was added
to the incubation period. The transformations were then plated out on LB with appropriate
antibiotic selection, with 250pL transformation culture per plate, and left incubated overnight
at 37°C degrees. If ET12567/pUZ8002 was used it could take longer for colonies to become

visible.

2.3.11. PCR targeted mutagenesis in S. coelicolor

The PCR targeting system protocol is used to insert PCR products into cosmids which are used
downstream to alter stretches of the chromosome of S. coelicolor through genetic
recombination, such as redirect knockouts and GFP-tagging. Long PCR primers (39
nucleotides) were used amplify the sequence, and then used to transform E. coli cells
containing the cosmid with the relevant gene after the induction of the E. coli A RED gene. Due
to E. coli normally degrading linear DNA through the RecBCD exonucleases, a strain
containing A RED is used, as it improves the recombination rate of linear DNA. A genetic
cross-over event takes place, and the new cosmid, now containing the desired changes, is
extracted and purified. This is then used to transform the methylation-deficient E. coli strain

ET12567 to circumvent the methyl-specific restriction system of S. coelicolor. The cosmid is
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then conjugated into S. coelicolor, where another cross-over event takes place, resulting in the

desired change.

Long PCR primers were designed for this and Expand high fidelity PCR system (Roche) was

used for the PCR.

Table 2-8. PCR reaction composition for PCR targeted mutagenesis.

Reagent Amount
Primers (100pmoles/pL) 0.5pL each
Template DNA (100ng/pL) 0.5puL
Buffer (10x) SuL
dNTPs (10mM) 1uL each
DMSO 2.5uL
DNA polymerase luL

dH.0 36uL
Total volume 50uL
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Table 2-9. PCR cycle conditions for PCR directed mutagenesis.

Step Temperature Time Number of cycles
Initial denaturation | 94°C 2 minutes 1

Denaturation 94°C 45 seconds 10

Annealing 50°C 45 seconds 10

Extension 72°C 90 seconds 10

Denaturation 94°C 45 seconds 15

Annealing 50°C 45 seconds 15

Extension 72°C 90 seconds 15

Final extension 72°C 5 minutes 1

Hold 4°C

The PCR product was gel purified as detailed above.

E. coli BW25113/plJ790 was grown overnight at 30°C in 10mL LB with chloramphenicol.
Electrocompetent cells were made from the overnight culture, with the following adjustments:
they were grown at 30°C in SOB containing 20mM MgSOQas. The cosmid to be subject to genetic

recombination was then used to transform the cells.

New electro-competent cells were made from the newly transformed cells, containing the
cosmid, with the following alterations from the previous protocol: They were grown at 30°C
and in S. O. B. containing 10mM L-arabinose and grown to an O. D.sgo 0f 0.5-0.6. They were

then electroporated with the purified PCR product.

Antibiotics were used to screen the transformants for recombinants, and then the recombinants
were isolated and used to transform chemically competent E. coli JM109 for storage. The
cosmid was then conjugated into S. coelicolor M145 using the protocol described earlier, and
double crossovers were screened for. Double crossovers were then verified by PCR (Gust et
al., 2003).
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2.4. Bacterial two hybrid experiments

Bacterial two hybrid experiments were performed using two plasmids containing genes
translationally fused to one of two CyaA domains, T-18 and T-25, derived from pUC18,
pUC18C, pKNT25, or pKT25. The two former plasmids contain the T-18 domain, while the
two latter contain the T-25 domain. Positive controls were performed with pKNT-zip and
pUC18C-zip (Karimova et al., 1998).

Each combination strain was created by transforming chemically competent E. coli BTH101
with two plasmids with complementary CyaA domain fusions, selecting with kanamycin and
ampicillin (See Chapter 2.3.10). The strain was then plated out on an LB agar plate containing
kanamycin and ampicillin selection, 0.1mM IPTG, and 20 pg/mL X-GAL and incubated at
37°C for 24 hours. They were then transferred to a fridge for 48 hours, which further developed
the colours. If the two proteins interacted, the two CyaA domains, T-18 and T-25, would
associate and cAMP would be produced. cAMP then associates with CAP, which activates the
lac operon, which ferments X-GAL, which turns the colonies blue, confirming the interaction

of the two CyaA domains (Karimova et al., 1998).
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2.5. Microscopy methods

2.5.1. Preparation of samples for microscopy

A Schwedock stain was used to visualise peptidoglycan and DNA (Schwedock et al., 1997).
Fluorescein wheat germ agglutinin (WGA) and propidium iodide (PI) stain peptidoglycan and
DNA, respectively. Eight microscope slips were sterilised by dipping in ethanol and flaming
and set at a 45° angle in SFM. An S. coelicolor spore suspension diluted 1/10 in dH>O was used
to inoculate the sterile microscope slips in SFM and incubated at 30°C.

Measurements were performed in IPLab on the images taken at the three different time points.

Microscope slip

Inoculum

s |
\ N

Fig 2-1. Schematic describing microscope slip preparation for Schwedock staining.

A sample was taken at three times points; after 24, 48, and 72 hours. Each slip subject to the
same stain. Cells were fixed using 500uL fixative (see Table 2-10) at incubated for 15 minutes,
then washed twice with PBS and allowed to air dry. The slip was then rehydrated in PBS for 5
minutes before being incubated with 2mg/mL lysozyme in GTE for 1 minute and being washed
with PBS. The slip was then incubated with 2% BSA in PBS for minutes before stain was
added and was then left to incubate for 1-3 hours in the dark. The slip was then washed 8 times
with 10ug/mL propidium iodide in PBS in the dark. 10uL of SlowFace® Gold Antifade reagent
(Life Technologies) was then added and the slides were mounted on microscope slides using

clear nail varnish.
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Table 2-10. Composition of reagents required for Schwedock staining.

Solution name

Reagents

PBS

8g NaCl
0.2g KCI

1.44 Na2HPO4
KH2PO4
dH20 up to 800mL

pH to 7.4 with HCI and then add dH2O up to 1L

GTE

50mM glucose
20mM tris, pH 8

20mM EDTA

Stain

2ug/mL fluorescein-WGA

10pg/mL propidium iodide

Fixative

0.0045% glutaraldehyde
2.8% formaldehyde

In PBS

2.5.2. Fluorescence Microscopy

Microscopy was performed using a Nikon TE2000S inverted microscope at 100x

magnification. A Hamamatsu Orca-285 Firewire Digital CCD camera was used to take the

photos, and image processing was done using IPlabs 3.7 image processing software (BD
Biosciences Bioimaging, Rockville, Maryland, USA). FITC, TRITC and Brightfield filters

were used for imaging.

2.5.3. Image analysis

Images were analysed using ImageJ, IPLab, and Microsoft Excel. IPLab was used to analyse

and measure the distances for the various experiments detailed in Chapter 5. These results were
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then exported to Excel, which was used for statistical analysis of the results. ImageJ was used
as an image editing programme for the images in Chapter 5. The data was then expressed as a
histogram. The distribution of each measurement was organised into increments of Sum to
create a set of concise and manageable data. Tip to cross-wall and tip to branch were expressed
up to 70um, while cross-wall to cross-wall and branch to branch expressed up to 40um. This
was due to the much shorter distance between the two latter measurements. Standard error was

calculated for each bar within the histogram separately. Standard error was expressed as:

)

n
where y= % of the total distribution within the specific range and n is the total number of
samples. Standard error was chosen instead of standard deviation, as ascertaining the accuracy
of the sample representing a population was deigned the most appropriate. Tests of significance
were performed using p-tests in MiniTab17, found using the Whitney-Mann test, due to the
non-parametric nature of the data.
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3. Bioinformatics

3.1.1. Introduction

Genes encoding NfeD and SPFH proteins, sometimes referred to as slipins, are rarely found
without the other adjacent in prokaryotes, though exceptions such as ygeZ/nfeD of B. subtilis
exist. Over 85% of nfeD homologues are immediately adjacent to a gene encoding one of the
following SPFH proteins eoslipin, paraslipin, or flotillin, with one paper erroneously reporting
all known genes encoding stomatins being immediately adjacent to nfed, as examples to the
contrary exist in at least actinobacteria (Green et al., 2009, Dempwolff et al., 2012, Green et
al., 2004). nfeDs are not found outside prokaryotes, making this association exclusive to
prokaryotes (Green et al., 2004). Attempts to organise the SPFH domain proteins began in
1999, when the SPFH domain was first conceptualised to describe the shared domain of
stomatins, prohibitins, flotillins, and HfIC/K, though this domain superfamily has later been
criticised for its lack of sequence alignment and the position the domain assumes in the various
proteins (Tavernarakis et al., 1999, Rivera-Milla et al., 2006). The SPFH proteins were then
later split into 12 groups, with the four first groups being the ones of interest; stomatins belong
to group SPFH1, flotillins to group 2, HfIC/K to group 3, and prohibitins to group 4
(Hinderhofer et al., 2009).

In S. coelicolor, the protein most similar to the human flotillins is SCO3607, though there are
several other proteins that are similar. SCO3532, SC05397 (Scy), SC03286, SC0O6053, and
SCO04254 all show similarity with flotillin, though this due to being members of the wider
SPFH family or containing similar domains. SCO3608 is the only protein present in S.
coelicolor similar to YuaF of B. subtilis. All of this taken together means SCO3607 and

SCO03608 are the best candidates for flotillin-like and NfeD homologues in S. coelicolor.

Nomenclature for nfeD is slightly trickier than that of flotillin, as the originally characterised
NfeD is unrelated to the NfeDs discussed here. NfeD was originally the name given to a 320-
residue ornithine cycloamidase involved in nodulation formation efficiency due to its role in
nodulation (Soto et al., 1994). Later, genes were incorrectly labelled nfeD due to a software
error, and though attempts were made to rectify this, nfeD became the name for a new type of
gene. The nfeDs discussed here do not encode the originally annotated ornithine
cycloamidases, but rather a full-length protein of 460 amino acids, or a truncated protein of

roughly 145 amino acids. The full-length NfeDs contain an N-terminal serine protease domain,
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similar to ClpP protease domains, and a C-terminal soluble 5-strand p-barrel, the NfeD domain
(Yokoyama & Matsui, 2005, Yokoyama et al., 2006). The truncated version differs by not

encoding the N-terminal serine protease domain.

Fig3-1. The C-terminal domain of PH0471, an NfeD present in P. hyrokoshii. The 5 B-
sheets are, in order, navy, sky blue, cyan, yellow, and green. The image is reproduced
(Kuwahara et al., 2008)

There are two systems of nomenclature for NfeDs. The first is based on which SPFH it is
associated with, resulting in stomatin-associated NfeDs being designated as NfeD1, and the
flotillin-associated as NfeDd2 (Hinderhofer et al., 2009). However, this system of
nomenclature is very wide, so a different system of nomenclature has been suggested for nfeD-
like genes as a whole, as nfeD is not always found adjacent to an SPFH-encoding gene, such
as ygeZ (Dempwolff et al., 2012). This system of nomenclature bases itself more on genetic
similarity than genetic association with other proteins, though this is problematic due to
horizontal gene transfer that has taken place, which makes a fully comprehensible system
difficult to achieve (Green et al., 2009). In the latter system of nomenclature, which only deals
with NfeD, the NfeD family consists of three groups; NfeD1a, NfeD1b, and truncated NfeD1b.
NfeD1b consists of roughly 460 residues, organised into an N-terminal Clp-protease domain,

a central membrane-spanning domain, and C-terminal soluble domain consisting of B-sheets
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which assembles into an oligosachaccaride binding-fold (OB-fold). Normally, OB-folds
interact with nucleic acid, however, the OB-fold of the NfeDs lack ionic residues required for
oligosaccharide binding (Kuwahara et al., 2008, Theobald et al., 2003).

The C-terminal domain is what forms the main body of the NfeD1a, which are around 160
residues long. They are highly divergent, and though they more closely resemble the structure
of NfeD1b, they are more closely related to NfeD1b. NfeD1a has four separate subgroups, all

of which arose independently from a common ancestor (Green et al., 2009).

3.1.1.2. Aims and goals

In elucidating the role of flotillins and NfeD proteins in the life cycle of S. coelicolor,
bioinformatic investigation of the candidate genes and their product will provide a solid
foundation for future experiments. Clarifying their evolutionary relationship will also provide

a clearer basis to which create hypotheses concerning their roles.
The goal of this Chapter is

1) To ascertain the domains present in the two proteins to find potential domains or motifs
involved in different types of interactions, such as OB-fold potentially involved in
protein-protein or protein-DNA interactions and protein cleavage (as in P. hyrokoshii)
(Yokoyama et al., 2006, Kuwahara et al., 2008). Identifying how closely related
SCO03607 is to human flotillin also impacts the possibility of the protein being used as
a model for research into human flotillin. This will allow for better hypotheses on
potential interactions based on other experiments.

2) To explore which residues or base pairs are highly conserved throughout the
streptomycetes and a wider range of organisms, to identify genetic and protein regions
of greater importance to cellular function.

3) To examine the evolutionary relationship between flotillins and NfeD proteins through
the use of phylogenetic trees. This, together with 2), can help elucidate where the genes
fit in the different families, such as the NfeD1A, Nfed1B, and the four independently
truncated NfeD1B groups (Green et al., 2009).

4) To investigate the evolutionary pressure on each gene to calculate the in silico

importance of the conservation of the gene.
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3.2. Multiple sequence alignment and domain prediction

3.2.1. Multiple sequence alignment.

3.2.1.1 Flotillin

A multiple sequence alignment of SCO3607 and other relevant proteins was conducted. While
there are other proteins similar to flotillin in S. coelicolor, SCO3607 is the most similar protein.
SCO03542 is the protein that is a distant second most similar protein, based on its coiled-coil
region. However, it is three times as large as flotillin. Other proteins include Scy due to its
coiled-coil region being somewhat similar to HfIC, a member of the SPFH superfamily, but
similar to SCO3542, it is three times as large and only slightly similar to flotillin. These were
picked based on how well each is characterised and give a wide spread of evolationarily related

organisms.

Flotillins from humans and the Bacillus genus were picked, in addition to the flotillin
homologue of S. lividans. These were picked to potentially identify conserved residues or
regions that may be involved in protein function rather than map their evolutionary
relationship, which is investigated using phylogenetic trees. Several studies of the flotillin, and
NfeD, of B. subtilis have been conducted, and one has been conducted for B. halodurans,
improving the usefulness of comparisons with the S. coelicolor proteins (Schneider et al., 2015,
Mielich-Suss et al., 2013, Bach & Bramkamp, 2013, Yepes et al., 2012, Dempwolff et al.,
2012, Zhang et al., 2005). As they are already somewhat characterised, the level of similarity
could hint at shared functionality and conserved regions important to them. The two human
flotillins were picked as they are currently subject to rigorous research and much is known
about them, so lessons learned from them may be applicable to the flotillin of S. coelicolor
(Zhao et al., 2011). Depending on their degree of similarity, research on flotillins in S.
coelicolor may shed light on the more difficult to research human flotillins. S. lividans was also
picked, as genetic drift between these two very similar organisms would illuminate potentially
non-essential residues. Proteins were used rather than genes; this is due to the problems with
introns and exons associated with comparing eukaryotic and prokaryotic genes. Proteins are
also conserved at a functional level, as silent mutations do not affect protein function. Though
RNA structure can affect transcription, such as stem-loops in for example bacilli, this is
generally not an issue with prokaryotes (Deiorio-Haggar et al., 2013). The accession humbers
for YuaG (B. subtilis), YuaG (B. halodurans), flotillin-1, flotillin-2, SCO3607 and FloT (S.
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lividans) are, in order: KIX81581.1, WP_010899631.1, AAC35387.1, AAV38285.1,
NP_627802.1, WP_016326576.1.
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Fig3-2A. Multiple sequence alignment shows a large degree of flotillin conservation

across several species. The protein sequences chosen were SCO3607 from S. coelicolor, FloT
from S. lividans, flotillin-1 and -2 from H. sapiens, and YuaG from B. subtilis and B.
halodurans. The N-terminal SPFH domains of flotillin-1 and -2 are indicated with blue boxes,
C-terminal flotillin domains with orange boxes, hydrophobic membrane-associated regions
with red boxes, palmitoylation sites with black boxes and a black arrow, and the coiled-coil
protein interaction region in yellow (Morrow & Parton, 2005). Charge or residues conserved
across all sequences are highlighted with orange arrows, glycine residues with a maximum of
one change across all sequences are highlighted with a blue arrow. The SCO3607 protein
sequence was retrieved from StrepDB, while the other protein sequences were retrieved from
NCBI (Coordinators, 2017, Fernandez-Martinez et al., 2011).
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Fig3-2B. Multiple sequence alignment shows a large degree of flotillin conservation across

several species.
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Fig3-2C. Multiple sequence alignment shows a large degree of flotillin conservation

across several species.

A high degree of conservation across the various flotillins is obvious from the multiple
sequence alignment (see Fig 3-2), but there are patches of even greater similarity, likely
denoting regions of conserved function that has changed little. Specifically, the N-terminal
SPFH domain, ranging from the 43-173" residue, showed a higher degree of conservation than
the C-terminal flotillin domain. The residues that were the best conserved were glutamate,
alanine, and glycine, while charge was conserved in the hydrophobic valine/leucine/isoleucine

residues, where they would be substituted by the other amino acids. There are also several EA-
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motifs in the C-terminal flotillin domain, which are associated with coiled-coils and
characteristic of flotillins (Schroeder et al., 1994). There is additionally an AEAE-motif
conserved across all species at the 377" residue of the S. coelicolor flotillin, though it could
also be an unrelated alanine followed by EA repeats, as the motif is followed by a slightly less

conserved alanine.

3.2.1.2. NfeD

A sequence alignment was then performed with SCO3608 of S. coelicolor, PH0471 of P.
hyrokoshii and YuaF of B. subtilis. Accession numbers are NP_627803.1, BAA29559.1,
and PLV35533.1, respectively. PH0471 and YuaF were chosen due to their partially known
structure, thus allowing for better identification of residues relevant to function. Both of these
proteins are missing the Clp-protease domain, making them more suited for alignment (Walker
et al., 2008, Kuwahara et al., 2008). The OB-fold domain of the truncated NfeD of P.
horikoshii, PHO471, is missing several key surface aromatic residues, W11, F18, F20, F31,
H33, F34, and Y42. These are required for nucleotide binding in CspA of E. coli, a known OB-
fold containing nucleotide-binding protein. While potentially a metal ion-binding domain, it is
likely to be involved in protein-protein interactions due to similarities with toxic shock
syndrome toxin-1 (TSST-1). TSST-1 binds to proteins of the Major Histocompatibility (MHC)
class Il through the following surface residues of its OB-fold: L30, 142, L44, 146, S53, and
F83, part of the B3 sheet. These correspond to the E99, K110, 1112, Y114, D116 and L133
residues of PH0471, making it unlikely it binds MHC class 11 proteins (Kuwahara et al., 2008).
However, the similarity between YuaF and PH0471 is poorly conserved, suggesting it may be
the structure of the OB-fold that is important for binding (Walker et al., 2008). Furthermore,
nfeD readily evolves to lose its N-terminal protease domain and horizontal conjugation has

further obfuscated the genetic lineage of the various nfeDs.
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Fig3-3. Multiple sequence alignment shows a high degree of NfeD conservation between
YuaF of B. subtilis, SCO3608 of S. coelicolor, and PH0471 from P. hyrokoshii. The surface
residues of P. hyrokoshii corresponding to the residues involved in protein-protein interactions
in TSST-1 have been annotated with black arrows. The B-sheets of the OB-fold have been
annotated with blue, light blue, cyan, yellow, and green boxes, corresponding to the pB-sheet
colours in Fig3-1. Residues which are conserved throughout or which have the same charge
have been annotated with orange arrows (Walker et al., 2008). The SCO3608 protein sequence
was retrieved from StrepDB, while the other protein sequences were retrieved from NCBI
(Coordinators, 2017, Fernandez-Martinez et al., 2011).

When comparing the sequences of the three proteins, a great deal of conservation in the C-
terminal OB-fold was evident. In particular, the amino acids ranging from 114-140 showed
very high levels of conservation and a four-amino acid stretch from a GKVV motif from 120-
123 were identical but for a single valine to isoleucine substitution in YuaF. Valine and
isoleucine are both similar hydrophobic residues which are readily substituted for each other.

Otherwise, valine, leucine, and isoleucine residues are the conserved amino acids in the OB-
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fold, similar to what was seen in flotillin (See Fig3-2).These are likely to form the inner
hydrophobic core of the OB-fold (Walker et al., 2008).

None of the residues required for protein-protein interactions in TSST-1 were present at the
right positions in the three NfeDs, suggesting different residues involved in any potential

protein-protein interactions.

3.2.2. Predicting domains to reveal potential structural similarities.

Protein domains were predicted using InterPro (Hunter et al., 2012). Based on the amino acid
structure of SCO3607 (accession number NP_627802.1), InterPro predicted it was indeed a
band 7 protein of the flotillin family, with a band 7 domain stretching from the 29" to 219"
residue. When viewed against the other flotillins in the multiple sequence alignment and the
level of conservation, it is clear SCO3607 is indeed a flotillin. InterPro revealed an N-terminal
flotillin domain, and when the entire protein was considered, the entire protein was predicted

as an SPFH, thus mirroring the domain structure human flotillins (Browman et al., 2007).

Flotillin-1

Fig3-4. The domain structure of SCO3607 is predicted to be similar to flotillin-1 of Homo
sapiens sapiens. The grey membrane-associated hydrophobic sections intersect the blue SPFH
domain, with the green C-terminal tail being the flotillin domain, with the red palmitate reside

also enhancing membrane association. The image has been copied (Browman et al., 2007).
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When SCO3608 (accession number NP_627803.1) was analysed for protein domains InterPro
predicted cytoplasmic region from the 88" residue to 169", including an OB-fold from the
104™ to 167" residue, in addition to 3 transmembrane helices at the N-terminal (see Fig3-5).
This coincides with the largest degree of similarity in the protein. The OB-fold of YuaF differs
from the standard OB-fold in many ways; it is missing an a-helix that connects the B3- and 4-
strands is not present in the OB-fold of YuaF, B1 does not form an anti-parallel with the 4-
strand, and it contains an extra a-helix that is likely to form a rigid spacer with the predicted
transmembrane region (Walker et al., 2008). Furthermore, OB-folds are generally
oligosaccharide- or single-stranded nucleotide-binding proteins, with a few exceptions for
protein binding (Theobald et al., 2003, Bochkareva et al., 2005).

Fig3-5. The sYuaF structure contains an OB-fold. The residues visible are the 97-174 of
full-length YuaF from B. subtilis. The five B-sheet barrel is the OB-fold, which was previously
identified using NMR. The image has been copied (Walker et al., 2008).
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3.3 Investigating the co-evolutionary relationship of NfeD and SPFH

proteins

3.3.1. The co-evolutionary relationship of NfeDs and SPFHs investigated using
phylogenetic trees

The genetic link between NfeD and SPFHs-encoding genes is well documented, but their
relationship with other genes less so, especially within Streptomycetes. Investigating genes
close to SCO3607 and SCO3608-homologues within Streptomycetes, it was clear there was
little conservation of their neighbouring genes, suggesting their propagation within
Streptomycetes was mediated by horizontal gene transfer. Furthermore, while a clear link
between NfeDs and SPFH-encoding genes is established, the related nomenclature is
conflicting and based on different systems of organisation (Green et al., 2009, Hinderhofer et
al., 2009). While neither system of organisation is wrong, both describe a different aspect of
their relationship. Phylogenetic trees available in the literature were too wide and focused on
the evolution of the entire superfamily, so to clarify the relationship between the NfeD and
SPFH three phylogenetic trees were constructed to investigate the evolutionary relationship
between the SPFH superfamily, flotillin in particular, and NfeD. A selection of proteins from
each major group was chosen to create a phylogenetic tree of manageable size. The first two
trees were constructed from the chosen SPFHs and NfeDs, but the third was constructed from
the C-terminal domains of the NfeDs. This was done to take into account the readily lost N-
terminal serine protease domain, as the genetic lineage of NfeD is compounded not only by N-
terminal serine protease domain, but also the amount of horizontal transfer and different

amount of NfeD and SPFH proteins present in each organism (Green et al., 2009).

The co-localisation of genes within a region of the genome is referred to as synteny, thus genes
with a high degree of synteny can be found within the same region or cluster in several
organisms. The level expression of the genes in these regions are also linked, irrespective of
operons and strand (Junier & Rivoire, 2016). This conservation is often enhanced by the role
of the genes encoded in specific stretch. Thus, if a gene is found in a specific locus or cluster,
its wider role can often be deduced from its neighbours, such as secondary metabolite
production (Cimermancic et al., 2014). Thus, the degree of synteny can be used to investigate
the evolutionary origins of a gene, such as the central core of S. coelicolor sharing a high degree
of synteny with Mycobacterium tuberculosis and Corynebacterium diphtheria genomes
(Bentley et al., 2002).
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Selecting streptomycetes  with their gene organisation available on
http://strepdb.streptomyces.org.uk, SCO3607 and SCO3608 were examined from this

perspective. The accession numbers for the proteins encoded by the genes are found in Table
3-1. The immediate neighbouring genes within S. avermitilis, S. scabiei, S. formicae, and S.
griseus are all different, with SCO3606 and SCO3605 homologues immediately upstream of
SC03607 and SCO3608 in S. venezuela, while S. leeuwenhoekii, and S. lividans had a
SCO03609 homologue immediately downstream of the two gens. Additionally, in S. griseus,
SCO3607 and SCO3608 are on the opposite strand, while S. avermitilis lacks a SCO3608
homologue. The synteny of SCO3607 and SCO3608 and their neighbouring genes is thus low.
This low degree of synteny suggests they are not part of a larger locus nor share a similar role
with the genes in their region, and thus can be seen as somewhat isolated due to the lack of
conserved neighbours. This means they are likely the result of horizontal gene transfer, which
would be consistent with what has previously been suggested for nfeD (Adato et al., 2015,
Green et al., 2008).
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Fig3-6. SCO3607 and SCO3608 display low levels of synteny. SCO3607 and its homologues

are in red boxes and SCO3608 and its homologues are in blue boxes. A) is S. coelicolor, B) is
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S. lividans, C) is S. leeuwenhoekii, D) is S. scabiel, E) is S. venezuelae, F) is S. avermitilis, G)

is S. griseus, and H) is S. formicae.

The SPFH proteins clustered predictably into two major branches — flotillins and
stomatins/slipins. However, the plant and fungal flotillins clustered apart from the other
eukaryotic flotillins, which clustered with the bacterial flotillins, especially those belonging to
the bacilli. This was the case for the stomatins as well, which was where the HfICs of S.
coelicolor clustered. Interestingly, though classified as HfIC proteins based on their amino acid
sequence, they are very similar to human stomatin, much more so than HfICs from other
species. The eukaryotic SPFH proteins clustered separately was very surprising based on their
species’ evolutionary origins, and additionally as NfeD is not present in eukaryotes, which
would suggest the eukaryotic stomatins and flotillins had separate ancestors that had both

independently lost their NfeD partners.

Based on the NfeD phylogenetic tree, it is likely the flotillin-associated NfeDs are descended
from the same NfeD that underwent a deletion event which resulted in the loss of the Clp-
protease domain. While truncated NfeDs clustered together in a manner that mimicked
flotillins, YuaF and YuaG of B. halodurans did not, and YuaG was the only flotillin of the
selected proteins that had a full-length NfeD. The S. coelicolor protein sequence was retrieved
from StrepDB, while the other protein sequences were retrieved from NCBI (Coordinators,
2017, Fernandez-Martinez et al., 2011).

Table 3-1A. The list of proteins chosen for the phylogenetic trees used to elucidate the
evolutionary relationship between proteins produced by genes with an adjacent nfeD. *
Unknown taxology, order presented instead. **Class unknown, phylum presented instead. The

first accession number is the SPFH family protein, while the second is the NfeD family protein.

Organism Domain Class Name SPFH Name NfeD Accession number
Ajellomyces Eukarya Eurotimycetes FloT Flotillin EEH07732
capsulatus

Arabidopsis Eukarya Brassicales* FLOT1A Flotillin OA094680
thaliana

Arabidopsis Eukarya Brassicales* FLOT1B Flotillin NP_197908
thaliana

Arabidopsis Eukarya Brassicales* FLOT2 Flotillin BAF00909
thaliana
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Table 3-1B. The list of proteins chosen for the phylogenetic trees used to elucidate the

evolutionary relationship between proteins produced by genes with an adjacent nfeD. *

Unknown taxology, order presented instead. **Class unknown, phylum presented instead. The

first accession number is the SPFH family protein, while the second is the NfeD family protein.

Organism Domain Class Name SPFH Name NfeD Accession number
Aspergillus Eukarya Eurotimycetes FloA Flotillin EAA57963

nidulans

Aspergillus Eukarya Eurotimycetes StoA Stomatin CBF83280

nidulans

B. subtilis Bacteria Bacilli FloT/YuaG Flotillin YuaF NfeD1b-5 K1X81581/ KIX81582
B. subtilis Bacteria Bacilli YqfA SPFH Yqez NfeD1b-2 AGG61938/ BAA12472
B. cereus Bacteria Bacilli FloT/YuaG Flotillin YuaF NfeD1b-5 AUZ27599/ SME07005
B. halodurans Bacteria Bacilli FloT/YuaG Flotillin YuaF NfeD1b-2 WP_010899631
Calothrix Bacteria Cyanophyceae Flotillin family | Flotillin WP_096658968
parasitica protein

Caulobacter Bacteria Caulobacterales Flotillin Flotillin WP_058347757
crescentus

Corynebacterium Bacteria Actinobacteria Flotillin NfeD1b-5 WP_027011624/

i WP_027011625
freiburgense -
Corynebacterium Bacteria Actinobacteria Flotillin WP_074495691
glutamicum
Daphnia magna Eukarya Crustacea Flotillin-2 Flotillin KZS07506
Deinococcus Bacteria Deinococci FloT Flotillin NfeD WP_034407892/
murrayi WP_027459434
Deinococcus Bacteria Deinococci FloT Flotillin NfeD WP_013614800/

. WP_013614799
proteolyticus -
Drosophila Eukarya Insecta Flotillin-1a Flotillin NP_477358
melanogaster
Drosophila Eukarya Insecta Flotillin-2a Flotillin NP_727797
melanogaster
E. coli Bacteria Gammaproteobacteria FloT/YqiK Flotillin OAC10723
Fischerella Prokaryota | Cyanophyceae Flotillin  family | Flotillin WP_102170920
thermalis protein
Glycine max Eukarya Fabales* Flotillin-like Flotillin XP_014632416

protein
Homo sapiens Eukarya Mammalia Flotillin-1 Flotillin AAC35387
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Table 3-1C. The list of proteins chosen for the phylogenetic trees used to elucidate the

evolutionary relationship between proteins produced by genes with an adjacent nfeD. *

Unknown taxology, order presented instead. **Class unknown, phylum presented instead. The

first accession number is the SPFH family protein, while the second is the NfeD family protein.

patens

Organism Domain Class Name SPFH Name NfeD Accession number

Homo sapiens Eukarya Mammalia Flotillin-2 Flotillin AAV38285

Kitasatospora Bacteria Actinobacteria Flotillin Flotillin NfeD WP_052836443/

aureofaciens WP_052836446

Lactobacillus Bacteria Bacilli Flotillin Flotillin EKQ12905

casei

Macaca mulatta Eukarya Mammalia Flotillin-1 Flotillin NP_001098638

Macaca mulatta Eukarya Mammalia Flotillin-2 Flotillin XP_014974420

Macrophomina Eukarya Dothideomycetes FloT Flotillin EKG17859

phaseolina

Macrophomina Eukarya Dothideomycetes Band 7 Protein Stomatin EKG17836

phaseolina

Marchantia Eukarya Marchantiopsida Flotillin-like Flotillin OAE35509

polymorpha protein 1

Marchantia Eukarya Marchantiopsida Flotillin-like Flotillin OAE35510

polymorpha protein 2

Medicago Eukarya Fabales** Flotillin-like Flotillin ADA83096

truncatula protein 3

Medicago Eukarya Fabales** Flotillin-like Flotillin ADAB83097

truncatula protein 4

Medicago Eukarya Fabales** Flotillin-like Flotillin ADAB83098

truncatula protein 6

Micromonospora Bacteria Actinobacteria Flotillin Flotillin NfeD1b-5 WP_030331832/
WP_030331830

parva

Micromonospora Bacteria Actinobacteria Flotillin Flotillin WP_030499487/

purpureochromog WP_088959687

enes

Neurospora Eukarya Sordariomycetes Flotillin XP_959457

crassa

Nocardia vinacea Bacteria Actinobacteria Flotillin Flotillin WP_040692021

Physcomitrella Eukarya Funariales Flotillin PNR57783
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Table 3-1D. The list of proteins chosen for the phylogenetic trees used to elucidate the

evolutionary relationship between proteins produced by genes with an adjacent nfeD. *

Unknown taxology, order presented instead. **Class unknown, phylum presented instead. The

first accession number is the SPFH family protein, while the second is the NfeD family protein.

Organism Domain Class Name SPFH Name NfeD Accession number

Populus Eukarya Malpighiales Flotillin-2 XP_002324888

trichocarpa

Populus Eukarya Malpighiales Flotillin-1 XP_002309650

trichocarpa

Pyrococcus Archaea Thermococci PH1511 Eoslipin PH1510 NfeD1b-3 059180/ 059179

horikoshii

Pyrococcus Archaea Thermococci PHO0471 NfeD1b-2 BAA29559

horikoshii

Pyrobaculum Archaea Thermoprotei Eoslipin Eoslipin NfeD NfeD1b-4 AALG3003/ AALG3002

aerophilum

Staphylothermus Archaea Thermoprotei Eoslipin Eoslipin NfeD NfeD1b-4 ABN69269/ ABN69270

marinus

Shewanella Bacteria Gammaproteobacteria Eoslipin Eoslipin NfeD NfeD1b-1 BAJ03851 / BAJ02557

violacea

S. albidoflavus Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_071337336/
WP_095710453

S. albus Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_064070887/
WP_032776657

S. ambofaciens Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_079155537/
WP_053134554

S. avermitilis Bacteria Actinobacteria FloT Flotillin WP_037647117

S. bikiniensis Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_030211409/
WP_030211411

S. coelicolor Bacteria Actinobacteria SCO3607 Flotillin SCO3608 NfeD1b-5 NP_627802/ NP_627803

S. coelicolor Bacteria Actinobacteria SCO1796 Slipin SCO1797 NfeD1b-2 NP_626066/ NP_626067

S. coelicolor Bacteria Actinobacteria SCO7227 Slipin SCO7226 NfeD1b-2 NP_631283/ NP_631282

S. coelicolor Bacteria Actinobacteria SC06053 Slipin NP_630163

S. formicae Bacteria Actinobacteria KY5_7089c Flotillin KY5_7090c NfeD1b-5 WP_016823599/
WP_015577837

S. griseus Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_037678300/
WP_037678297

S. kanamyceticus Bacteria Actinobacteria FloT Flotillin WP_055556176/
WP_055556178

S. leeuwenhoekii Bacteria Actinobacteria sle_16460 Flotillin sle_16470 NfeD1b-5 CQR61108.1/
CQR61109.1/

S. lividans Bacteria Actinobacteria FloT Flotillin NfeD1b-5 EFD68413/
WP_003975331

S. luteus Bacteria Actinobacteria FloT Flotillin NfeD1b-5 WP_043371714/

WP_043376838
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Table 3-1E. The list of proteins chosen for the phylogenetic trees used to elucidate the
evolutionary relationship between proteins produced by genes with an adjacent nfeD.
*Unknown taxology, order presented instead. **Class unknown, phylum presented instead.
The first accession number is the SPFH family protein, while the second is the NfeD family

protein.
Organism Domain | Class Name SPFH Name NfeD Accession number
S. pactum Bacteria | Actinobacteria FloT Flotillin NfeD1b-5 WP_079154983 /
WP_070388667
S. scabiei Bacteria | Actinobacteria FloT Flotillin NfeD NfeD1b-5 WP_086784257/
WP_086757412
S. venezuelae Bacteria | Actinobacteria FloT Flotillin NfeD NfeD1b-5 WP_055640107/
WP_055644754
Synechocystis Bacteria | Cyanobacteria** Flotillin family | Flotillin NfeD1b-4 WP_010871575/
protein BAA10836
Thermococcus Archaea | Thermococci Eoslipin Eoslipin NfeD NfeD1b-3 WP_013467301/
barophilus WP_013467302
Vibrio harveyi Bacteria | Gammaproteobacteria Eoslipin Eoslipin NfeD NfeD1b-1 WP_009700456/
WP_061009405
Zea mays Eukarya | Poales Flotillin-like Flotillin XP_008644764
protein 1

The archaeal slipins, flotillins, and NfeDs were included to investigate where a manageable
selction of archael proteins would cluster in relation to bacterial and eukaryotic proteins.
PHO0470 of P. horikoshii has been included, as it is an HfIK protein, and quite a lot is known
about its NfeD partner (Kuwahara et al., 2009). The other proteins from P. horikoshii were
included, as the NfeD PH1510 and the core domain of the stomatin PH1511 have been resolved
by crystallisation and to see how the archael SPFHs cluster (Yokoyama et al., 2008a,
Yokoyama et al., 2008b).

As most of the flotillin and NfeD research published concerns bacilli, B. halodurans, B. subtilis,
and B. cereus were included. While the latter does not have any articles about its flotillin, it is
a relevant organism based on its role in disease. YgfA/FIoA of B. subtilis, another NfeD
partner, is included in the table, and though one paper has included them in the SPFH
superfamily, this is likely done due their proximity to NfeD rather than sequence similarity, as
it is more similar to seryl-tRNA-synthetase superfamily (Yepes et al., 2012, Hinderhofer et al.,
2009). One paper reported ygfA as restricted to Deinococci and Firmicutes, however, this paper
failed to identify the presence of nfeD in actinobacteria, and similarly, yqfA homologues are

present in actinobacteria, but only in two Streptomycetes, S. regensis and S. ochraceiscloratus
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(Green et al., 2009). This is the same for the reported S. aureus flotillin — it is not a flotillin,
but a predicted seryl-tRNA-synthetase, and is thus not included, however, there is no NfeD
present (Lopez & Kolter, 2010).Various flotillins were included from Streptomycetes,
including slipins from S. coelicolor, to investigate their evolutionary relationship and form a

more complete picture.

Other actinobacteria - Corynebacteria, Micromonospora, and Nocardia - were included to
investigate the evolutionary relationship of the flotillins and NfeDs within the class. C.
glutamicum is an industrially important bacterium, while C. freiburgense contained both an
NfeD and a flotillin. M. purpureochromogenes is an industrial organism, while M. parva
contained both an NfeD and a flotillin, and N. vinacea was included for the same reasons. There
has been research published on the flotillin of the model organism E. coli, so it has been
included as well (Lopez & Kolter, 2010). Several cyanobacteria were included as well to

explore their flotillin and NfeDs’ evolutionary relationship with that of the other organisms.

From eukarya, the human flotillins were included as they have far and beyond more articles
published on them, in addition to the Rhesus Macaque, Macaca mulatta. The model organisms
Drosophila melanogaster and A. nidulans were included due to the previously published
research (Takeshita et al., 2012). A. capsulatus, also known as Histoplasma capsulatus, is
relevant to disease and adds to the fungal tree cluster, while M. phaseolina is a plant pathogen.
M. truncatula is one of the more researched plant flotillins, and the model organism A. thaliana
was the first plant to have its genome sequenced and is widely used for understanding plant
genetics (Abdallah et al., 2014, Arabidopsis Genome, 2000). Other model plant organisms

were included.

Stomatins as a whole were included to investigate how full-length NfeDs, truncated NfeDs,
flotillins, and stomatins would cluster on the two different trees, using the same reasoning for
their inclusion. This includes SCO1796 and SCO7227 and their NfeD partners.

91



FloT S. parvulus
FloT S. ambofuciens

Kitasatospora aureofaciens

FloT'S. luteus
FloT S. lividans
SCO36B07

FloT S. pactum
FIoT . scabici | Streptomy-
FloT S. leeuwenhoekii cetaceae
FloT S. bikiniensis
FloT S. venczuclac
FloT S. kanamyecticus bacteria

FloT S. formicac P PIOkarYOteS
FloT S. albus

FloT §. albidoflavus

FloT S. rimosus el

K Actino-

Micromonospora purpurcochromogencs
Micromonospora parva
Corynebacterium freiburgense

Nocardia vinacea

e Coryncbacterium glutamicum

Fischerella thermalis -

Calothrix parasitica
Deinococcus proteolyticus
Deinococcus murmyi —
Flotillin-1a Drosophila melanogaster
Flotillin-1 Tlomo sapicns

Flotillin-2 Home sapicns
Flotillin-2 Macaca mulaita — Eukaryotes
Daphnia magna

Flotillin-1 Macaca mulatta

Flotillin-2a Drosophila melanogaster

YuaGi Bacillus subtilis

[

Bucillus cereus

Lactobacillus casei Ir PrOkary()teS

YuaG Bacillus halodurans —
FloT_YqiK E. coli

S Caulobacter crescentus

Synechocystis

SCO6053

Ihermococcus barophilus

PHI5 11 Pyrococcus hyrokoshii
Eoslipin Staphylothcrmus marinus
Vibrio harveyi

Pyrobaculum acrophilum

PHO470 — SPFH
SCO1796

SPFH Staphylothenmus marinus

Slipin Shewanclls violaces
,m{:.\'w‘\ Aspergillus nidulans
Stomatin Macrophoming phaseoling

Ajellomyces capsulatus Fungi

FloA Aspergillus nidulans

Macropbomina phaseolina

Neurospora crassa

Zea mays

Flotillin-like protein 6 Medicago truncatula
Floullin-like protein 4 Medicago truncatula

Flotillin-like protein 2 Medicago truncatola

Flotillin-like protein 3 Medicago truncatula
Flotillin-like protein | Medicago truncatula
Populus trichocarpa 2

Populus trichocarpa | —Pla.nt
Glycine max 114
FLOTIB Arabidopsis thaliana ﬂOtlllms
FLOTIA Arabidopsis thaliana
FLOT2 Arabidopsis thaliana

Physcomitrella patens
e Flotillin-like protein 2 Marchantia polymorpha
Floullin-like protem | Marchantia polymorpha__J

YafA

Fig 3-7. A phylogenetic tree of select proteins encoded by predicted SPFH genes across
several model organisms and other representative organisms shows a closer relationship
between animal flotillins and their eubacterial and bacterial counterparts than fungal
and plant flotillins. Bootstraps values, in black, are expressed as percentages of 1000 repeats.
Created with CLC Viewer 7.
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The flotillin and stomatin phenotypic tree (see Fig3-6) showed a high degree of conservation,
regardless of domain of life. The phylogenetic tree showed bacterial flotillins are a diverse
group, with animal flotillins more similar to bacterial flotillins than other eukaryotic flotillins,
such as fungal and plant flotillins. As expected, SCO3607 clustered with other flotillins from
closely related species, which was repeated for most species. Drosophila melanogaster and
mammalian flotillins clustered with those of Bacillus and Lactobacillus, but still more similar
to Streptomycetes than other eukaryotes. Plant and fungal flotillins clustered separately, as did
the did other SPFH proteins. YQfA, a predicted seryl-tRNA-synthetase categorised as a flotillin

in one paper, formed its own separate branch (Green et al., 2009).

Stomatins branched separately from the flotillins and the eukaryotic stomatins clustering in a
manner that mimicked their flotillins, with human stomatin clustering with bacterial slipins and
fungal stomatins clustering separately. SCO1796 and SCO7227, both categorised as HfICs
based on genetic sequence, formed a branch within the other SPFHs.
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truncated NfeDs affects the evolutionary origin of PHO0471 and full-length NfeDs.

Bootstraps values, in black, are expressed as percentages of 1000 repeats. Created with CLC

Viewer 7.

SCO03608, the NfeD of S. coelicolor, clustered with other flotillin-associated streptomycete
NfeDs, but also formed a greater cluster consisting of other flotillin-associated NfeDs. This

confirms that the flotillin-associated NfeD of the streptomycetes had a common ancestor and

at least of the surveyed ones, none were the result of a separate horizontal gene transfer event.
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The eoslipin-associated NfeDs of S. coelicolor also formed their own branch, separate from
the other NfeDs. SCO1797 and SCO7226 formed a separate branch, both of which are
associated with HfICs. PH0471, an HflK-associated NfeD, had its own branch separate from
flotillin-associated NfeDs, but was more similar to them than eoslipin-associated NfeDs.

YqeZ and YuaF, of B. subtilis and B. halodurans, respectively, are full-length NfeDs that
formed their own branch. YgeZ is not associated with a flotillin, but rather with YqfA, a protein
classified as either a member of the SPFH superfamily or the seryl-tRNA synthetase
superfamily. YQfA clustered entirely separately from the bacterial SPFHs (see Fig3-6). YuaF
of B. halodurans is associated with a flotillin that, while clustering with other flotillins, is

separate from other Bacillaceae flotillins.

Furthermore, the clear clustering of the full-length and truncated NfeDs could be due to the
emphasis placed on the presence of Clp-protease domain rather than differences in the more
conserved C-terminal, which would be more indicative of the genetic lineage. A new
phylogenetic tree was constructed, where only the overlapping C-terminals of the full-length
NfeDs and the full length of the truncated NfeDs would be used, thus removing the Clp-
protease domain from the genetic alignment. Parts of the sequences were overlapping prior to
the exclusion of the N-terminal due to random chance, e.g. the first two residues of the N-
terminal of both NfeDs were considered conserved by the software, but upon closer inspection
was due to random chance not accounted for by the programme.

3.3.2. Predicting molecular adaption by using dn/ds ratios to calculate the effect of
purifying pressure.

In order to assay the pressure on SCO3607 and SCO3608 to change, the dn/ds ratios were used
to statistically model the purifying selection. Purifying selection is natural selection against
harmful genetic mutations, and a method of measuring purifying selection is the dn/ds ratio.
The dn/ds is the ratio of nonsynonymous (dn) to synonymous (ds) nucleotide substitutions,
expressed as @ = dn/ ds. If the substitution is neutral ® = 1, but if the substitution is deleterious
it will reduce the fixation rate, thus @ < 1. If the amino acid change offers a selective advantage
the fixation rate increases, thus @ > 1 (Yang & Bielawski, 2000). From this it would seem
obvious that most genes are @ < 1, however the exception is when adaptive change is required,
such as for immune system genes where they co-evolved alongside parasites, resulting in
positive selection (Hurst, 2002). There are problems associated with the ds/ dw ratio; it ignores

the transition/transversion rate bias and the “wobble” position, which are more likely to be
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synonymous, leading to an underestimation of synonymous mutations and overestimation of
nonsynonymous mutations. In essence, as there are 61 codons that code for amino acids (64
minus 3 stop codons), but less than 45 tRNAs, these tRNAs require broader specificity. This is
achieved by the nucleotide at the 5’ end of the anticodon loop, which often is a nucleotide of
broader specificity, such as inosine, allowing for non-Watson-Crick pairings, which allows one

tRNA to bind to several codons.

Nor does dn/ds take into account the time passed since the species diverged; a nucleotide may
begin as an A, be replaced by C, and then changes to T, which would only result in one
difference. Furthermore, it does not take into account issues that may be based in the genetic
code, such as hairpin loops and translational efficiency (Yang & Bielawski, 2000). Examples
of this in bacteria include hairpin loops in clustered, regularly interspaced, short palindromic
repeats (CRISPR) in Shigella and E. coli, and the translational efficiency increase in E. coli
genes containing the UAG codon upon addition of 3-iodo-L-tyrosine to the media (Kato, 2015,
Yang et al., 2015).

Genes were picked from several streptomycetes, as the method does not perform well with
more distantly related genes due to the much greater difference between the genes and the
nature of the calculations. S. lividans was picked due to its high similarity with S. coelicolor,
which means its dn/ds ratio should be close to 0, so as to verify the soundness of the method.
S. avermitilis was included as it did not include an NfeD homologue, suggesting very different
evolutionary pressures. The ratios were calculated using the Yn00 program from PAML (Yang,
2007). S. griseus, S. venezuelae, and S. scabiei were then selected as suitable streptomycetes

for variation. Accession numbers are available in Table 3-1.
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Table 3-2. The dn/ds ratios for SCO3607 and its homologues show the flotillin of S.

avermitilis was under the least evolutionary pressure, wheras S. griseus was under the

most pressure to remain the same.

S. S. S. S.

Species ) o S. griseus S. scabiei
coelicolor | venezuelae | avermitilis | lividans

S.
0.08641

venezuelae

S.

~10.23368 0.009677

avermitilis

S. lividans | 0.1311 0.096091 | 0.234405

S.griseus | 0.07697 |0.068109 [ 0.224511 |0.104484

S. scabiei 0.13082 0.155027 | 0.231508 | 0.128615 | 0.18116509

Mean 0.13179 0.083062 | 0.186755 | 0.138939 | 0.13104682 | 0.16542602

The results show that the evolutionary pressure is highest on the flotillins of S. venezuelae and
S. griseus, lowest on S. avermitilis, with S. lividans, S. coelicolor, and S. scabiei in the middle.
It is important to observe that this is not the evolutionary relationship, but a measure of
purifying selection. As a point of reference, using mean dn/ds ratios for measuring core genes
conserved in Synecococcus, the strains CC9311 and CC9902 were 0.114 and 0.119, whereas
accessory genes were 0.402 and 0.256 (Tai et al., 2011).
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Table 3-3. The dn/ds ratios for SCO3608 and its homologues in closely related organisms

show the homologue of S. venezuelae was under the least evolutionary pressure to change.

_ S. S. S. S. o
Species _ o _ S. lividans
coelicolor | venezuelae | scabiei griseus

S.
0.253782
venezuelae
S. scabiei | 0.076835 | 0.282025
S.griseus | 0.062217 | 0.252574 | 0.080759
S. lividans |0 0.252939 | 0.074423 | 0.062224
Mean 0.098209 | 0.26033 0.128511 | 0.114444 | 0.0973965

The results show S. venezuelae had the least pressure to remain the same, whereas the negative
pressure was very high for the other strains examined. Using Synecoccous core and accessory
gene dn/ds ratios as a point of reference (see above), NfeD is more akin to an accessory protein
in S. venezuelae. S. lividans was under immense pressure to remain the same, which is

consistent with the similiarity of the genome of S. lividans with S. coelicolor.

Pseudogenes can be used to provide reference numbers for dn/ds ratios, acting as a control for
the statistical methods. Pseudogenes can be divided into two different origins; processed and
nonprocessed. Processed pseudogenes occur by RNA retrontranspositioning into the genome,
thus lacking start codons. Nonprocessed pseudogenes arise from duplication events and a
gradual loss of function due to mutation (Torrents et al., 2003). Three putative streptomycete
pseudogenes were picked; SCO0205, a potential pyruvate formate-lyase activating enzyme,
SCO0448, a transmembrane efflux protein, and SCO4010, a secreted protein (Reumerman,
2014). The dn/ds ratio of SCO0205 was calculated against its orthologues in S. venezuelae and
S. scabiei, as they were missing from the other streptomycetes. Its ratio was 1.1809, suggesting
a positive selection for changing amino acids, and its missing codon suggesting it is a processed
pseudogene. SCO0448 had only one orthologue, found in S. lividans. This made statistical
testing difficult, but it had a dn/ds ratio of 0.268, probably due to how closely related S. lividans
and S. coelicolor are. Such a low ratio does however suggest it is not a pseudogene. SCO4010
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has orthologues in all sequenced streptomycetes, and its dn/ds ratio was 1.413, indicating a

neutral/positive selection for new mutations.

Using the previously mentioned pseudogenes, it becomes clear that neither SCO3607 nor

SCO3608 are pseudogenes and that the statistical model is sound.
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3.4.1. Discussion

When examining the flotillin multiple sequence alignment glutamate, alanine, glycine residues,
and AE repeats were conserved at a higher level. Human flotillin is characterised by its AE
repeats, which is conserved throughout the other flotillins. These repeats are predicted to form
coiled-coils (a-helices coiled around each other in a supercoil), which are required for
oligomerisation (Bickel et al., 1997, Rivera-Milla et al., 2006). That these are conserved
suggests the coiled-coils are conserved, which again suggests it oligomerises. Additionally,
glutamate residues are negatively charged, polar amino acids which tend to be on the surface
of the protein, though when they are inside a protein they are often involved in salt bridges by
pairing with a positively charged amino acid to form a hydrogen bond, stabilising the protein.
They are also often found to be involved in protein binding sites due to their charge. It is
possible these conserved residues are involved in these structural functions, and thus potentially
involved in dimerisation of flotillins. Alanine is a non-polar amino acid which tends towards
being a non-reactive residue, and thus rarely involved directly in protein function. It can player

a role in substrate recognition, especially of other non-reactive atoms, e.g. carbon.

Glycine often substitutes for alanine and vice versa, which can be seen in the few glycine
mutations. Both are small amino acids, and due to glycine sidechain being a hydrogren atom
rather than a carbon, it fits in much small places than other amino acids, and also allows it to
bind phosphates. As there are many conserved glycine sites in flotillin, it is likely some of these

are phosphorylation sites and others break up alpha helices.

Residues with valine, leucine, and isoleucine have a propensity to form alpha helices, in
addition to being on the inside. In the case of SPFH proteins, the structure of the N-terminal
SPFH domain, ranging from the 43" to the 173rd residue, of flotillin-2 has been resolved, and
is available in MMDB (Chen et al., 2003). It contains four to five a-helices and six B-strands
which form a globular structure. The structure of the C-terminal flotillin domain has not been

resolved, but is predicted to contain several a-helices, which may form coiled-coils.

All SPFH proteins associate with the membrane through their N-terminal hydrophobic
domains, such the transmembrane domain of prohibitin-1 and the intramembrane domains of
stomatin, SLP-3 (a stomatin-like protein), and podocin (Tatsuta et al., 2005, Wetzel et al.,
2007). Flotillin-1 is different in that palmitoylation is used to facilitate the N-terminal
hydrophobic region membrane association, which is usually a reversible reaction where a

palmitoyl group is covalently bound to an amino acid residue, usually cysteine, serine or
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threonine. Flotillin-2 is palmitoylated and myristoylated, which is similar in all manners but
that it is irreversible and a myristoyl group is added (Morrow & Parton, 2005, Langhorst et al.,
2005, Resh, 2013). Palmitoylation also occurs in stomatins and podocin, but are not involved
in membrane attachment (Huber et al., 2006).

Palmitoylation occurs in bacteria, such as palmitoylation of a fraction of lipid A, which is also
myristoylated, by PagP results in both protection from the human immune system and a
decrease in immune response (Bishop et al., 2005). PagP is a lipid A palmitoyl transferase
present in Gram-negatives, such as E. coli, Salmonella, and Shigella (Bishop et al., 2000, Guo
et al., 1998). Though no PagP-like protein is present in the genome of P. aeruginosa,
palmitoylation of lipid A still occurs (Stover et al., 2000, Ernst et al., 1999). Palmitoylation is
increased in E. coli during biofilm formation, which in vivo improves the survival of the biofilm
(Chalabaev et al., 2014). PagP is generally regulated by a PhoQ/PhoP two-component system;
PhoQ is an autophosphorylating sensor kinase which transfers its phosphogroup to the
transcriptional regulator PhoP (Fields et al., 1989, Miller et al., 1989, Garcia Vescovi et al.,
1996).

The S. coelicolor protein most similar to PhoQ is RapA2, a predicted two-component sensor
kinase, and the protein most similar to PhoP is KdpE, a predicted turgor pressure regulator.
However, it is more likely the S. coelicolor homologues are PhoP and PhoR, which are also
related (Strain et al., 1985). When PhoP was knocked out of S. lividans, the culture was unable
to grow on MM with low phosphate concentrations, unable to synthesise extracellular
phosphatases, and had increased secondary metabolite production (Sola-Landa et al., 2003).
Due to the role of flotillin in biofilm formation in B. subtilis, it is tempting to suggest a link
between PagP and flotillin, but there is no PagP in S. coelicolor, and of the mentioned bacteria
with PagP, only S. enterica has a flotillin (Redenbach et al., 1996). However, this does not
mean palmitoylation does not occur in S. coelicolor; palmitoylation takes place in P.
aeruginosa, though the proteins involved are not known, as even though there is a phoPQ
operon, pagP is not found (Stover et al., 2000). Flotillin-2, the flotillin most similar to the
bacterial flotillin, is myristoylated at the Gly2 and palmitoylated at Cys4, though also to a lesser
degree at Cys19 and Cys20 (Neumann-Giesen et al., 2004). Flotillin-1 is not myristoylated, but
is palmitoylated at Cys34, and possibly Cys5 and Cys17 (Morrow et al., 2002). However, none
of these are conserved in the bacterial flotillins, and compounded by the lack of any
palmitoylation and myristoylation proteins in S. coelicolor, makes it unlikely they

palmitoylated or myristoylated.
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SPFH proteins form oligomers, and nine C-terminal residues (264-272) are essential for
oligomerisation in stomatin (Umlauf et al., 2006). This is not transferrable to flotillins, due to
the different C-terminal domains. Though not as specific, oligomerisation of flotillins into
homo- and heterotetramers is dependent on coiled-coil secondary structure in the C-terminal
flotillin domain (Rivera-Milla et al., 2006). Furthermore, in the absence of flotillin-2, flotillin-
1 is rapidly degraded by the proteasome, but not vice versa, suggesting flotillin-2 prevents this
degradation by binding to flotillin-1 (Solis et al., 2007).

Examining the evolutionary relationship, SCO3607 and SCO3608 have low levels of synteny
(see Fig3-6), suggesting its propagation throughout streptomycetes is due to horizontal gene
transfer, consistent with what has been previously suggested (Green et al., 2008). In the
phylogenetic trees, flotillins and eoslipins/stomatins all clustered predictably separately,
though the most obvious piece of information gleaned from the phylogenetic tree is the high
degree of similarity between the flotillins of the bacterial world and of humans (see Fig3-7).
That human, Rhesus macaque, and Drosophila melanogaster flotillins would be more similar
to bacterial flotillins was unexpected. Not only due to eukaryotes presumably being more
similar to each other, but also that e. g. A. nidulans exploits the same niche as S. coelicolor and
they superficially resemble each other. Plant and fungal flotillins also diverged considerably
from the other flotillins, and instead clustered in a wider SPFH-containing branch of tree,

suggesting a very ancient evolutionary origin, and possibly role.

It has previously been suggested that the flotillin of B. subtilis may provide a research model
for human flotillins based on their shared structural and functional characteristics, as bacteria
are far easier to work with than human tissue cultures (Mielich-Suss et al., 2013). However, S.
coelicolor would be even better suited than B. subtilis as a model for human flotillin and lipid
raft research due to its tissue-specific expression, though the FlIoT of B. subtilis is genetically
closer to human flotillin (Kelemen et al., 2001). There is still more to be found out about
SCO03607 with regards to recruitment of protein and lipid rafts, but based on the similarities
between human flotillin, YuaG, and SCO3607 demonstrated in this chapter (see Fig3-2 and 3-
7), it is likely perform similar molecular roles in S. coelicolor, making it a viable option.

HfIC-, eoslipin-, and flotillin-associated NfeDs clustered separately in the phylogenetic tree,
but YuaF of B. halodurans, a full-length flotillin-associated NfeD, clustered with YqeZ,
another full-length NfeD, yet ygeZ is adjacent to ygfA, which is not a member of the SPFH
family; YqgfA is seryl-tRNA-synthetase which homologue is only present in S. regensis and S.

ochraceiscloratus within Streptomyces, though is widely distributed within actinobacteria. The
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difference between YuaF of B. halodurans and SCO3608 is much greater than the difference
between B. halodurans YuaG and SCO3607, which in itself is not surprising granted that full-
length NfeD1b proteins have evolved to lose their CIpP serine protease domain (Green et al.,
2009). However, YuaF was the only full-length NfeD associated with flotillin of the proteins
surveyed, while other NfeDs from the bacilli and actinobacteria clustered with the other
flotillin-associated NfeDs. What is thus likely, when one includes the data from the
phylogenetic tree, is that a common ancestor of the Streptomycetaceae and Bacillaceae nfed1b-
flotillin operon contained a full-length NfeD protein and that the B. halodurans operon

diverged by retaining the serine protease domain while the others lost it.

The most surprising result from Fig3-7 is PH0471 when seen in relation to PH0470 (see Fig3-
7 and Fig3-8). PH0470 is an HfIK and formed part of the SPFH superfamily branch in Fig3-6.
PHO0471, the truncated NfeD, which gene is adjacent to PH0470 on the P. horikoshii genome,
clustered with the full-length Deinococcus and Bacillus NfeDs. This is different from PH1510,
which is a full-length NfeD associated with an eoslipin in the same organism that clusters with
other full-length NfeDs associated with eoslipins. However, investigating the evolutionary
relationship of HfIKs and other members of the SPFH superfamily with NfeD is outside the

scope of this body of work.

Judging by the dn/ds ratios, the ratios may seem somewhat counterintuitive. The highest and
lowest purifying selection is on the flotillin and NfeD of S. venezuelae, respectively. All this
really means is the residues of the flotillin are much more important for the role it plays in S.
venezuelae, but not for the NfeD, suggesting the residues of NfeD may not be quite as important
for its role. This role may be dependent on its structure, specifically its OB-fold with the
missing conserved residues. This might suggest that the structure itself, rather than the residues,
is most important for its function, so as long as the changes do not alter the structure of the
fold, it can tolerate a certain amount of substitutions. That NfeD so readily loses its serine
protease domain suggests that this function is redundant for flotillin, though not for the
stomatins of the SPFH family, where it is conserved to a much larger degree. S. avermitilis,
which does not have an NfeD homologue, had the least purifying pressure on its flotillin,
suggesting a lesser role (see Table 3-2 and 3-3). When measured against the dn/ds ratios of
known genes, most of the flotillin-like encoding genes of the assayed streptomycetes have a
ratio of that of core genes, while S. scabiei and S. avermitilis, which genome does not encode
an nfed, having somewhat high ratios. For the nfed-encoding genes, they all had the ratios of
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known core genes, bar that of S. venezuelae, which had the ratio of an accessory gene (Tai et
al., 2011).

For flotillin this suggests the residues themselves are crucial, which is consistent with the
palmitoylation and myristoylation demonstrated in the human flotillins (Morrow et al., 2002,
Neumann-Giesen et al., 2004). In light of the research in human flotillin, this is likely due to
the residues being involved in protein-protein interactions. The flotillin genes are in general

subject to substantial purifying pressure, especially when seen in light of pseudogenes.

This work tentatively proposes a new group of NfeD proteins, based on their association with
flotillin-like protein and the phylogenetic information available, which includes SCO3608. The
designation proposed is NfeD1b-5, and based on sequence similarity it is more likely have
evolved from NfeD1b than NfeD1A. This is consistent with earlier literature assigning
truncated NfeD1b names based on phyla, of which one did not exist for actinobacteria. It has
previously been suggested they evolved on separate occasions from full-length NfeD1b
proteins, losing the Clp-protease domain in the process, but this is controversial as they kept
their conserved gene neighbour. The defining feature of the group is a common ancestor which
neighboured the ancient flotillin rather than exact sequence similarity, which due to high
degrees of mutations and horizontal gene transfer is problematic. The new group fits well with
the previous designated groups, as over 85% of NfeD proteins have an immediate SPFH

neighbour.

The use of the SPFH superfamily is here doubtfully used correctly; YqgfA is included in the
trees, and even though one paper has included them in the SPFH superfamily as SPFH5, with
flotillins being SPFH2 and stomatins being SPFH1, this is at least in part due their proximity
to NfeD rather than the very low sequence similarity (Hinderhofer et al., 2009). While they
have sequence similarity, they are much less conserved. One paper claims YqfA is restricted
to Deinococci and Firmicutes, however, this body of work demonstrates that is not the case
(Green et al., 2009). Furthermore, a homologous seryl-tRNA synthetase in S. aureus, SA1402,
was also grouped as an SPFH protein (Lopez & Kolter, 2010). This grouping is particularly
puzzling, as there is neither sequence similarity between SA1402 and flotillin or an nfed in S.

aureus. Presumably, this classification is based on its similarity to YqfA.

However, the group proposed is not perfect; it is not reserved for either truncated or full-length
proteins; an example of a non-truncated NfeD in this group is YuaF of B. halodurans, though

this is the exception rather than the rule. Additionally, it is more closely related to the other
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NfeDs, yet its immediate neighbour is the FloT of B. halodurans. The group may well be
incorrect based on more extensive phylogenetic information, but as a practical catchall for

flotillin-associated NfeD it is very useful.

3.4.2. Conclusion and future work

In conclusion, it is clear SCO3607 and SCO3608 are a flotillin and truncated NfeD,
respectively. Flotillins show high degrees of conservation, and SCO3607 is very similar to both
human and the flotillin of B. subtilis, which are the best characterised flotillins. It is unlikely to
be myristoylated or palmitoylated, but it retains the AE repeats associated with coiled-coil

secondary structure in its C-terminal flotillin domain.

SCO3608 evolves more readily than SCO3607. Additionally, a new group of flotillin-
associated NfeDs have been suggested — NfeD1b-5. This draws on both existing systems of
nomenclature, as it uses both genetic and associative traits. The evolutionary pressure was
higher for flotillin to retain its specific amino acids, suggesting the structure of NfeD is more
important than flotillins, where the overall shape matters more. When aligned against other
flotillins, there appeared to be conserved genetic stretches across the species. It is also likely to

have spread throughout Streptomyces by way of horizontal gene transfer.

Future work which is outside the scope of this study includes investigating relationship between
HfIK/HfIC and NfeD, a wider study into the SPFH and NfeD genetic lineage as previous
literature omits several important proteins, and comparing YuaG/YuaF of B. halodurans with
the flotillin/NfeD of other Bacillacaea. Tidying up the nomenclature, which in several cases

includes seryl-tRNA synthetases as a flotillin, is work that should be performed as well.
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4. Genotypic and macroscopic analysis of SCO3607 and SCO3608

mutants in S. coelicolor.

4.1. Introduction

4.1.1 Gene disruption of SCO3607

Determining the function of a protein can be conducted through several methods, such as a
biochemical assay or mutagenesis of the gene encoding the protein. The aim of this chapter is
to assess the mutant phenotype of SCO3607 and SCO3608. Previous results from B. subtilis
showed defects in biofilm formation in response to a floT null mutant (Yepes et al., 2012).
Furthermore, common macroscopic phenotypes related to differentiation in S. coelicolor are
the whi and bld phenotypes. Arising from the inability to form spores and aerial hyphae,
respectively, these two phenotypes are possible consequences of disruption of these two genes
(Flardh & Buttner, 2009, McCormick & Flardh, 2012)

There are two ways of achieving this; gene disruption and gene deletion. Gene disruption is
based on the insertion of an antibiotic resistance gene into the gene to be disrupted and gene
deletion is based on the excision of the relevant gene, normally through replacement with an
antibiotic resistance gene.

Gene disruption in S. coelicolor is achieved through in vitro transposon mutagenesis. A cosmid,
carrying the relevant gene with a Tn5062 insertion, is transferred into S. coelicolor by
intergeneric conjugation. Through homologous recombination, a single or a double crossover
event may take place leading to either the entire cosmid integrating into the chromosome, or a
double crossover event takes place, causing the Tn5062-carrying gene to replace the
chromosomal gene (see Fig4-1). Antibiotic screening can be used to detect whether one or two
of these events have occurred as shown in Fig4-1 D) and F), which result in the disruption of
the gene or complete incorporation of the cosmid respectively. Transposon insertions of Tn5
derivatives in S. coelicolor genes are available from the ordered cosmid library used to
sequence the S. coelicolor genome, and the inclusion of the oriT from the IncP-group plasmid
RP4 (RP1/RP2) in the transposon allows for conjugation into S. coelicolor from E. coli (Bishop
et al., 2004).
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Fig4-1. Diagram explaining Tn5062 transposon insertions in SCO3607. A) displays the two
Tn5062 transposon insertion sites used in this chapter, showing the strand and the approximate
sites within SCO3607. B) is a genetic map of the Tn5062 transposon, containing an apracmycin
resistance gene in the form of aac(1V). C) shows a single crossover event between StH66.1.A02
or StH66.1.H03 and SCO3607. It also displays the cosmids complete with the Tn5062
transposon inserted in SCO3607 and the two antibiotic resistance genes, aph and bla. These
genes confer resistance to kanamycin and ampicillin, respectively. D) displays the genetic
alterations that have occur after a single crossover even between the aforementioned cosmids
and S. coelicolor. where the entire cosmid is inserted into SCO3607.E) shows a double
crossover event between StH66.1.A02 or StH66.1.H03 and SCO3607. F) displays the genetic
alterations that have occur after a single crossover even between the aforementioned cosmids

and S. coelicolor, where only the Tn5062 transposon is inserted into SCO3607.
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The potent methyl-specific restriction system of S. coelicolor needs to be overcome for the
conjugation to be successful. To this end, E. coli ET12567, a strain defective in methylation
due to a mutation in dam, is used, which greatly improves the conjugation efficiency. pUZ8002
is used as the mobilisation plasmid, as it contains the mobilisation gene tra, allowing for the
conjugation of plasmids or cosmids from E. coli ET12567 (pUZ8002) into S. coelicolor
(Bishop et al., 2004). There are also several advantages to using E. coli as a conjugative donor
organism, as it does not require protoplasts, restriction barriers are easily overcome through
the use of non-methylating strains and vectors allowing for site-specific or insert-directed

chromosomal integration (MacNeil et al., 1992).

SCO3607 encodes the predicted flotillin of S. coelicolor and contains several Tn5062
transposon insertion sites; however, SCO3608, the nfeD homologue, does not contain any
Tn5062 transposon insertion sites. Transposon insertions in SCO3607 thus provide a way of
elucidating whether it is required for growth and what a mutant phenotype it might have.

4.1.2. Gene deletion by PCR targeted mutagenesis of SCO3607 and SCO3608

PCR targeted mutagenesis offers a simple, yet elegant, way of replacing a chromosomal
fragment with an antibiotic resistance marker, and potentially flipping the marker out in the
future, leaving a genomic “scar.” Bacteria are not readily transformed with linear DNA due to
their exonucleases that degrade the linear DNA, so there are two key issues in making a
recombination strain: avoiding exonuclease activity and increasing recombination frequency.
With regards to avoiding exonuclease activity, it appears that strains lacking exonuclease V of
the redBCD cluster are transformable with linear DNA (Lorenz & Wackernagel, 1994, Cosloy
& Oishi, 1973). For recombination to occur, recB or recC must carry a suppressor mutation in
the form of either sbcA or shcB, which activate the RecET recombinase of the Rac prophage
or enhances recombination by activating the RecF pathway, respectively, allowing for linear
DNA to recombine directly with the E. coli chromosome (Clark & Sandler, 1994, Winans et
al., 1985). Furthermore, recD mutants are recombinase proficient and lack the exonuclease V,
which makes it an attractive tool for site-directed mutagenesis (Amundsen et al., 1986).
Utilising the homologous recombination systems of bacteriophages is another way of
increasing recombination; A Red increases the rate of recombination to greater than that of the
recBC, sbcB, or recD mutants when transforming cells with linear DNA (Datsenko & Wanner,
2000, Smith, 1988, Murphy, 1998).
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The method outlined here uses the A RED system, which contains three relevant proteins: Gam,
Bet and Exo. Gam inhibits the host RecBCD system and Bet and Exo enhance recombination
efficacy in the presence of arabinose. E. coli BW25113 is used for the recombination as it is an
araBAD and hsdR, the operon that encodes the proteins required for arabinose catabolism and
an exonuclease, respectively, which greatly enhances the rate of recombination (Datsenko &
Wanner, 2000). First, a PCR product containing an antibiotic resistance marker and oriT-
containing cassette flanked by FRT (FLP recognition target), which are again flanked by
sequences matching the regions flanking the genetic region to be removed is synthesised. This
PCR product is then transformed into E. coli BW25113, which also carries the cosmid
containing the gene to be removed. A double crossover event takes place between the cosmid
and the PCR product, replacing the sequence to be deleted with the PCR product. The altered
cosmid, with an antibiotic resistance gene in place of the gene, can then be introduced into S.
coelicolor by conjugation, which requires passaging the cosmid through the methylation-
deficient E. coli ET12567 (pUZ8002) to avoid the methylation-specific restriction system of S.
coelicolor, and using antibiotics to test for transconjugants that have undergone double

crossover events.

The disruption cassette is flanked by FRT sites, which are recognised by E. coli recombinase
FLP. If so desired, FLP recombinase is then used to remove the resistance cassette from the
modified cosmid, resulting in an 81 bp genetic “scar.” This scar-bearing cosmid can then be
introduced into the previously modified S. coelicolor, where a genetic crossover event takes
place. Antibiotic selection can then be used to select double crossovers, which will now neither
contain the gene or the disruption cassette, but rather the 81bp scar. This differs from earlier,
as it is sensitivity to antibiotics that is being assayed. This can then be confirmed with either
Southern blot or PCR. In this particular experiment, SCO3607, SCO3608, and SCO3607 and
SCO3608 were replaced with a deletion cassette containing aac3(1V), which confers apramycin

resistance.
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Fig4-2. Gene deletion of SCO3607 and SCO3608 by PCR targeted mutagenesis flowchart

using a disruption cassette containing aac3(1V). A) shows the double crossover event taking

place in BW25113 leading to the generation of the deletion cassette-containing StH66. B)
shows the altered StH66 after it has been passed into E. coli ET12567 (pUZ8002). C) shows
the double crossover event between the chromosome and the altered StH66 cosmid in S.

coelicolor. D) shows the S. coelicolor genome after the aac3(IV) containing deletion cassette

has replaced the gene. E) shows the activation of FLP to excise the deletion cassette. F) shows

the altered StH66 after the deletion cassette has been excised, with only the FRT and flanking

regions left. G) shows the double crossover event which results in the excision of the deletion

cassette. H) shows the final chromosomal configuration, with the gene and aac3(1V) containing

deletion cassette replaced with the genetic scar.
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4.1.3. Genetic complementation and verification

To verify that the correct gene was disrupted, and that a phenotype is not caused by an unlinked
mutation, it is important to be able to restore wild-type phenotype through complementing the
mutant with the disrupted gene with a fully functional gene. To this end, phage integrases are
used to reintroduce a wild-type copy of the disrupted gene into chromosome. Normally,
bacteriophages infect bacteria and subvert the host cell machinery to produce more phage and
then lyse the cell to release the phage into the environment. If growth conditions are poor, the
phage may integrate into the bacterial chromosome where it will lay dormant and when the

conditions improve sufficiently it will excise and continue the cycle (Groth & Calos, 2004).

Phage mediate integration through an integrase enzyme that facilitates a recombination event
between the phage attachment site, attP, a short viral DNA sequence, and the bacterial
attachment site attB, a short stretch of bacterial DNA. Upon integration, the attP and attB sites
are split in two, resulting in the phage being flanked by attL and attR sites, comprising attP and
attB hybrid sequences. Integrases are divided into two families depending on which amino acid
catalyses the strand-cleaving recombination event, the tyrosine recombinases and the serine
recombinases. Tyrosine recombinases generally recognise longer attP sites, and serine
recombinases recognise the shorter attP sites. Furthermore, some integrases act autonomously
while some require other phage proteins and/or bacterially encoded host factors (Groth &
Calos, 2004).

Phage integrases can be exploited to introduce fully functional genes. In S. coelicolor, there is
an attB site within SC04848, which can be utilised by the integration vector pMS82. This
plasmid contains an attP site and a phage integrase, and thus will be integrated into SCO4848
on the chromosome (Gregory et al., 2003). It is then possible to introduce other genes into

pMS82 to allow complementation.
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Fig4-3. Integration and excision genetic events mediated by phage integrases. The blue
represents the attP site, red attB site, the green the phage genome, the black square the hybrid
attL site and the orange square the hybrid attR site. Reproduced from (Groth & Calos, 2004).

4.1.4. Aims and goals

Determining whether a gene is essential is the first step in elucidating the function of a gene.
Gene disruption is a quick method of establishing this, while gene deletion offers a more
thorough option. The generation of Tn5062 gene disrupted mutants also provides strains with,
depending on the strand where the integration occurred, a gfp-tagged protein under the same
promoter as the disrupted gene. Not all genes contain Tn5062 insertion sites, the retention of
incomplete functionality may also serve to partially mask effects, and polar effects of
downstream genes, thus it is not always practical to rely solely on the Tn5062 insertions. In
this particular case, there are no Tn5062 insertion sites in SCO3608. Therefore, SCO3607 was
disrupted at both StH66.1.A02 and StH66.1.HO3 sites (see Fig4.2), thus allowing insertion on
both strands, while SCO3607 and SCO3608 will be knocked out, both together and separately.
The genes were also complemented to ensure the observed phenotype is due to the disruption

or deletion.

Based on previous disruption and null mutants of flotillin and NfeD experiments in B. subtilis,
SC03607 and SCO3608 Tn5062 and null mutations are predicted to be viable (Donovan &
Bramkamp, 2009, Lopez & Kolter, 2010, Dempwolff et al., 2012). However, S. coelicolor

forms arthrospores while B. subtilis forms endospores, and the spore formation processes are
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very different, so this is not an entirely correct comparison and they may play very different
roles. Disruption and deletion will first help establish whether the genes are essential for
growth, then, if the mutation is viable, if a phenotype becomes evident. The two most common
macroscopic phenotypes for S. coelicolor are bald (bld), due to an inability to form aerial
hyphae, and white (whi), due to an inability to form spores, so whi mutants are predicted due
to the problems with sporulation in B. subtilis following deletion of the flotillin gene (Flardh
& Buttner, 2009, McCormick & Flardh, 2012, Donovan & Bramkamp, 2009).

If Tn5062 and null strains can be generated, they will be complemented and plated out on a
variety of agars. S. coelicolor does not sporulate in liquid culture, so agar was chosen instead
(van Keulen et al., 2003). The agars to be used are SFM, R5, MM, and 3MA (see Table 2-3).
SFM is used to rapidly induce sporulation and is a standard S. coelicolor growth medium, but
it has been known to supress mutant phenotypes (Nodwell et al., 1996). S. coelicolor produces
more antibiotics when grown on R5, and is thus a good agar for visually assaying secondary
metabolite production. Phenotypes observed in response to growth on R5 include reduction of
actinorhodin production in a SCO5812 null mutant (McArthur & Bibb, 2008). Minimal
medium supplemented with mannitol suppresses some bld phenotypes, while glucose
suppresses others (Willey et al., 1991, van Wezel et al., 1997). Poor growth has also been
observed in some mutant strains (Kim et al., 2012). Additionally, if a mutant phenotype was
identified, complementation of wild-type phenotype could be attempted using different carbon

sources or amino acids.

Different concentrations of KCI to assay for phenotypes in reaction to different growth
conditions. S. coelicolor mutant strains have shown phenotypes in response to osmolarity (de
Jongetal., 2012, Bennett et al., 2007, Keijser et al., 2003). Salinity is also as a potential growth
condition due to the induction of the yuaFGI operon of B. subtilis, which is under control of
¢, which is induced by envelope stress, often caused by salt concentrations (Wiegert et al.,
2001, Huang et al., 1999).

In summary, the goals of this Chapter is:

1) To ascertain whether SCO3607 and SCO3608 are essential for viability in S. coelicolor,
both as single and double mutants, through the use of disruption and deletion

mutatations.
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2) To render SCO3607 and SCO3608 non-functional, both as single and double mutants,
through the use of disruption and deletion cassettes so as to be able to investigate any
potential mutant phenotype for information about its role, for example bld or whi
phenotypes.

3) To investigate whether there are conditional mutant phenotypes based on media.

4) To generate strains for further downstream microscopic experiments.
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4.2. Results

4.2.1. Transposon disruption and complementation of SCO3607

To determine whether SCO3607 was an essential gene, SCO3607 would be attempted disrupted
using Tn5062 transposon disruption cassettes. Two cosmids containing S. coelicolor
chromosomal fragments with Tn5062 transposon disruption cassette at two different sites in
SCO3607 were obtained, StH66.1.H03 and StH66.1.A02. The orientation of the S. coelicolor
chromosomal fragments were determined. The cosmids were conjugated into S. coelicolor
M145. Double crossovers had their SCO3607 replaced with a SCO3607 with a Tn5062
transposon disruption cassette and were selected using antibiotic selection. Complemented
strains were also generated for further downstream applications. As Tn5062 transposon
insertion strains were obtained with inserts at both sites, this demonstrates SCO3607 is not an
essential gene when cultured on SFM.

First, the orientation of the S. coelicolor fragments containing Tn5062 transposon disruption
cassettes in SCO3607 in the cosmids, were determined. As the chromosome fragments are blunt
ended when cloned into the vector, two possible orientations are possible (Fernandez-Martinez
et al., 2011). In order to generate accurate maps of the transposed cosmids it was necessary to
determine the orientation that the S. coelicolor genomic fragments were originally cloned into
the Supercos vector (Redenbach et al., 1996). It was found they were of the “B” orientation
(See Fig 4-4).

StH66.1.A02 and StH66.1.H03 were then isolated using a Bioline MiniPrep Kit from the E.
coli JM109 stocks (available from Paul Dyson) containing the cosmids, then transformed into
electro-competent E. coli ET12456/p1J8002, before conjugation into S. coelicolor M145 (See
sections 2.1.8., 2.3.2.,and 2.3.9.). Double crossovers were selected for with antibiotic selection
for both conjugations (Fernandez-Martinez et al., 2011). As a single crossover event would
result in a strain both apr’ and kan', apr’ and kan® colonies were selected for as in described in
section 2.1.8. Several apr" kan® strains were obtained, in addition to one apr" kan' strain. The
apr" kan® strains derived from StH66.1.H03 were named CFW3607A, CFW3607B,
CFW3607C, CFW3607D, CFW3607E, CFW3607F, CFW3607G, CFW3607H, and
CFW36071. CFW3607J contains a single crossover and is thus apr' kan'. The apr' kan® strains
derived from StH66.1.A02 were named CFW3607K, CFW3607L, and CFW3607M (See Table
2-1). PCR was used to verify the Tn5062 disruption cassette had been correctly inserted into
SC03607 in CFW3607A and CFW3607M (See Fig4-6).
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Fig4-4. Gel electrophoresis confirmation of StH66.1.A02 and StH66.1.HO3 orientation. A)
and B) are cosmid maps constructed of the B orientation of StH66.1.A02 and StH66.1.H03.
The Tn5062 insertion is in blue. C) Is the 1% agarose gel electrophorese image of
StH66.1.A02B and StH66.1.H03B digested with Pstl or Sall, with HindIII cut A phage as
standard confirming the orientation. D) is the key for the gel, and contains the different

enzymes and expected fragment sizes.
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To confirm the correct insertion of the Tn5062 transposon disruption cassette into SCO3607 in
CFW3607A and CFW3607M a PCR was performed. Genomic DNA from CFW3607A,
CFW3607M, M145 was then isolated along with StH66.1.C09, StH66.1.H03, and
StH66.1.A02 using a Bioline MiniPrep Kit (See sections 2.3.2. and 2.3.3.). The PCR primers
A02F2, A02R2, HO3F, and HO3R were designed. These were used to amplify specific regions
unique to the different strains and cosmids in combination with the primers EZR1 and EZL2.
The regions amplified and their bands from the different templates are summarised in Fig 4-5
and Fig4-6 (See section 2.3.7. and Table 2-5 for primer sequences). The PCR reactions were
performed using MyTaq while M145, StH66.1.C09, StH66.1.H03, and StH66.1.A02 were used
as templates in the control experiments. Some of the larger PCR reactions did not work, likely
due to the size of the PCR product, but they were attempted. Regardless, the correct insertion
of the Tn5062 transposon disruption cassette into SCO3607 was confirmed.
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Fig4-5. Diagram displaying regions amplified by PCR in confirmation of the disrupted
strains. A) shows which sections would be amplified by PCR using the aforementioned PCR
primers in S. coelicolor M145, StH66.1.C09, and StH66.1.D07. The cosmids have Tn5062
insertions in SCO3609 and SCO3606, respectively, but they do not affect the PCR. Blue arrow
represents the HO3R and HO3F band (1150bp), the green arrow represents the A02F2 and
A02R2 band (1432bp). B) shows which sections are amplified in S. coelicolor CFW3607M
and StH66.1.A02. The blue arrow shows the region amplified using EZL2 and AO2F2
(1302bp), the green arrow shows the region amplified by A02R2 and EZR1 (400bp), and the
red arrow shows the region amplified by A02R2 and A02F2 (4883bp). C) shows the regions
amplified in S. coelicolor CFW3607A and StH66.1.H03. The blue arrow displays the region
amplified by EZR1 and HO3F (968bp), the green arrow displays the region amplified by HO3R
and EZL2 (452bp), and the red arrow displays the region amplified by HO3F and HO3R
(4601bp). The Tn5062 disruption insertion cassette has been inverted in C) to illustrate the HO3

Tn5062 insertion site being on the opposite strand. It has not been drawn to scale.

118



4000
3000

2500
2000

1500
1000

750

4000
3000

2500

2000
1500

1000

750

Well [Template Primers Product size ||Well |Template Primers Product size
1 M145 HO3F+HO3R _ [1150 11 |CFW3607M |A02F2+EZL2 1302
2 M145 HO3F+EZR1 |- 12 |CFW3607M |A02F2+A02R2 |4883
3 M145 HO3R+EZL2 |- 13 [StH66.1.C09|HO3F+HO3R  [1150
4 M145 A02F2+A02R2 [1432 14  [StH66.1. HO3|HO3F+HO3R (4601
5 M145 AO02F2+EZL2 |- 15 |StH66.1.HO3|HO3F+EZR1  |968
6 M145 AO02R2+EZR1 |- 16 |StH66.1.HO3|HO3R+EZL2  |452
7 CFW3607A |HO3F+EZR1  |968 17 |StH66.1.D07|A02F2+A02R2 [1432
8 CFW3607A |HO3R+EZL2 |452 18 |StH66.1.A02|A02F2+A02R2 |4883
9 CFW3607A |HO3F+HO3R 4601 19  |StH66.1.A02|A02F2+EZL2 [400
10 |CFW3607M [A02R2+EZR1 |400 20 |StH66.1.A02|A02R2+EZR1 |1302

Figd-6. PCR confirms CFW3607A and CFW3607M contain the Tn5062 disruptions
cassettes in SCO3607. The relevant PCR product in each experiment is highlighted with a red
box. Some primer dimers and non-specific PCR products are visible.

The generation of a complementation vector is one of way of ensuring the phenotype is due to
the genetic change introduced and not due to an unlinked mutation. Furthermore, the restoration
of wild-type phenotype functions a control for downstream experiments, such as growth on
different types of agar. To this end, a complementation vector, pPCFW104, was generated from
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StH66.1.C09 by subcloning a fragment containing both SCO3607 and SCO3608 into pMS82
(See Fig4-7 and Fig4-11). This was then conjugated into CFW3607A and CFW3607M to
create the complemented strains CFW3607AC and CFW3607MC, respectively.

StH66.1.C09 was isolated from JM109 stocks and its orientation was checked, as was
conducted for StH66.1.A02 and StH66.1.1H03 (see Fig4-4). It was then digested with Bglll
and EcoRI while pUC19 was digested with BamHI and EcoRI. StH66.1.C09 has a Tn5062
transposon insertion cassette in SCO3609, but the fragment does not contain any part of the
Tn5062 transposon insertion cassette. The StH66.1.C09 fragment containing SCO3607 and
SCO3608 was isolated by agarose gel DNA extraction. This was then ligated into the restriction
enzyme digested pUC19 to create pCFW102 (see Fig4-8). Once pCFW102 was constructed, it
and pBGS19 were digested with Xbal and Hindlll. The SCO3607 and SCO3608 fragment from
pCFW102 was isolated by agarose gel DNA extraction and ligated into pBGS19. The new
plasmid was labelled pPCFW103 (See Fig4-9). Again, this was restriction enzyme digested with
Smal, while pMS82 was restriction enzyme digested with EcoRV. The SCO3607 and SCO3608
fragment from pCFW103 was isolated by agarose gel DNA extraction and blunt-end ligated
into pMS82 to make pCFW104 (See Fig 4-10). As this was a blunt-end subcloning the
orientiation of the insert was checked. E. coli DH5a was used to propagate each of these

plasmids. This entire cloning strategy is summarised in Fig4-7.
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Fig4-7. Subcloning strategy flowchart for the generation of a complementation vector for
CFW3607A and CFW3607M. StH66.1.C09 was digested with Bglll and EcoRI and the 5.7kb
fragment containing SCO3607 and SCO3608 was subcloned into pUC19, previously digested
with BamHI and EcoRI to make pCFW102. pCFW102 and pBGS19 were digested with Xbal
and Hindlll and the gene-containing fragment from pCFW102 was subcloned into pBGS19 to
make pCFW103. pCFW103 was further digested with Smal and blunt-end subcloned into
pMS82 to make pCFW104.
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Fig4-8 Confirmation of StH66.1.C09. A) is a cosmid map constructed of the B orientation of
StH66.1.C09. B) Confirmation of the 1% agarose gel electrophorese image of StH66.1.C09
digested with Pstl or Sall, with HindIII cut A phage as standard. C) is the key for the gel, and

contains the different enzymes and expected fragment sizes.
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Fig4-9. Confirmation of pCFW102. A) pCFW102 map was constructed by ligating a Bglll
and EcoRI restriction enzyme digested StH66.1.C09 fragment into BamHI| and EcoRlI

restriction enzyme digested pUC19. The clone contains a functional copy of SCO3607 and

SCO3608. B) Confirmation of the 1% agarose gel electrophorese image of pCFW102 digested
with: Hindlll, EcoRI, HindIII and EcoRI, Xbal, BamHI, and HindIII cut A phage as a standard.

C) is the key for the gel, and contains the different enzymes and expected fragment sizes.
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Fig4-10 Confirmation of pCFW103. A) pCFW103 map was constructed by ligating a Xbal
and Hindlll restriction enzyme digested pCFW102 fragment into Xbal and HindllII restriction
enzyme digested pBGS19. The clone contains a functional copy of SCO3607 and SCO3608.
B) Confirmation of the 1% agarose gel electrophorese image of pCFW102 digested with: Xbal,
HindIII, Xbal and HindIII, Xhol, Xbal and Xhol, and HindIII cut A phage as a standard. C) is
the key for the gel, and contains the different enzymes and expected fragment size
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Fig4-11. Confirmation of pPCFW104 by restriction enzyme digest. A) is the pPCFW104 map,
which was constructed by blunt-end ligating the SCO3607-containing Smal fragment from
pCFW103 into an EcoRV restriction enzyme digested pMS82. B) is the restriction enzyme
digested confirmations run on a gel electrophoresis gel with the relevant bands highlighted.
There are considerable amounts of undigested DNA. Additionally, due to that the samples were
run on a gel with non-relevant samples, these were cut out and account for the slight change in
colour. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.

Once the complementation vector pPCFW104 was generated, it was isolated and conjugated into
S. coelicolor CFW3607A and CFW3607M. The strains were labelled CFW3607AC and
CFW3607MC.
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4.2.2. Screening for morphological phenotypes

To ascertain whether SCO3607 had any macroscopic effects, such as the whi or bld phenotypes
which would suggest SCO3607 plays a role in forming spores or aerial hyphae, respectively,
strains containing disrupted SCO3607 were plated out on several types of media to ensure any
potential mutant phenotype was not supressed by the media (Flardh & Buttner, 2009,
McCormick & Flardh, 2012, Nodwell et al., 1996). To this end, CFW3607A, CFW3607AC,
CFW3607M, CFW3607MC, and M145 were plated out on 3MA, MM, SFM, and R5 media
and incubated at 30° degrees for 6 days. Pictures were taken every 24 hours to assay for any
morphological changes. The results showed no apparent phenotypic changes due to the Tn5062

disruption cassette.
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Fig4-12. Tn5062-disrupted SCO3607 mutants grown on 3MA (above) and MM (below) at
30° for 6 days display no particular phenotype. Number of days grown is indicated in the
top left corner of each picture.

Much less biomass was visible when the strains were grown on 3MA and MM. Little to no
growth was visible after 24 hours. White aerial hyphae were visible on 3MA after 6 days. Small
amounts of undecylprodigiosin, a red antibiotic, were visible after 4 days.
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Fig4-13. Tn5062-disrupted SCO3607 mutants grown on SFM (above) and R5 (below) at
30° for 6 days display no particular phenotype. Number of days grown is indicated in the
top left corner of each picture.

When the strains were grown on SFM, strains grew as vegetative hyphae after 24 hours, aerial
hyphae had formed after 48 hours, visible due to the white pigment. Spores had formed after
72 hours and continued to mature until the end of the experiment, visible due to the grey colour.
Increased antibiotic production was evident in all strains when grown on R5 medium due to
the red and blue pigments, consistent with previous literature (McArthur & Bibb, 2008). These
two pigments, which are red and blue, are undecylprodigiosin and actinorhodin, respectively.
Antibiotic production was visible to a minor degree in all strains after 24 hours, but it did not
fully begin to be produced until 48 hours after inoculation. CFW3607A appeared to possibly
produce less actinorhodin. Aerial hyphae were visible after 72 hours, visible due to the white
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colouring of the culture, and after 96 hours, grey spores were visible and maturation continued

until 6 days after inoculation.

4.2.3. Screening for a morphological phenotype in response to osmotic stress

To investigate the role of SCO3607 in response to osmotic stress, SCO3607A, SCO3607AC,
SCO03607M, SCO3607MC, and M145 were plated out on 3MA containing either 0.1M, 0.2M,
0.3M, 0.4M or 1M KClI to assay for morphological changes. The plates were incubated at 30°C
degrees for 6 days and pictures were taken every 24 hours. No phenotype was apparent,
suggesting that even though FloT of B. subtilis is activated by %, which in turn is activated by
osmotic stress, this is not the case in S. coelicolor (Huang et al., 1999). It does not affect
antibiotic production either as undecylprodigiosin is visible on all plates. There was no

difference in aerial hyphae formation either.
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Fig4-14. Tn5062-disrupted SCO3607 mutants grown on 3MA with 0.1M (above), 0.2M
(middle) and 0.3M KCI (below) at 30°for 6 days display no particular phenotype. Number

of days grown is indicated in the top left corner of each picture.

130



Key | Strain
A M145

B CFW36078

C CFW36075C

D CFW36085

E CFW36085C

F CFW3607/85

G CFW3607/85C

Fig4-15. Tn5062-disrupted SCO3607 mutants grown on 3MA with 0.4M (above) and 1M
(below) KCI at 30° for 6 days display no particular phenotype. Number of days grown is
indicated in the top left corner of each picture. There was no obvious phenotype for any of the
Tn5062 disruption strains, regardless of time and osmotic stress.
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On all plates undecylprodigiosin production was visible after 2 days, with the strongest
production was visible on the 0.2M KCI plate. White aerial hyphae were visible after 3 days
on the 0.1M KCI plate, but not on the other plates.

4.2.4. Construction of SCO3607 and SCO3608 null strains

To gain further insight into the macroscopic effects of SCO3607 and begin the investigation of
the role of SCO3608, three null strains were constructed using PCR targeted mutagenesis (See
Fig4-3). Three cosmids were constructed from StH66; StH66C3, StH66C4 and StH66C5.
StH66C3 lacked SCO3607, StH66C4 lacked SCO3608, and StH66C5 lacked SCO3607 and
SCO3608. These were then conjugated into S. coelicolor M145 and double crossovers were
selected; CFW36078, CFW36085, and CFW3607/83, which lacked SCO3607, SCO3608, and
both SCO3607 and SCO3608, respectively. The strains were confirmed by PCR (See Fig4-21
and Fig4-22). The previously constructed complementation vector pCFW104 (See Fig4-10)
was conjugated into CFW36076, CFW36085, and CFW3607/83 to generate the complemented
strains CFW36076C, CFW360856C, and CFW3607/85C, respectively. That it was possible to
make null mutants of SCO3607, SCO3608, SCO3607 and SCO3608 demonstrated neither gene
is essential, alone or together.

Long PCR primers were designed (See Materials and Methods), with 39 nucleotides at the 5’
end of the primer identical to the flanking region of the gene to be deleted and 19 or 20
nucleotides at the 3’ end matching the left or right end of the disruption cassette to be inserted
(See Table 2-5). The primers used to perform the PCR were SCO3607DELF and
SCO3607DELR for SCO3607, SCO3608DELF and SCO3608DELR for SC0O3608, and
SCO3608DELF and SCO3607DELR for the double knockout cosmid (See Fig4-16). plJ790
was used as a template and the PCR product was purified.
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1)

SCO3608DELF SCO3607DELF
INNN-ATG-NNN [NNN=ATG-NNN
SCO3608 SCO3607
NNN-TCA=NNN! NNN-TCA=NNN'
SCO3608DELR SCO3607DELR
2)
SCO3607DELF and SCO3608DELF
NNN=ATG-NNN

FRT cat oriT FRT

NNN-TCA=NNN!
SCO3607DELR and SCO3608DELR

Fig4-16. Diagram describing the sequences amplified by PCR and where the flanking
regions are on the primers. The 39 nucleotide 5° end of the primer that matches the flanks of
the sequence to be deleted is highlighted in blue on each primer, while the 19 and 20 nucleotide
3’ ends of the primers are highlighted in green on each primer. SCO3607 and SCO3608 are
highlighted with orange, as is the antibiotic resistance cassette. 1) shows where the 39’ 5 end
of the primer anneals on the chromo and 2) shows where it anneals on plJ790. When plJ790
then is used to amplify the cassette, the ends of the PCR product will match the flanking regions
of the gene(s) to be deleted, allowing for the double crossover event switching out the gene

with the antibiotic resistance cassette.

The purified PCR products were then transformed into E. coli BW25113/plJ790/StH66 as per
the PCR targeted mutagenesis protocol (See Materials and Methods) and double crossovers
were selected for with chloramphenicol, kanamycin, and apramycin. The temperature-sensitive
recombination plasmid plJ790 was deliberately lost to allow for this selection. The three new
StH66 derived cosmids were labelled StH66C3, StH66C4, and StH66C5, which lacked
SC03607, SCO3608, and both, respectively, and stored in E. coli DH5a. The cosmids were
then confirmed by restriction enzyme digest and gel electrophoresis (See Figs4-18-20).
StH66C3, StH66C4, and StH66C5 were then transformed into E. coli ET12567/pUZ8002 and
conjugated in S. coelicolor M145. Double crossover strains would be chlr', kan® and colonies
were screened for this. The new strains were named CFW36076, CFW36086, and
CFW3607/85, which lacked SCO3607, SCO3608, and both, respectively. These were then
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confirmed by PCR (See Fig4-21). All three strains were then complemented with pCFW104

by conjugating the plasmid into the strains.

A) B)
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Sall++ ’ 5077

Xhol A" scoseor EeoRV++

g 4749
2443/2556

) 2838
o 2140

1986

Well | Restriction Fragment size 1700

enzymes
1 Pstl 18397, 10356, 8299, 1159
2022, 1816, 1017, 399, 1093
40
2 Sall 7043, 4376, 3695, 3571, | 805

3175, 2852, 2547, 2116,
2047, 1730, 1545, 1502,
1465, 1348, 1324, 1162,
986, 908, 772, 757, 614,
540, 521, 501, 449, 387,
282, 214, 190 153, 153,
120, 98, 81, 67, 57, 41

Fig4-17. Confirmation of StH66. A) StH66 cosmid map. The cosmid contains a functional
copy of SCO3607 and SCO3608. B) Confirmation of the 1% agarose gel electrophorese image
of StH66 digested with: Pstl and Sall, and PstI cut A phage as a standard. C) is the key for the
gel, and contains the different enzymes and expected fragment sizes.
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B)

APstl 1 2

11501

Fig4-18. Confirmation of StH66C3. A) StH66C3 cosmid map. The cosmid contains a
functional copy of SCO3608, but SCO3607 is not present. B) Confirmation of the 1% agarose

gel electrophorese image of StH66C3 digested with: Pstl and Sall, and Pstl cut A phage as a

standard. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.
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Fig4-19. Confirmation of StH66C4. A) StH66C4 cosmid map. The cosmid contains a
functional copy of SCO3608, but SCO3607 is not present. B) Confirmation of the 1% agarose
gel electrophorese image of StH66C4 digested with: Pstl and Sall, and Pstl cut A phage as a
standard. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.
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564

Fig4-20. Confirmation of StH66C5. A) StH66C5 cosmid map. The cosmid contains neither
a functional copy of SCO3608 or SCO3607 is not present. B) Confirmation of the 1% agarose
gel electrophorese image of StH66CS5 digested with: Pstl and Sall, and HindIII cut A phage as
a standard. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.
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Fig4-21. Diagram displaying regions amplified by PCR in confirmation of the deletion
strains. The blue arrow represents the SCO3607AF and SCO3607AR band (1469bp), the green
arrow represents the A02F2 and A02R2 band (509bp), and the red arrow displays the region
amplified by SCO3607AR and SCO3608AF (2073bp). The regions amplified have been

labelled on the strains where it will be amplified. It has not been drawn to scale
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Well | Template Primers Product size
1 CFW36073 SCO3607AF + SCOF3607AR | -

2 CFW36083 SCO3607AF + SCOF3607AR | 1469
3 CFW3607/086 | SCO3607AF + SCOF3607AR | -

4 M145 SCO3607AF + SCOF3607AR | 1469
5 CFW36073 SCO3608AF + SCOF3608AR | 509
6 CFW36083 SCO3608AF + SCOF3608AR | -

7 CFW3607/085 | SCO3608AF + SCOF3608AR | -

8 M145 SCO3608AF + SCOF3608AR | 509
9 CFW36073 SCO3608AF + SCOF3607AR | -

10 CFW36083 SCO3608AF + SCOF3607AR | -

11 CFW3607/085 | SCO3608AF + SCOF3607AR | -

12 M145 SCO3608AF + SCOF3607AR | 2073

Fig4-22. PCR confirmation gel of knockout strains. The primers use stretches inside the
gene rather than outside. It was not possible to get both genes amplified with the primers, but
the presence and/or absence of the other products confirm it regardless. Some primer dimers

and non-specific bands are visible.
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4.2.5. Screening for morphological phenotypes

To ascertain whether the absence of SCO3607 and SCO3608 had any macroscopic effects,
such as the whi or bld phenotypes which would suggest SCO3607 or SCO3608 plays a role in
forming spores or aerial hyphae, respectively, strains lacking SCO3607, SCO3608, or both
were plated out on several types of media to ensure any potential mutant phenotype was not
supressed by the media (Flardh & Buttner, 2009, McCormick & Flardh, 2012, Nodwell et al.,
1996). To this end, CFW360756, CFW36076C, CFW36085, CFW36085C, CFW3607/85,
CFW3607/85C, and M 145 were plated out on 3MA, MM, SFM, and R5 media and incubated
at 30° degrees for 6 days. Pictures were taken every 24 hours to assay for any morphological
changes. Similar to the results in section 4.2.2., the results showed no major phenotype, though

it appeared all the complemented null mutants produced slightly less undecylprodigiosin.

140



Strain
M145

CFW36078

CFW36075C

CFW36085

CFW36085C

CFW3607/85

CFW3607/85C

Fig4-23. SCO3607 deletions mutants grown on 3MA (above) and MM (below) at 30° for 6
days display no particular phenotype. Number of days grown is indicated in the top left

corner of each picture.

Much less biomass was visible when the strains were grown on 3MA and MM. Little to no
growth was visible after 24 hours. Small amounts of undecylprodigiosin were visible after 6
days in cultures on 3MA agar. However, when grown on MM, slightly less undecylprodigiosin
was visible for the mutant strains, including the complemented strains, after 6 days when

compared to wild-type
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Key | Strain

A M145

B CFW36078

C CFW36075C

D CFW36085

E CFW36085C

F CFW3607/85

G CFW3607/85C

Fig4-24. SCO3607 deletions mutants grown on SFM (above) and R5 (below) at 30° for 6
days display no particular phenotype. Number of days grown is indicated in the top left
corner of each picture.

When the strains were grown on SFM, strains grew as vegetative hyphae after 24 hours, aerial
hyphae had formed after 48 hours, visible due to the white pigment. Spores began forming after
72 hours and continued to mature until the end of the experiment, visible due to the grey colour.

Antibiotic production was visible to a minor degree in all strains grown on R5 after 24 hours,
but it did not fully begin to be produced until 48 hours after inoculation. All complemented
mutant strains appeared to produce slightly less undecylprodigiosin when compared to wild-
type and the complemented strains. Aerial hyphae were visible after 72 hours, but it appeared
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to possibly be slightly delayed in CFW36075C and CFW360835C. Sporulation began after 4
days.

4.2.6. Screening for morphological phenotypes in response to osmotic stress

To investigate the role of SCO3607 and SCO3608 in response to osmotic stress, CFW36070,
CFW36076C, CFW360835, CFW36085C, CFW3607/85, CFW3607/83C, and M145 were
plated out on 3MA containing either 0.1M, 0.2M, 0.3M, 0.4M or 1M KCI to assay for
morphological changes. The plates were incubated at 30°C degrees for 6 days and pictures were
taken every 24 hours. No phenotype was apparent, suggesting that even though FloT of B.
subtilis is activated by ¢ which in turn is activated by osmotic stress, this is not the case in S.
coelicolor (Huang et al., 1999).
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Key | Strain

A M145

B CFW36078

C CFW36075C

D CFW36085

E CFW36085C

F CFW3607/85

G CFW3607/85C

Fig4-25. SCO3607 deletions mutants grown on 3MA containing 0.1M KCI (above), 0.2M
KCI (middle), and 0.3M KCI (below) at 30° for 6 days display no particular phenotype.

Number of days grown is indicated in the top left corner of each picture.

144



Key | Strain
A M145

B CFW36078

C CFW36075C

D CFW36085

E CFW36085C

F CFW3607/85

G CFW3607/85C

Fig4-26. SCO3607 deletions mutants grown on 3MA containing 0.4M KCI (above) and
1M KCI (below) at 30° for 6 days display no particular phenotype. Number of days grown
is indicated in the top left corner of each picture.

Undecylprodigiosin production became weaker the higher the KCI molarity rose, but stronger
depending on time since inoculation. White aerial hyphae began to from after 4 days on all
plates. No difference in phenotype was identified.
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4.3.1. Discussion
The goals of these experiments were to elucidate whether SCO3607 and SCO3608 were

essential genes and determine any phenotypic morphological effects following disruption and
deletions. As it was possible to knock out both SCO3607 and SCO3608, both separately and
together, and also disrupt SCO3607, which demonstrates that both genes are non-essential.
CFW36075, CFW36085, CFW3607/85, which lack SCO3607, SCO3608, and both,
respectively, in addition to CFW3607A and CFW3607M, which contained a Tn5062 disruption
cassette in SCO3607, were screened for morphological effects on various agars with different

concentrations of KCI.

The strains exhibited almost no differences when grown on 3MA, MM, R5 or SFM.
CFW3607A may be producing slightly less actinorhodin on R5. All complemented null mutant
strains possibly produced slightly less undecylprodigiosin and aerial hyphae may be slightly
delayed in CFW36075C and CFW360835C. All of these phenotypes were considered to be so

minor they were likely due to inoculum amount.

B. subtilis suffered a delayed sporulation phenotype and spore viability issues when its flotillin
was disrupted, this was of some interest, as the results show the S. coelicolor homologue does
not affect this (Donovan & Bramkamp, 2009). However, a later paper was not able to replicate
this. Indeed, no phenotype was observed in a B. subtilis floT knockout other than lower motility,
which would not affect S. coelicolor though potentially it may have had other effects., and a
change in flotillin-associated NfeD localisation from colocalisation with flotillin to dispersion
throughout the membrane (Dempwolff et al., 2012). Additionally, as S. coeliolor and B. subtilis
form two different kinds of spores, arthrospores and endospores, respectively, a mutant
phenotype related to spores was not expected. Thus, the lack of a phenotype from the
generation of a Tn5062 disruption mutant or a null mutant was not unexpected. Additionally,
the deletion of either full-length nfeD or flotillin-associated nfeD did not affect the macroscopic

phenotype of B. subtilis.

While no meaningful phenotype was observed in a floT or nfeD knockout in B. subtilis, this
was not the case in B. subtilis when both floA and floT were deleted, and a floT floA double
knockout strain suffered severe morphological defects in sporulation, spore viability, gene
transfer, and biofilm formation (Dempwolff et al., 2012, Lopez & Kolter, 2010). While some
previous papers claim floA and floT are related, this does not appear to be the case as almost
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no sequence similarity exists and floA appears to be more similar to a seryl-tRNA-synthase
(Donovan & Bramkamp, 2009, Lopez & Kolter, 2010).

While the localisation pattern of the flotillin-associated NfeD was dependent on FloT, YqgeZ,
the FloA-associated NfeD, localised independently of both FloA and FloT in B. subtilis
(Dempwolff et al., 2012). While there are no additional nfed-like genes present in the S.
coelicolor genome, scy bears a high genetic resemblance to FIoT. Scy is a cystoskeletal protein
which forms a multi-protein complex with FilP and DivIVA, and interacts with ParA, thus it is
involved in both cell polarity and chromosome segregation. However, though both FilP and
DivIVA are essential, Scy is not an essential protein, but a null mutant suffered irregular
branching, hyphae and spores, in addition to uneven DNA distribution (Ditkowski et al., 2013,
Holmes et al., 2013). A double knockout of scy and SCO3607 may provide a phenotype more
similar to what has been observed in B. subtilis, especially as the phenotype associated with
Ascy mimicked that of a double floA/floT knockout in B. subtilis. (Dempwolff et al., 2012).
However, it cannot be discounted that one of the stomatins of S. coelicolor does not partially

compensate for the loss of SCO3607 though very unlikely.

When seen in relation to the dn/ds ratio (See Table 3-3) it shows the purifying pressure is on
SCO3607 and SCO3608 to retain their residues for protein functionality and not for cell
viability. Itis not likely that there are any proteins that compensate for the loss of either protein,
as there are no other NfeD proteins in the genome, and the three other SPFH proteins are

stomatins and thus likely perform different roles.

However, there was no macroscopic phenotype in response osmolarity, which suggests a

slightly different role for NfeD and flotillin in S. coelicolor.

Though there was no macroscopic phenotype in response to osmolarity, it is worthwhile to
investigate potential similarities and differences and how they compare between S. coelicolor
and B. subtilis in relation to flotillins and NfeD. In B. subtilis, alkaline shock, pH, and toxic
peptides induce ¢", which in turn switches on expression of floT and its neighbouring yuaF,
suggesting a role in the cell envelope stress response, and in a sigW mutant transcription of
yuaFGI was downregulated (Wiegert et al., 2001, Zweers et al., 2012). ¢, a o-factor involved
in secondary metabolism and cell wall responses to antibiotic stress, is the o-factor closest to
o in S. coelicolor (Paget et al., 1999, Santos-Beneit et al., 2014).
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Another possibility is the alternative stress response o-factor ¢™, whose disruption affects
growth in high ionic-strength condition and sporulation (Sevcikova et al., 2001). ssgB and the
glutamate synthase gltB are two genes under control of ¢ (Kormanec & Sevcikova, 2002a,
Kormanec & Sevcikova, 2002b). The gene encoding ¢, sigH, is located in an operon encoding
two other proteins, UshY and UshX, the latter which is a 6" anti-o-factor which binds o"
(Sevcikova & Kormanec, 2002). ushX is immediately upstream of sigH, and ushY is again
upstream of ushX. Upstream of ushY is the constitutive promoter sigH-P1, but three other
promoters, sigH-P2, sigH-P3, sigH-P4 are upstream of ushX. sigH-P2 is a ¢ promoter, similar
to an o° promoter, induced by salt stress, and sigH-P3 is a BIdD promoter induced by heat-
shock (Kormanec et al., 2000, Kelemen et al., 2001). This suggests a dual role for ¢! in
development and stress response. However, an c"'-P2 promoter is not found upstream of either
SCO3607 or SCO3608 (Buttner et al., 1988, Lonetto et al., 1994). Furthermore, the S.
coelicolor o-factor c", though the S. coelicolor c-factor most similar to ¢%, is more closely
related to the B. subtilis o-factor o (Paget et al., 1999). It is worth bearing in mind there is

overlap between ¢ and ¢V promoters (Huang et al., 1998).

In disrupted floT mutants in B. subtilis, one of the phenotypes observed was inefficient
activation of 6F and cells with prespore compartments at both poles were observed, which are
normally only seen in 65 mutants (Donovan & Bramkamp, 2009). This suggests there may be

o-factors involved further into the growth cycle in S. coelicolor.

A different type of stress, such as detergents or toxic peptides, might result in a different
phenotype. The o-factors involved in the osmotic stress response in S. coelicolor are also
involved in sporulation, and it would thus be interesting to see if any of these control expression
of the two genes in question. This kind of conditional bld and whi phenotypes are not
uncommon, and have also been supressed by media (Kelemen et al., 2001, Lee et al., 2005,
Ditkowski et al., 2013). However, this is not likely, as the phenotypic tests were rigorous

enough to ensure that mutant phenotypes were not easily missed.

4.3.2. Conclusion

SCO3607 and SCO3608 were both knocked out and complemented, and the former was
disrupted at two different sites and complemented. This confirms they are not essential for
viability. No phenotype was observed on any media nor in response to salt concentrations
which had induced floT and yuaF expression in B. subtilis (Wiegert et al., 2001). This might
be due to redundancy from other proteins, though this is unlikely due to the highly conserved
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nature of the proteins hinting at high amino acid similarity required for function. Additionally,
there are no genes of very high similarity, though scy is somewhat similar to SCO3608.
However, this was also the case for floT and yuaF knockout mutants in B. subtilis (Dempwolff
et al., 2012). Alternatively, it can be a conditional mutation and require other experiments to
elucidate. Assaying spore viability and their heat resistance, growth in liquid culture, in

addition to assaying secondary metabolite production are all potential experiments.

Other experiments that could be performed would be to assay for the absence of other proteins
involved in signalling, molecule trafficking, or protein secretion by western blotting in the
DRM in a SCO3607 and SCO3608 null mutant. Furthermore, RT-PCR experiments could
potentially reveal the exact time of induction of SCO3607 and SCO3608.
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5. Microscopic analysis of SC0O3607 and SCO3608 mutants in

branch and cross-wall formation

5.1.1. Introduction

Fluorescence microscopy is one of the most commonly used methods for investigating and
quantifying morphological changes in bacteria. Proteins can be fused translationally with
fluorophores such as the red mCherry or the green GFP, membranes and specific lipids can be
stained with the orange NAO. Propidium iodide (PI) is a frequently used DNA dye, and the
green wheat germ agglutinin (WGA) and fluorescent antibiotic derivatives are used to dye cell
walls (Pogliano et al., 1995, Daniel & Errington, 2003, Mileykovskaya & Dowhan, 2000,
Shaner et al., 2004, Phillips, 2001, Suzuki et al., 1997, Schwedock et al., 1997). More complex
staining methods include Forster resonance energy transfer (FRET) combined with
fluorescence lifetime imaging microscopy (FLIM), which the measures the distance between
two fluorophores, and immunofluorescence microscopy, which uses fluorophore-tagged
antibodies (Alexeeva et al., 2010, Buddelmeijer et al., 1998, Willemse et al., 2011).

Performing time-lapse microscopy on streptomycetes is more challenging than performing it
on other bacteria due to the streptomycetes’ aerobic lifestyle and morphology. The morphology
of S. coelicolor thus leads to problems growing the organism between a microscope slide and
a microscope slip and hyphae readily growing out of focus at 100x magnification. This makes
the use of time-lapse fluorescence microscopy harder, but it has still been used to investigate
the growth and sporulation of S. coelicolor (Jyothikumar et al., 2008). Due to these issues,
static images are easier to achieve, and fluorescence microscopy in a variety of forms is widely

used in S. coelicolor.

Prodigiosin and similar autofluorescing molecules have been used in confocal microscopy to
monitor initiation of secondary metabolism (Tenconi et al., 2013). A combination of the two
fluorophores mCherry and GFP were used in investigating conjugation taking place in the
lateral cell walls in S. lividans (Thoma et al., 2016). mCherry has been used as a reporter for
WhiH and was used in elucidating the localisation of the lipoprotein SspA to the septum, but
the most commonly used fluorophore is GFP (Persson et al., 2013, Tzanis et al., 2014). The
GFP-tag has been used to reveal FtsZ dynamics and localisation, Tat pathway components,
expression patterns of the undecylprodigiosin regulator RedD, the spore maturation sigma

factor o, and two HU proteins to mention a few (Willemse et al., 2012, Sun et al., 1999,
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Salerno et al., 2009). The FtsZ dynamics were also studied with immunofluorescence
(Grantcharova et al., 2005). Fluorescence microscopy has also been used to elucidate the lack
of ordered chromosome segregation in ssgB null mutants by using Pl and Syto-82 Orange,
which stains the membrane (Xu et al., 2009). Fluorescent vancomycin derivatives to

demonstrate S. coelicolor incorporates peptidoglycan at the cell tip (Daniel & Errington, 2003).

The use of wheat germ agglutinin (WGA) to stain N-acetylglucosamine and N-acetylmuramic
acid in cell wall and septa was originally done in B. subtilis, but was later adapted for use in S.
coelicolor (Pogliano et al., 1995). Combined with PI, it allows for visualisation of the two main
cell components in bacteria. This method, the Schwedock stain, has previously been used in
concert with immunofluorescence microscopy in S. coelicolor, which demonstrated the ladder-
like structural arrays of FtsZ (Schwedock et al., 1997). FtsZ has also been used in concert with
fluorophore; foci of pre-Z-ring FtsZ in the septa was discovered using a GFP tag in combination
with a Schwedock stain (Willemse & van Wezel, 2009). Pl and SYTO9, a green DNA-binding
fluorophore, have also been used to determine whether S. coelicolor spores are dead or alive
(Ladwig et al., 2015).

5.1.2. Fluorescence analysis of flotillin and NfeD

YuaG/FloT, YuaF/NfeD, and other related proteins have previously been studied using
fluorescence microscopy in B. subtilis. As a note on nomenclature, FIoA/YQqfA has erroneously
been annotated as a flotillin-like protein, but it is adjacent to an NfeD protein containing the
signature serine protease domain of a full-length NfeD (see section 1.2.6). YuaG will be
referred to as FloT, while YgfA will be referred to as FIoA. Their associated NfeD proteins

will be referred to as YuaF and YqeZ, respectivelly (Dempwolff et al., 2012).

The first FloT fluorescence experiments found FIoT-GFP to localise in a punctate pattern in
the cell membrane. A FloT-YFP (Yellow fluorescent protein) fusions was also created, as both
previously constructed strains had their FloT-fluorophore artificially induces by xylose. When
placed under the native promotor, only a few foci were visible during the exponential phase,
but a large increase in foci occurred during the stationary phase. Time-lapse microscopy
demonstrated that these foci reorganised dynamically. Co-localisation with CL in B. subtilis
was studied using NAO and a FloT-YFP fusion protein. Almost all CL localises to the pre-
spore compartment during sporulation, but the FloT-YFP fusion, and FloT-GFP fusion when
repeated, localised to the cell membrane of the mother cell. Strains were constructed with GFP
with o and o-controlled promoters and loss of YuaG lead in both cases to a decrease in GFP
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expression. o -driven GFP expression occurred only in the prespore compartment, while -
driven GFP expression only occurred in the mother cell. When combined with the FloT
disruption mutant it lead to a decrease in GFP expression, demonstrating the asymmetric
septum is not as efficient at separating the two compartments (Donovan & Bramkamp, 2009).

In another experiment in B. subtilis, KinC was translationally fused to YFP, and YFP
monoclonal antibodies only bound to components of the DRM fraction, but were absent in a
yisP null mutant. YisP is a squalene synthase (see section 1.2.6). As FIloT is co-isolated with
the DRM fraction, the authors repeated and confirmed the previous localisation experiments,
in addition to revealing that there are on average 6 FIoT-YFP loci in the bacterial membrane.
When YisP was inhibited by zaragozic acid, these loci were abolished and FIoT-YFP no longer
localised to the membrane. FIoA-CFP (Cyan fluorescent protein) and FloT-YFP translational

fusions were found to co-localise (Lopez & Kolter, 2010).

However, later experiments using total internal reflection fluorescence microscopy could not
repeat the co-localisation of FIoA and FloT, and that the deletion of one did not alter the
patterns of localisation of the other. It was also found that localisation patterns of FloA-YFP
were different when cultured in rich or poor media, with 10 and more foci in poor media. This
was also the same for FIoT-YFP, but to a more limited extent. Truncated YFP versions of FloT
were constructed, lacking either the C-terminal domain or the C-terminal and the flotillin
domain. The localisation pattern changed only in the mutant lacking both domains and was
uniformly distributed throughout the membrane. Two other variants were then generated: FloT
lacking the flotillin domain in a floA null mutant background and a FloA lacking its supposed
flotillin domain in a floT null mutant background. This abolished the dynamic foci and a double
knockout phenotype was observed (Dempwolff et al., 2012).

A YFP translation fusion of the NfeD associated with FIoT showed the same expression and
localisation patterns as FloT, with an increase in dynamic membrane foci during the stationary
phase and a decrease on rich media. A FIoT-CFP and NfeD-YFP mutant with the FloT-CFP
under a xylose-inducible loci and the NfeD translational fusion under the native promoter
showed a 90% co-localisation frequency. However, FIOT-CFP in an yuaF null mutant
background formed more dynamic foci, but when done with the YuaF-YFP mutant in a floT
null mutant, the YuaF-YFP was now spread evenly throughout the cell membrane instead of
localising in a punctate pattern, suggesting FIoT recruits YuaF to the membrane. The
localisation pattern of FIoA-YFP was unaffected in a ygeZ null background. When ygeZ was
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translationally fused with YFP it showed a membrane pattern different from the FloA, FloT,
and YuaF punctate patterns and formed patches throughout the cell membrane. Additionally,
YqeZ-YFP was found to localise to all completed septa, whereas FloT and FIoA were only
found there occasionally. The deletion of floA, floT, or ygeZ did not affect the localisation of
any other the localisation of the proteins encoded by any other genes, and the deletion of yuaF
did not affect the localisation of FIoA (Dempwolff et al., 2012).

FIoT-YFP was also expressed in S2 cells from Drosophila flies, where it accumulated in the
cell membrane in its normal punctate manner, showing it does not need any of the other proteins
for its localisation, and FIoA-CFP and FloT-YFP did not show co-localisation and often
accumulated separately in the cell membrane (Dempwolff et al., 2012). Fluorescence
microscopy has also been used to on mammalian flotillin. To mention a few, a digoxigenin-
labelled cRNA probe was used to demonstrate transcription in rat ganglion cells and
immunofluorescence was used to elucidate the localisation pattern, and GFP-tagged flotillin
was discovered to display a polar pattern in cell membrane distribution (Lang et al., 1998,
Rajendran et al., 2009, Rajendran et al., 2003).

In previously constructed disrupted floT mutants in B. subtilis, sporulation was delayed in
addition to the production of alkaline phosphatase. The delay in sporulation was caused by a
delay in formation of the asymmetric septum and by the formation of an inefficient asymmetric
septum. This is turn lead to a delay and inefficient activation of 6F in a floT mutant. This again
delayed spolVA transcription due to being transcribed from a cE-dependent promoter, which
lead to the delay in sporulation. There was also an increase in cells with prespore compartments
at both cell poles. The disporic cell phenotype is normally only observed in 65 mutants.
Furthermore, heat-resistant spores suffered a 66% drop in spore viability (Donovan &
Bramkamp, 2009).

The issues with the asymmetric septum formation may be due to the delocalisation of the
protease FtsH, and fluorescence microscopy demonstrated some colocalisation and his-tagging
experiments demonstrated binding. Fluorescence microscopy revealed FtsH-RFP (red
fluorescence protein), FIoT-YFP, and YgfA-GFP localised to the division septa, and his-tagged
YQfA and FloT were eluted alongside FtsH. It was noted that HfIC and HfIK are required for
oligomerisation of FtsH in E. coli, and as B. subtilis lacks HfIC and HfIK, it is tempting to
suggest that FloT and FloA, of which the former belongs to the SPFH family, might be perform
a similar function in FtsH oligomerisation (Yepes et al., 2012).
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Later experiments with a floT and floA null mutant in B. subtilis abolished KinC-dependent
biofilm formation, in addition to causing the absence of several proteins from the DRM (Lopez
& Kolter, 2010). Another study failed to replicate the delayed sporulation phenotype observed
in B. subtilis with a disrupted floT in a null mutant background. The motility of a floT null
mutant suffered slightly, whilst the deletion of yuaF showed no apparent phenotype. A floT
floA null mutant grew slowly, grew as single and curved cells of different sizes instead of
growing as straight chains, and gene transfer machinery was misplaced, leading impaired gene
transfer, and motility was impaired. No particular phenotype was observed for a yqfB floT
double mutant (Dempwolff et al., 2012).

Many other developmental mutant phenotypes have been observed in S. coelicolor, with the
foremost being those resulting from mutations to bld, whi, chp, and ram genes (see section
1.3.3.). Microscopy has been used to investigate phenotypes on a cellular level. A parA null
mutant did not result in any change to vegetatively growing hyphae, but aerial hyphae had
severe septal and chromosome segregation alterations (Jakimowicz et al., 2007). A crp null
mutant resulted in delayed germination and bigger spores, due to a doubling of the cell wall
width, which is probably the reason for the delayed germination (Piette et al., 2005). The spores
of an sspA null mutant were longer and more square when grown on minimal media

supplemented with mannitol, suggesting immature spores (Tzanis et al., 2014).

5.1.3. Aims and Goals

As no macroscopic phenotype was evident when CFW36075, CFW36085, CFW3607/89,
CFW3607A, or CFW3607M were grown under a variety of growth conditions (see Chapter 4),
assaying for microscopic changes became the next step. As earlier experiments with flotillin
and NfeD in B. subtilis showed issues with asymmetric septum formation, this served as a
rationale to investigate cross-wall formation in S. coelicolor (Dempwolff et al., 2012).
However, B. subtilis and S. coelicolor form different spores, as the former forms endospores
while the latter forms arthrospores. This compounds predicting phenotypes, but from the
phenotypes observed in B. subtilis, several assumptions can be made. A SCO3608 mutant is
not likely to have as severe an impact as a SCO3607 mutant, due to the high similarities
between the S. coelicolor genes and B. subtilis genes, the localisation of YuaF was affected in
a floT mutant but not vice versa, and a yuaF mutants did not display a phenotype in B. subtilis
(Dempwolff et al., 2012, Donovan & Bramkamp, 2009). Thus a SCO3608 phenotype is likely

to be mild as the only serious phenotypes were in response to a double knockout strain lacking
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floT and floA. As the main expression of YuaF and FloT occurred in the stationary stage and
the effects deletions and disruptions have had on cell morphology and sporulation, an
involvement in the later stages of the life cycle is likely. Additionally, as there is no FIoA
equivalent in S. coelicolor, there is no other known gene which deletion would cause such a
severe phenotype as seen in B. subtilis. As inefficient septum formation during sporulation was
the main driver behind the more severe phenotype, in addition to diasporic cells, and the sspA
mutant which had aberrant spores similar to a floT disruption mutant, suggested measuring
cross-wall to cross-wall and tip to cross-wall distances were good tests to ascertain any issues
with septum and spore formation (Dempwolff et al., 2012, Donovan & Bramkamp, 2009,
Tzanis et al., 2014).

Other potentially related phenotypes observed in B. subtilis were several proteins going missing
from the DRM, delocalisation of YuaF, and cell polarity issues resulting in aberrant diasporic
spores (Dempwolff et al., 2012, Lopez & Kolter, 2010). Extrapolating from this, it is possible
FloT may be responsible or related to the localisation of DivIVA in lieu of the growing amount
of evidence that it localises to regions of negative curvature, which can be caused by e. g. CL
(see 1.1.2.1.). As DivIVA is found at growing tips, it is possible that FIoT is somehow involved
the S. coelicolor polarisome (Multiprotein complexes involved in cell polarity), which would
potentially result in changes in hyphal branching (Flardh et al., 2012). To measure changes
related to polarisome localisation, measuring branch to branch and tip to branch distances were

deemed suitable measurements.
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Fig5-1. Microscopic measurements performed on the different S. coelicolor strains. S.
coelicolor is in green and its cell walls are in yellow. Red arrows signify the measurement
being performed. A) is the tip to branch measurement, B) is the tip to cell wall measurement,

C) is the cell wall to cell wall measurement, and D) is the branch to branch measurement.

As the aim was to elucidate what microscopic changes had occurred in cross-wall and branch
formation, this was investigated in vegetative hyphae, aerial hyphae, and spores by culturing
the bacteria on SFM agar and taking samples after 24, 48, and 72 hours. A Schwedock stain
was used to visualise the different compartments. In summary, the measurements performed
were the distance from branch to branch, tip to branch, cross-wall to cross-wall, and tip to
cross-wall (see Fig5-1). The data from these measurements was expressed as a histogram of
the distribution. Including both disrupted and null mutants was also of interest, as there are
phenotypical differences between these in B. subtilis (Dempwolff et al., 2012, Donovan &
Bramkamp, 2009).

Based on what was observed in B. subtilis and Chapter 5, a severe phenotype was not expected
for any of the strains, as S. coelicolor lacked a FIoA homologue. However, changes to cross-
wall to cross-wall and tip to cross-wall distances were likely, both from interference with
septum formation which would potentially result in missing septa, resulting in a longer cell-
wall to cell-wall distance after 72 hours. This could be compounded by changes to the
polarisome, resulting in changes to cross-wall and branch distribution if cell polarity was

disturbed. If the cell polarisome was affected, branches would likely form closer to the tip,
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more tips would form and potentially also abortive branches, which would result in a smaller
distance between branches. The phenotypes based on these predictions would likely occur in
the strains lacking a fully functional SCO3607, and possibly more pronounced in the strain
lacking SCO3607 and SCO3608. The strain lacking SCO3608 would not likely show much of
a phenotype based on earlier experiments in B. subtilis, but based on the intrinsic differences

between the spore formation and cellular signalling, this may not be correct.
In summary, the goals of this Chapter are the following:

1) To investigate any morphological and developmental changes in response to the
deletion or disruption of SCO3607 and/or SCO3608 through assaying changes to tip to
branch, tip to cross-wall, branch to branch, and cross-wall to cross-wall distances.

2) To ascertain whether the presence of SCO3607 and/or SCO3608 affects the spore

formation.
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5.2.1. Disruption and deletion SCO3607 and SCO3608 affect cell polarity

5.2.1.1. Deletion and disruption of SCO3607 shortens tip to branch and cross-wall
distances in vegetative S. coelicolor.

To investigate phenotypes related to branch and cross-wall formation in S. coelicolor,
CFW3607A, CFW3607M, and CFW36076 were, along with their complemented counterparts
and M145, subjected to a Schwedock stain (see section 2.5). The measurements performed
were tip to cross-wall, tip branch, cross-wall to cross-wall, branch to branch. A few mutant
phenotypes were observed; shorter tip to cross-wall distances until 72 hours (p-values for
CFW3607A and M145 were 0.0000 after both 24 and 48 hours, CFW3607M and M145 0.0000,
0.2228, and 0.0054 at the respective time-points, and 0.0000 and 0.0.0988 between CFW36075
and M145 after 24 and 72 hours), in addition to shorter tip to branch distances for all strains
(the p-values were 0.0077 and 0.0928 for CFW3607A and M145 after 24 and 72 hours, 0.000
CFW3607M and M145 after 24 and 48 hours, and 0.000, 0.0000, and 0.0109 for CFW36075
and M145). While the two strains containing the disrupted SCO3607 copy did not display a
marked difference from wild-type in either cross-wall to cross-wall or branch to branch
distances, CFW36075 displayed much shorter cross-wall to cross-wall and branch to branch

distances. All the statistical data has been included in the appendix.

Table 5-1. Number of tip to cross-wall measurements per SCO3607-mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW3607A 128 84 109
CFW3607AC 97 95 103
CFW3607M 85 85 93
CFW3607MC 85 103 104
CFW36076 125 101 144
CFW36076C 93 91 79

M145 109 88 87
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Table 5-2. Number of tip to branch measurements per SCO3607-mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW3607A 128 129 108
CFW3607AC 127 90 82
CFW3607M 85 85 93
CFW3607MC 85 103 104
CFW36076 115 85 114
CFW36076C 95 111 77

M145 107 86 83

Table 5-3. Number of cross-wall to cross-wall measurements per SCO3607-mutant strain.

The number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW3607A 116 119 133
CFW3607AC 116 94 127
CFW3607M 85 119 133
CFW3607MC 116 94 127
CFW36076 7 217 149
CFW36076C 101 130 132
M145 136 117 251
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Table 5-4. Number of branch to branch measurements per SCO3607-mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW3607A 123 134 111
CFW3607AC 130 145 117
CFW3607M 112 162 106
CFW3607MC 112 136 102
CFW36076 111 208 147
CFW36076C 159 116 119
M145 146 143 136
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Fig 5-2. Tip to cross-wall distance for CFW3607A, CFW3607AC, and M145. The
information is displayed as a histogram in um. The average distances were 27.9um, 18.88um,
and 18.9um for CFW3607A, 24.72um, 23.93um, and 18.79um for CFW3607AC, and
37.98um, 24.10um, and 18.58um for M145, respective of the time-points. The sample sizes
were 128 for CFW3607A, 97 for CFW3607AC, and 109 for M145 after 24 hours, 84 for
CFW3607A, 95 for CFW3607AC, and 88 for M145 after 48 hours, and 109 for CFW3607A,
103 for CFW3607AC, and 87 for M145 after 72 hours. The images show cross-wall formation
after 24 hours in A) CFW3607A, B) CFW3607AC, and C) M145.
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Fig 5-3. Tip to branch distance for CFW3607A, CFW3607AC, and M145. The information
is displayed as a histogram in um. The average distances were 32.35um, 24.96um, and
27.62pum for CFW3607A, 24.29um, 24.48um, and 25.23um for CFW3607AC, and 41.60um,
28.37um, and 23.86um for M 145, respective of the time-points. The sample sizes were 128 for
CFW3607A, 127 for CFW3607AC, and 107 for M145 after 24 hours, 129 for CFW3607A, 90
for CFW3607AC, and 86 for M145 after 48 hours, and 108 for CFW3607A, 82 for
CFW3607AC, and 83 for M145 after 72 hours. The images show branch formation after 48
hours in A) CFW3607A, B) CFW3607AC, and C) M145.
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Fig 5-4. Cross-wall to cross-wall distance for CFW3607A, CFW3607AC, and M145. The
information is displayed as a histogram in um. The average distances were 11.29um, 10.11um,
and 9.90um for CFW3607A, 15.50pum, 11.49um, and 9.38uum for CFW3607AC, and 13.28um,
9.55um, and 8.61um for M145, respective of the time-points. The sample sizes were 116 for
CFW3607A, 116 for CFW3607AC, and 136 for M145 after 24 hours, 119 for CFW3607A, 94
for CFW3607AC, and 117 for M145 after 48 hours, 133 for CFW3607A, 127 for
CFW3607AC, and 251 for M145. The images show cross-wall formation after 72 hours in A)
CFW3607A, B) CFW3607AC, and C) M145
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Fig 5-5. Branch to branch distance for CFW3607A, CFW3607AC, and M145. The
information is displayed as a histogram in um. The average distances were 8.96um, 9.30um,
and 5.75um for CFW3607A, 6.00um, 6.95um, and 6.15um for CFW3607AC, and 8.86um,
9.37um, and 7.01um for M145, respective of the time-points. The sample sizes were 123 for
CFW3607A, 130 for CFW3607AC, and 146 for M145 after 24 hours, 134 for CFW3607A, 145
for CFW3607AC, and 143 for M145 after 48 hours, and 111 for CFW3607A, 117 for
CFW3607AC, and 136 for M145 after 72 hours. The images show branch formation after 48
hours in A) CFW3607A, B) CFW3607AC, and C) M145.
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In summary, the tip to cross-wall distance was on average shorter for CFW3607A until 72
hours, with complementation failing to restore wild-type after 24 hours, but restored wild-type
distances after 48 hours. This marked difference was due to a different distribution of tip to
cross-wall distances, with the cross-walls concentrating at 20-39um away from the tip, with
wild-type having a much more even spread. The average tip to branch distance was also shorter
for CFW3607A after 24 hours, a phenotype exacerbated by complementation, but slightly
longer after 72 (see Fig5-2 and Fig5-3). This was due to a large number of wild-type branches
forming further away than 70um from the tip. Both cross-wall to cross-wall and branch to
branch distances were similar to that of wild-type, but both were slightly shorter after 24 hours
in the mutant strain (see Fig5-4 and Fig5-5). Cross-wall to cross-wall distances were partially
restored by complementation after 24 hours, but not so for the very small difference in branch
to branch distances.
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Fig 5-6. Tip to cross-wall distance for CFW3607M, CFW3607MC, and M145. The
information is displayed as a histogram in um. The average distances were 21.61um, 22.10um,
and 23.48um for CFW3607M, 34.23um, 28.06um, and 21.57um for CFW3607MC, and
37.98um, 24.10um, and 18.58um for M145, respective of the time-points. The sample sizes
were 85 for CFW3607M, 85 for CFW3607MC, and 109 for M145 after 24 hours, 85 for
CFW3607M, 103 for CFW3607MC, and 88 for M 145 after 48 hours, and 93 for CFW3607M,
104 for CFW3607MC, and 87 for M145 after 72 hours. The images show cross-wall formation
after 24 hours in A) CFW3607M, B) CFW3607MC, and C) M145.
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Fig 5-7. Tip to branch distance for CFW3607M, CFW3607MC, and M145. The
information is displayed as a histogram in um. The average distances were 20.54um, 17.25um,
and 24.83um for CFW3607M, 36.99um, 24.24um, and 20.64pum for CFW3607MC, and
41.60um, 28.37um, and 23.86um for M145, respective of the time-points. The sample sizes
were 85 for CFW3607M, 85 for CFW3607MC after 24 hours, 85 for CFW3607M, 103 for
CFW3607MC, and 88 for M145 after 48 hours, and were 93 for CFW3607M, 104 for
CFW3607MC, and 83 for M145 after 72 hours. The images show branch formation after 24
hours in A) CFW3607M, B) CFW3607MC, and C) M145.
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Fig 5-8. Cross-wall to cross-wall distance for CFW3607M, CFW3607MC and M145. The
information is displayed as a histogram in um. The average distances were 17.13um, 10.08um,
and 10.49um for CFW3607M, 14.44pum, 9.87um, and 9.08um for CFW3607MC, and
13.28um, 9.55um, and 8.61um for M145, respective of the time-points. The sample sizes were
116 for CFW3607M, 116 for CFW3607MC, and 136 for M145 after 24 hours, 119 for
CFW3607M, 94 for CFW3607MC, and 117 for M 145 after 48 hours, 133 for CFW3607M, 127
for CFW3607MC, and 251 for M145. The images show cross-wall formation after 24 hours in
A) CFW3607M, B) CFW3607MC, and C) M145.
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Fig 5-9. Branch to branch distance for CFW3607M, CFW3607MC, and M145. The
information is displayed as a histogram in um. The average distances were 6.92um, 3.58um,
and 7.20um for CFW3607M, 9.20pum, 7.82um, and 7.06pum for CFW3607MC, and 8.86um,
9.37um, and 7.01um for M145, respective of the time-points. The sample sizes were 112 for
CFW3607M, 112 for CFW3607MC, and 146 for M145 after 24 hours, 162 for CFW3607M,
136 for CFW3607MC, and 143 for M145 after 48 hours, and 106 for CFW3607M, 102 for
CFW3607MC, and 136 for M145 after 72 hours. The images show branch formation after 48
hours in A) CFW3607M, B) CFW3607MC, and C) M145.
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The phenotype of CFW3607M was similar to that of CFW3607A. The average distance from
the tip to the first cross-wall was much shorter for CFW3607M than wild-type after 24 hours,
and wild-type phenotype was restored with complementation (see Fig5-6 and Table5-1). After
48 hours, the difference was much smaller, and after 72 hours, CFW3607M formed cross-walls
only slightly further away from the tip, both of which were partially restored by
complementation. When the distribution was examined, it became clear that wild-type had a
much wider distribution, whereas the cross-walls of CFW3607M and its complemented version
clustered much closer to the tip, specifically 20-39um from the tip. The tip to branch distance
after 24 hours was much shorter for CFW3607M compared to wild-type, with partial function
distance restored by complementation (see Fig5-7 and Table5-2). When distribution was
examined, it became obvious this was due to a different pattern. Wild-type had a much more
even spread, while CFW3607M formed most of its branches at 0-25um distance from the tip.
This was similar to what had been observed in CFW3607A.

Cross-wall to cross-wall distances were slightly longer for CFW3607M after 24 hours, but
wild-type and mutant distances were similar after that time point (see Fig 5-8). The branch to
branch distance after 48 hours was much shorter for CFW3607M when compared to wild-type,
with partial function distance restored by complementation (see Fig5-9 and Table5-4). When
distribution was examined, wild-type had a much more even spread, while CFW3607M formed
most of its branches at 0-10um from each other, while wild-type had a much more even spread

until 15pum.
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Fig 5-10. Tip to cross-wall distance for CFW36076, CFW36076C, and M145. The
information is displayed as a histogram in um. The average distances were 27.55um, 23.98um,
and 20.58um for CFW36075, 40.06um, 23.84um, and 29.42um for CFW360756C, and
37.98um, 24.10um, and 18.58um for M145, respective of the time-points. The sample sizes
were 125 for CFW360706, 93 for CFW36070C, and 109 for M145 after 24 hours, 101 for
CFW36073, 91 for CFW36073C, and 88 for M 145 after 48 hours, and 144 for CFW36078, 79
for CFW36075C, and 87 for M145 after 72 hours. The images show cross-wall formation after
24 hours in A) CFW36078, B) CFW36076C, and C) M145.
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Fig5-11. Tip to branch distance for CFW360756, CFW36076C, and M145. The information
is displayed as a histogram in um. The average distances were 20.31um, 14.73um, and
20.18um for CFW36074, 27.55um, 20.07um, and 18.37um for CFW36075C, and 41.60um,
28.37um, and 23.86pum for M145, respective of the time-points. The sample sizes were 115 for
CFW36073, 95 for CFW36076C, and 109 for M 145 after 24 hours, 85 for CFW36076, 111 for
CFW36075, 90 for CFW36076C, and 88 for M145 after 48 hours, and were 114 for
CFW36076, 77 for CFW36076C, and 83 for M145 after 72 hours. The images show branch
formation after 24 hours in A) CFW36070, B) CFW36076C, and C) M145.
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Fig5-12. Cross-wall to cross-wall distance for CFW36076, CFW36076C, and M145. The
information is displayed as a histogram in um. 11.94pum, 7.83um, and 6.67um for CFW36079,
13.40pm, 10.78um, and 10.43um for CFW36073C, and 13.28um, 9.55um, and 8.61um for
M145, respective of the time-points. The sample sizes were 77 for CFW36075, 101 for
CFW360738C, and 136 for M 145 after 24 hours, 217 for CFW36079, 130 for CFW36076, and
117 for M145 after 48 hours, 149 for CFW36076, 132 for CFW36076C, and 251 for M145.
The images show cross-wall formation after 48 hours in A) CFW36073, B) CFW36075C, and
C) M145.
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Fig5-13. Branch to branch distance for CFW36076, CFW36076C, and M145. The
information is displayed as a histogram in um. The average distances were 3.92um, 4.56um,
and 5.08um for CFW36076, 6.82um, 4.56um, and 5.31um for CFW360756C, and 8.86um,
9.37um, and 7.01um for M145, respective of the time-points. The sample sizes were 111 for
CFW36076, 159 for CFW36075C, and 146 for M145 after 24 hours, 208 for CFW36075, 116
for CFW36076C, and 143 for M145 after 48 hours, and 147 for CFW36075, 119 for
CFW36076C, and 136 for M 145 after 72 hours. The images show branch formation after 24
hours in A) CFW360706, B) CFW36075C, and C) M145.
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In summary, the deletion of SCO3607 had a more severe effect than a disruption did. The tip
to cross-wall distance was significantly shorter for CFW36070 after 24 hours, which was
restored by complementation. After 48 hours, there was no statistically significant difference
(see Fig5-10). When distribution was examined, it became obvious wild-type had a much more
even spread, while CFW36076 formed most of its cross-walls at 16-30um distance from the
tip. This was similar to what had been observed in CFW3607A and CFW3607M. The tip to
branch distance was much shorter for CFW36076 throughout the measured time period. Wild-
type tip to branch distance was partially restored by complementation after 24 and 48 hours,
and there was no difference between M145 and CFW36075 after 72 hours (see Fig5-11). When
distribution was examined, it became obvious wild-type had a much more even spread, while
CFW36076 formed most of its branches at 0-20pum distance from the tip. This was similar to
what had been observed in CFW3607A and CFW3607M, but the distance from tip to branch
was even shorter. The average cross-wall to cross-wall distance was slightly shorter for
CFW36070 after 72 hours, whilst the branch to branch distance after 24 and 48 hours was much
shorter for CFW36076 compared to wild-type (see Fig5-12 and Fig5-13). After 24 hours, the
majority of the mutant strain distances fell into the range of 0-5um, while after 48 hours, there
had been a shift to 5-10um as well. As opposed to wild-type, the branch to branch distances of
M145 did not cluster in the 0-5um range. The wild-type phenotype was restored in the
complemented strain after 24 hours, but not after 48 hours.
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5.2.1.2. SCO3608 plays a smaller role than SCO3607 in cell polarity

To investigate any potential changes to cell morphology and cell polarity due to SCO3608
deletion, a Schwedock stain was performed on CFW36089, its complemented strain
CFW36086C, and M145, and tip to cross-wall, tip to branch, cross-wall to cross-wall, and
branch to branch distances were measured. Similar to the SCO3607 mutant strains, tip to cross-
wall and tip to branch distances were shorter after 24 and 48 hours, but further away after 72
hours (p-values for tip to cross-wall distances were 0.0077, 0.0000, and 0.0073 at the respective
timepoints, and tip to branch distance p-values were 0.0000, 0.0298, and 0.0237). Variation
was observed in cross-wall to cross-wall distances, where they were shorter until 72 hours,
when they were slightly longer (p-values were 0.3139, 0.1513, 0.0000 in order of time-points).
Branches formed closer together after 24 hours, further apart after 48 hours, with no difference
after 72 hours (p-values were 0.1678 and 0.0000 after 24 and 48 hours). These phenotypes,
probably also associated with cell polarity, were milder than their SCO3607 counterparts. All

the statistical data has been included in the appendix.

Table 5-5. Number of tip to cross-wall measurements per SCO3608-mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36086 88 131 111
CFW36086C 117 150 95

M145 109 88 87

Table 5-6. Number of tip to branch measurements per SCO3608-mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36086 108 103 127
CFW36086C 101 146 89

M145 107 86 83
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Table5-7. Number of cross-wall to cross-wall measurements per strain. The number of

measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36086 154 151 131
CFW36085C 101 158 130
M145 136 117 251

Table5-8. Number of branch to branch measurements per strain. The number of

measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36086 146 136 141
CFW36086C 158 177 114
M145 146 143 136
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Fig5-14. Tip to cross-wall distance for CFW36080, CFW360806C, and M145. The
information is displayed as a histogram in um. The average distances were 33.11um, 18.43um,
and 23.09um for CFW36085, 34.19um, 24.86um, and 21.29um for CFW36085C, and
37.98um, 24.10um, and 18.58um for M145, respective of the time-points. The sample sizes
were 88 for CFW36080, 117 for CFW36086C, and 109 for M145 after 24 hours, 131 for
CFW36088, 150 for CFW36080C, and 88 for M 145 after 48 hours, and 111 for CFW36083,
95 for CFW36083C, and 87 for M145 after 72 hours. The images show cross-wall formation
after 48 hours in A) CFW36086, B) CFW36080C, and C) M145.
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Fig5-15. Tip to branch distance for CFW360856, CFW36086C, and M145. The information
is displayed as a histogram in um. The average distances were 31.40um, 22.90um, and
28.34pum for CFW36086, 29.48um, 21.64um, and 31.73um for CFW36085C, and 41.60um,
28.37um, and 23.86um for M 145, respective of the time-points. The sample sizes were 108 for
CFW360806, 101 for CFW36086C, and 109 for M 145 after 24 hours, 103 for CFW36086, 146
for CFW36086C, and 88 for M145 after 48 hours, and were 127 for CFW36085, 89 for
CFW360806C, and 83 for M 145 after 72 hours. The images show branch formation after 48
hours in A) CFW360805, B) CFW36085C, and C) M 145
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Fig5-16. Cross-wall to cross-wall distance for CFW360856, CFW36086C, and M145. The
information is displayed as a histogram in um. The average distances were 16.33um, 8.95um,
and 12.07um for CFW36085, 13.44um, 10.42um, and 10.94pum for CFW36085C, and
13.28um, 9.55um, and 8.61um for M145, respective of the time-points. The sample sizes were
154 for CFW36086, 101 for CFW36086C, and 136 for M145 after 24 hours, 151 for
CFW360806, 158 for CFW36086, and 117 for M145 after 48 hours, 131 for CFW36086, 130
for CFW36080C, and 251 for M 145 after 72 hours. The images show cross-wall formation
after 48 hours in A) CFW36086, B) CFW36080C, and C) M145.
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Figh-17. Branch to branch distance for CFW36086, CFW36086C, and M145. The
information is displayed as a histogram in um. The average distances were 13.86um, 5.96um,
and 6.88um for CFW36085, 6.54pum, 5.91um, and 6.55pum for CFW36085C, and 8.86um,
9.37um, and 7.01um for M145, respective of the time-points. The sample sizes were 146 for
CFW36086, 158 for CFW36085C, and 146 for M 145 after 24 hours, 136 for CFW36085, 177
for CFW36083C, and 143 for M145 after 48 hours, and 141 for CFW3608%, 114 for
CFW36086C, and 136 for M 145 after 72 hours. The images show branch formation after 48
hours in A) CFW360806, B) CFW36085C, and C) M145.
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The tip to cross-wall distance for CFW36084 is slightly different, with slightly shorter distances
on average after 24 and 48 hours, and slightly longer after 72 hours, with the difference after
48 hours being very pronounced (see Fig5-14). The distribution was markedly different after
24 hours, with M145 measurements being much more evenly. Wild-type was restored after 24
hours and 48 hours, and partially after 72 hours. The branches formed closer to the tip in
CFW36086 after 24 and 48 hours, but further away after 72 hours, with complementation
failing to restore wild-type phenotype at all time-points (see Fig5-15). The distribution after 24
hours for CFW36076 relative to M145 is the same with regards to the distribution in the
SCO03607 mutants, with branches generally forming much closer to the tip and M145 having a
much higher percentage of its branches forming further away than 40um. Cross-wall to cross-
wall distances were marginally longer after 24 hours, slightly shorter after 48 hours, and
slightly longer after 72 hours (see Fig5-16). Wild-type phenotype was restored by
complementation after 24 and 48 hours, and partially after 72 hours. CFW3608 formed
branches further apart after 24 hours, with complementation restoring wild-type (see Fig5-17).
This reversed after 48 hours, where it formed branches closer together than wild-type, with
complementation failing to restore wild-type phenotype. There was no difference after 72

hours.
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5.2.1.3. A double knock-out mutant suffered from larger cross-wall compartments and
issues with cell polarity

To elucidate the role of both SCO3607 and SCO3608 in cell morphology in vegetative hyphae,
CFW360789, along with CFW360783C and M 145, were subjected to a Schwedock stain (see
section 2.5) and tip to cross-wall, tip to branch, cross-wall to cross-wall, and branch to branch
distances were measured. The data was presented as percentage histograms of the distribution,
and statistical significance was demonstrated using p-values and F-tests (see appendix). The
tip to cross-wall distance was shorter for CFW360786 after 24 hours, but was slightly longer
after 72 hours (p-values were 0.0000 for both). The tip to branch distance remained shorter for
CFW360785 until 72 hours (p-values were 0.0111, 0.0000, 0.2393). The cross-wall to cross-
wall distance of CFW360786 began to increase after 48 hours and was considerably longer
than wild-type after 72 hours (p-values were 0.0125, 0.0636, 0.0000). Its branch to branch
distance only differed from wild-type after 48 hours, when the branches formed slightly closer

to each other (the p-value was 0.0089).

Table 5-9. Number of tip to cross-wall measurements per double mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36078% 111 105 106
CFW360785C 114 86 151
M145 109 88 87

Table 5-10. Number of tip to branch measurements per double mutant strain. The number

of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW36078% 96 147 119
CFW360783C 92 84 133
M145 107 86 83
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Table 5-11. Number of cross-wall to cross-wall measurements per double mutant strain.

The number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW360785 137 136 112
CFW360785C 143 149 117
M145 136 117 251

Table 5-12. Number of branch to branch measurements per double mutant strain. The

number of measurements is indicated in each column.

Strain 24 hours 48 hours 72 hours
CFW360785 111 136 173
CFW360785C 159 150 145
M145 146 143 143
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Fig5-18. Tip to cross-wall distance for CFW360786, CFW360780C, and M145. The
information is displayed as a histogram in um. The average distances were 27.28um, 18.40um,
and 25.93um for CFW360785, 32.94um, 28.15um, and 22.50pum for CFW3607856C, and
37.98um, 24.10um, and 18.58um for M145, respective of the time-points. The sample sizes
were 111 for CFW360780, 114 for CFW360780C, and 109 for M145 after 24 hours, 105 for
CFW360789, 86 for CFW360783C, and 88 for M 145 after 48 hours, and 106 for CFW360783,
151 for CFW360785C, and 87 for M 145 after 72 hours. The images show cross-wall formation
after 48 hours in A) CFW36086, B) CFW36080C, and C) M145.
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Fig5-19. Tip to branch distance for CFW3607856, CFW360786C, and M145. The
information is displayed as a histogram in um. The average distances were 32.63um, 15.05um,
and 26.06pum for CFW360785, 47.02um, 24.56um, and 26.62um for CFW360783C, and
41.60um, 28.37um, and 23.86um for M145, respective of the time-points. The sample sizes
were 96 for CFW360786, 92 for CFW360786C, and 109 for M 145 after 24 hours, and 147 for
CFW360780, 84 for CFW3607806C, and 88 for M145 after 48 hours, and were 119 for
CFW360783, 133 for CFW3607835C, and 83 for M 145 after 72 hours. The images show branch
formation after 48 hours in A) CFW36080, B) CFW36085C, and C) M145.
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Fig5-20. Cross-wall to cross-wall distance for CFW3607856, CFW360786C, and M145. The
information is displayed as a histogram in um. The average distances were 11.08um, 7.91um,
and 14.04um for CFW360785, 12.15um, 11.41um, and 11.55um for CFW360783C, and
13.28um, 9.55um, and 8.61um for M145, respective of the time-points. The sample sizes were
137 for CFW360786, 143 for CFW360785C, and 136 for M145 after 24 hours, 143 for
CFW360780, 149 for CFW3607806C, and 117 for M 145 after 48 hours, 112 for CFW360789,
117 for CFW360788C, and 251 for M145. The images show cross-wall formation after 48
hours in A) CFW360805, B) CFW360835C, and C) M145.
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Fig5-21. Branch to branch distance for CFW360786, CFW360786C, and M145. The
information is displayed as a histogram in um. The average distances were 7.98um, 5.48um,
and 7.53um for CFW36083, 7.13um, 6.81um, and 4.40um for CFW36085C, and 8.86um,
9.37um, and 7.01pum for M145, respective of the time-points. The sample sizes were 111 for
CFW360789, 159 for CFW360786C, and 146 for M145 after 24 hours, 136 for CFW36089,
150 for CFW36078%, 150 for CFW360786C, and 143 for M145 after 48 hours, and 173 for
CFW360780, 145 for CFW360786C, and 136 for M145 after 72 hours. The images show
branch formation after 48 hours in A) CFW36080, B) CFW360835C, and C) M145.
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The distribution and average distance from the tip to the first cross-wall was much shorter for
CFW36078s after 24 hours, with complementation partially restoring the wild-type phenotype
(see Fig5-18). When the distribution was examined, it became clear that wild-type had a wider
distribution, whereas the cross-walls of CFW360786 were mostly 11-30um from the tip,
whereas wild-type distance was distributed wider, with most being 11-55um from the tip. The
tip to cross-wall distance was also much shorter after 48 hours, with complementation
increasing the tip to cross-wall distance beyond wild-type. CFW360785 had a much narrower
distribution, with almost 35% of its cross-walls 16-20um from the tip, whereas M145 had less
than 20% of its cross-walls from the tip. The distribution and average distance from the tip to
the first cross-wall was slightly longer for CFW360786 after 72 hours. When the distribution
was examined, it became clear that it was due to a spike in cross-walls 6-10um from the tip,
but which was within the standard error. CFW36078¢ still had a higher percentage of its tip to

cross-wall distances from 21-25um.

The tip to branch distance after 24 hours was much shorter for CFW360786 compared to wild-
type, with complementation failing to restore the mutant phenotype (see Fig5-19). When
distribution was examined, it became obvious this was due to many a substantial number of
branches more than 70um away from the tip. Tip to branch distance is much shorter for
CFW360785 after 48 hours due to a much higher number of branches 6-10um away from the
tip, whereas wild-type had a much more even distribution of its tip to branch distance.
Complementation restored wild-type phenotype after this time-point. After 72 hours, tip to
branch distance was slightly longer for the mutant phenotype. Complementation did not restore
wild-type phenotype.

Cross-wall to cross-wall distances were marginally shorter until 72 hours, where they were
considerably longer (see Fig5-20). There percentage of cross-walls with up to 10um between
them is much lower for CFW360785, whereas this range represented the bulk of the wild-type
distances. It is possible CFW360786 is then failing to erect cross-walls. Complementation
partially or fully restored wild-type phenotype at all time points. However, from the averages
it would appear that the major difference after 72 hours arises from what could just be normal
high and low values, as they are not dramatically different from measurements at other time-

points.

Branch to branch distance is shorter for CFW360786 after 48 hours due to a much higher
number of branches between 6-10um away from the tip, whereas wild-type had a much more
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even distribution of its tip to branch distance (see Fig5-21). Complementation partially restored

wild-type phenotype.
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5.2.4. Spore size was enlarged in a strain lacking SCO3607 and SCO3608

To further investigate potential morphological changes related to strains lacking the two genes,
especially in lieu of what was observed in B. subtilis spores, spore analysis was performed to
explore any similarities in phenotype (Donovan & Bramkamp, 2009). Statistical analysis of S.
coelicolor M145, CFW3607A, CFW3607M, and CFW36075, CFW36085, CFW360783, in
addition to their complemented strains, was performed on Schwedock-stained (see section 2.5)
spores. The measurements and statistical analysis was average spore size (see Fig5-22 and
Table 5-21), p-tests (Tables 5-22 through 24), and F-tests (Tables 5-25 through 27). The p-tests
revealed there was a statistically significant increase in size for CFW360785 when compared
to wild-type (1.50251E°), with wild-type restored by complementation (0.1433). All the

statistical data has been included in the appendix.
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Fig5-22. CFW360786 displayed enlarged spores. The information is displayed as a
histogram, with spore size in um. The samples sizes were 175 for M145, 233 for CFW3607A,
173 for CFW3607AC, 166 for CFW3607M, 181 for CFW3607MC, 187 for CFW36075, 181
for CFW36075C, 145 for CFW36085, 141 for CFW36075C, 154 for CFW360785, and 69 for
CFW360783C.
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Fig 5-23. CFW360786 displayed larger spores than wild-type. A) is M145, B) is
CFW360783, C) is CFW360785C.

The spore sizes were not affected by the lack of SCO3607 or SCO3608, but when both were
knocked out, spore sizes were larger, with wild-type restored by complementation. Spore sizes
were also larger for CFW3607AC. No other statistically significant measurements were

observed.
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5.3.1. Discussion

The average tip to cross-wall distance was similar for all strains lacking a functional SCO3607;
it was consistently shorter after 24 hours, which lingered until for 48 hours for CFW3607A,
though the average distance from tip to cross-wall was longer for CFW360783 after 72 hours
(see Fig5-2, Fig5-6, Fig5-10, and Fig5-18). However, the distribution of the distance from the
tip to cross-wall is different and not just shorter; the wild-type distances are spread much more
evenly than those of the mutant strains which clustered in spikes between 10um and 40um.
Complementing the mutant strain partially restored the distance. That CFW36080 was the least
affected suggests a direct correlation between the absence of SCO3607 and the formation of
the vegetative cell walls nearer to the cell tip (see Fig5-14). A role for SCO3607, indirect or
direct, would be similar to what was observed for the inefficient septum formation in B. subtilis
(Donovan & Bramkamp, 2009).

Cross-wall formation may be preceded by the formation of large anionic phospholipid
assemblies which cross the membrane. These large cross-membrane assemblies form in regions
where DNA is absent, and 77% of them are impermeable, and thus partially compartmentalise
the multicellular S. coelicolor, independent of cross-walls (Celler et al., 2016). There may thus
be a connection between the SCO3607 and SCO3608 and the formation of the septal membrane
structures, which would fit with the punctate membrane localisation pattern of flotillin in B.
subtilis (Donovan & Bramkamp, 2009).

There are a few oddities in the distribution of the distances as well, with the distribution of the
distances from tip to branch more even in CFW360786 when compared to the single SCO3607
knockouts’ spikes at 10-25um. The tip to branch distance is much shorter for all mutant strains
after 24 hours and 48 hours, but after 72 hours it is mostly within standard error of each other,
bar the tip to branch distance for CFW3607A, which is longer than that of wild-type (see Fig5-
2, Fig5-6, Fig5-10, and Fig5-18). This corroborates the results of the tip to cross-wall

experiments, strongly suggesting the two proteins are involved in the hyphal growth.

The tip to branch and tip to cross-wall phenotypes occur mostly during the first 24 hours,
though some effect lingers until 48 hours, suggesting SCO3607 and SCO3608 play a role in
early vegetative hyphae polarity. The main cell polarity determinant of S. coelicolor is DivIVA,
which forms part of the tip-organising complex (TIPOC), which also contains FilP and Scy
(Ditkowski et al., 2013, Celler et al., 2016). If this cell polarity is in any way compromised,
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by, for example, a destabilisation of TIPOC, this would lead to a weaker cell polarity, and thus

the formation of cross-walls and branches closer to the tip.

If SCO3607 and SCO3608 indeed do interact or affect DivIVA, it may be involved in the
localisation of DivIVA to negative curvature, potentially through lipid-protein interactions
(Flardh, 2003a, Flardh, 2010). The obvious lipid to consider is CL, which localises to tip and
branch points, both regions of negative curvature (Jyothikumar et al., 2012). However, it is not
likely, as no interaction between the flotillin or CL was demonstrated beyond colocalisation in
B. subtilis, and correct localisation of flotillin occurred independently of CL (Donovan &
Bramkamp, 2009). Other candidates include other anionic phospholipids, and DivIVA
colocalises with large anionic lipid assemblies 27% of the time. However, this experiment used
a general anionic lipid dye rather than targeting specific anionic lipids. These anionic lipid
assemblies occurred both as septa and as blebs attached to the cell wall, a localisation pattern
similar to DivIVA. It may be DivIVA, which is the earliest known protein to be recruited to
the nascent branching sites, localises there in an anionic lipid-dependent manner, and this
interaction is affected directly or indirectly by SCO3607 and SCO3608 (Hempel et al., 2008).
Two proteins have also been suggested to be involved: Scy and SsgA (Noens et al., 2007,
Holmes et al., 2013). Alternatively, they may be affected by SCO3607 and SCO3608. If either
SCO03607 or SCO3608 interacts with either of these proteins, or further unknown factors, it is
possible this affects the stability or regulatory mechanisms preventing formation of branches

and cross-walls forming compartments closer to the tip.

Previously, vegetative S. coelicolor M145 cross-wall to cross-wall were reported as forming 5-
10um apart, which was replicated in these experiments, with averages of 13.28um, 8.61um,
and 9.55um after 24, 48, and 72 hours, respectively (Celler et al., 2016). Only CFW3607M
and CFW360786 showed any non-wild type phenotype, where the former displayed larger
cross-wall compartments after 24 hours, though they were generally at least slightly larger at
all time-points (see Fig5-4, Fig5-8, Fig5-12, Fig5-16, and Fig5-20). For CFW360785, the
cross-wall to cross-wall distances showed no significant changes until 72 hours, when the
compartments were substantially bigger. As the three strains which lacked only a fully-
functional SCO3607 did not have more distance between cross-walls than wild-type, it seems
this phenotype was caused by a lack of SCO3608, and not SCO3607. That CFW36086 did not
display as prominent a phenotype as CFW360789, this suggests in combination with the time-
points, that SCO3608, in combination with SCO3607, affects late stage vegetative

194



compartmentalisation of S. coelicolor. That the mutant phenotype of a double knockout would
be more severe, and that the two proteins could be involved in cross-wall formation was stated

in section 5.1.3.

Branch to branch distance was shorter for all strains lacking SCO3607, including the double
knockout, at various time-points (see Fig5-5, Fig5-9, Fig5-13, and Fig5-21). Branch to branch
distance is actually greater for CFW36086 after 24 hours due to a few distances greater than
40um away (see Fig5-17). The main reason behind the shorter branch to branch distances were
peptidoglycan depositions in the lateral cell walls, rather than fully-formed branches. These
appear to be either nascent branches or abortive branches, and were observed with some
regularity. These were included as branches in the measurements, as it was impossible to
discern between abortive or nascent branches. If SCO3607 inhibits DivIVA disassociation or
affects the lipid membranes that may play a role in its recruitment, knocking it out allows for
potentially stronger DivIVA foci, thus increasing the rate of branching.

A protein that has a different function in S. coelicolor when compared to B. subtilis is the actin
homologue MreB. MreB recruits penicillin binding proteins (PBPs) to the lateral cell walls for
inserting peptidoglycan (PG) into the cell wall during rapid cylindrical extension, and
orchestrates chromosome segregation and cell polarity (Kawai et al., 2009, Kruse & Gerdes,
2005). During sporulation, insertion of PG into the cell wall is done by Mbl, an MreB-like
protein (Daniel & Errington, 2003). In contrast, peptidoglycan deposition and cell elongation
takes place at the tip in an MreB-independent manner in S. coelicolor (Heichlinger et al.,
2011b). Peptidoglycan deposition, cell polarity, and determination of nascent branching sites
in S. coelicolor instead seem to be orchestrated by DivIVA (Hempel et al., 2008, Flardh,
2003a). DivIVA also supplants the role of MreB in mycobacteria and corynebacteria, so this is
not restricted to streptomycetes (Letek et al., 2008, Kang et al., 2008). The MreB and FtsZ
examples illustrate the difference in how cell division and life cycle occurs on a molecular level
between B. subtilis and S. coelicolor, suggesting that even though both S. coelicolor and B.
subtilis genomes encode conserved floT and nfeD genes, suggestion a conserved molecular

function, their role in relation to the life cycle and cell division may be divergent.

When spore size was assayed, CFW360789, the double knock-out strain, displayed an enlarged
phenotype (see Fig5-22, Fig5-23, and Table 5-21 and 5-24). B. subtilis spore size has not been
assayed in previous experiments, but disporic cells were identified in a B. subtilis strain with a

disrupted yuaG (Donovan & Bramkamp, 2009). No such phenotype was observed in this piece
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of work. This phenotype is similar to what has been observed in mre-mutants, though the
visible phenotype was much less severe when compared to the bloated spores of mre-mutants
(Kleinschnitz et al., 2011a). This does however suggest a minor role in sporulation and possible
interactions with the products of the mre-cluster. Another difference between mre-mutants and
the strains used in this body of work, is mre-mutants were sensitive to alkaline conditions (see
Chapter 4). The larger spore sizes of the double knock-out are consistent with disruptions to
cell polarity and peptidoglycan machinery seen with the increased cross-wall distances. Being
the only strain to show a mutant phenotype is also consistent with it displaying the most deviant

phenotype described earlier in this chapter (see Fig5-51 through 21).

It is worth bearing in mind that the increase was minor, and no other strong phenotype was
observed. Additionally, it was within standard error (see Fig5-22). One of the complemented
strains, CFW3607AC, also displayed a statistically significant size increase when measured

against wild-type.

In summary, the goal was to observe what microscopical changes occurred in response to
disruption and deletion of FloT and NfeD. The results showed a shortening of the distance from
the tip to both branch and cross-wall, suggesting potentially a role in cell polarity strength
during the vegetative stage of the life cycle of S. coelicolor, rather than what has been observed
in B. subtilis, where FloT and NfeD played a role in sporulation (Donovan & Bramkamp,
2009).

There are several sources that may affect the statistical accuracy of the results, and they are
thus worth mentioning. Shearing of cells during staining and preparing of slides may release
proteins that degrade peptidoglycan and other cellular components, the dyeing may not be
perfect or the image may be poor, thus resulting in missed branches or cross-walls compounded

by human error.

5.3.2. Conclusion and future work

Based on the statistical evidence, cell polarity was affected by disruptions and deletions of
SC03607 and SCO3608. This is in stark contrast to what was observed in B. subtilis (Donovan
& Bramkamp, 2009). The SCO3607 knock-out displayed shorter branch to branch distance,
and strains with null mutants of SCO3607 or containing a Tn5062 disruption cassette displayed
shorter tip to branch and tip to cross-wall distances. CFW360785 and CFW360856 both had

longer distances between vegetative cross-walls.
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While the results suggest activity of both proteins during the vegetative part of the growth
cycle, this would benefit from investigating expression by gPCR or time-lapse microscopy.
While mentioned in section 3.3.2., it is worth re-iterating that it would be beneficial to
investigate any potential interactions with Scy, SsgB, DivIVA, and other associated TIPOC
proteins. Fluorophore-tagged proteins would also be a fruitful endeavour in exploring
localisation patterns and investigating whether DNA replicates closer to the cell pole.
Experiments with zaragozic acid, which inhibits YisP, a squalene synthase, may also prove
illuminating when combined with fluorophore-tagged SCO3607 or SCO3608, which may
abolish localisation patterns, similar to what occurred in B. subtilis (Lopez & Kolter, 2010).
Further investigating protein-lipid investigations with CL or other PLs is also an avenue that
should be explored; specifically, FRET-FLIM (Alexeeva et al., 2010, Buddelmeijer et al.,
1998).

With regards to spore assays, assaying for dead and empty spores, would be other logical assays
to further pursue (Ladwig et al., 2015). Investigating, potentially through BACTH experiments,
the relationship between the mre-cluster and SCO3607 and SCO3608 is also a worthwhile
endeavour in lieu of the observed phenotype.
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6. Determination of SCO3607 and SCO3608 protein interactions

6.1.1. Introduction

Protein-protein interactions are physical interactions between two or more proteins. Many
proteins assemble into complexes with other proteins or the same protein, forming hetero-
oligomers or homo-oligomers, respectively. These can range in size from ribosomes of 2.5
mega daltons to the much smaller histone octamers, where the monomers range from 0.011400
to 0.015400 mega daltons (Bashan et al., 2003, Luger, 2003). These can form through stable
or transient reactions through covalent or non-covalent interactions (Jones & Thornton, 1996).
Most multi-protein complexes are formed through non-covalent interactions, such as van der
Waal’s forces, ionic interactions, hydrophobic bonds, and hydrogen bonds (Westermarck et
al., 2013).

A minority do however form covalent bonds, and these can be through electron pairing and
disulphide bonds (Kaiser et al., 2011). An example of a covalent bond is ubiquitination of
proteins, where one of seven lysine residues on ubiquitin binds to the protein being bound.
Additionally, other ubiquitins can bind other ubiquitins, resulting in a chain of ubiquitin
proteins attached to the original bound protein (Ciehanover et al., 1978). Disulphide bonds are
generally between cysteine residues, and the proteins containing internal sulphide bridges are
generally destined for the extracellular environment, due to the prevalence of cytosolic
reducing agents which would interfere with the bond (Reardon-Robinson & Ton-That, 2015).
While most of these disulphide bonds are within the same protein, such as an E. coli alkaline
phosphatase, it is also used to cross-link proteins such as MotB and Flgl of the bacterial
flagellar motor (Sone et al., 1997, Hizukuri et al., 2010).

SC03607 and SCO3608 were previously concluded to be non-essential genes (See Chapter 4).
Investigating the nature of potential protein-protein interactions was the next step in elucidating
their molecular mechanisms, which might be important in understanding their role in S.
coelicolor and other bacteria, but also in shedding light on the role of flotillin in disease as it
may yield information about binding mechanisms. As flotillin interact with the aforementioned
proteins Src kinases, actin, N-methyl-D-aspartate receptors, vinexins, CAP/ponsin, ArgBP2,
and other flotillins, it stands to reason it is likely to interact with other proteins in bacteria as
well (Ogura et al., 2014, Langhorst et al., 2007, Swanwick et al., 2009, Solis et al., 2007,
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Kimuraet al., 2001). The logical two proteins to investigate for interactions first are the flotillin

of S. coelicolor and its corresponding NfeD.

Direct interactions between flotillin and NfeD were demonstrated in P. horikoshii, where NfeD,
a serine protease, cleaved a flotillin in the C-terminal hydrophobic region (Yokoyama &
Matsui, 2005). As previously mentioned, flotillins consist of an N-terminal membrane-
associated domain, a central SPFH domain, and a flotillin domain (Dempwolff et al., 2012).
Bacterial proteins containing the SPFH domain, such as flotillin and stomatins, form various
oligomers; dimers, trimers, tetramers and multimers, even though it lacks the normal coiled-

coils required for oligomerisation (Kuwahara et al., 2009).

To elucidate the nature of the relationship between flotillin and NfeD in S. coelicolor, bacterial
two-hybrid (BACTH) experiments were performed. This would yield information about
whether they do interact, and potentially which parts of the proteins that mediate the

interaction.

In essence, BACTH experiments bring together two parts of the catalytic domain of CyaA, T18
and T25. Each catalytic domain is translationally fused to one of the proteins being
investigated, and produce cCAMP when brought together (Goyard et al., 1993, Karimova et al.,
1998). cAMP binds to catabolite activator protein (CAP), and the cAMP/CAP complex
switches on expression of several genes, with the genes of interest being mal and lac, allowing
the bacteria to grow utilise maltose and lactose, respectively, as a carbon source (Karimova et
al., 2000). Selective media can then be used to determine whether maltose or lactose is being
used, thus determining whether the two catalytic domains are brought into proximity of each

other by the protein(s) being tested.

One of the main virulence factors of B. pertussis, the causative agent of whooping coughs, is a
secreted calmodulin-activated adenylate cyclase toxin (CyaA) (Weiss & Hewlett, 1986). CyaA
is a 1706 amino-acid long protein with both adenylate cyclase activity, in the N-terminal 400
amino acids, and weak haemolytic activity in the C-terminal 1307 amino acids, due to its ability
to form cation-selective channels in membranes (Goyard et al., 1993, Glaser et al., 1988a). The
adenylate cyclase activity of CyaA is switched on by calmodulin, a eukaryotic protein, but it
still remains active at a low level even without calmodulin (Glaser et al., 1988b). The two
fragments of the adenylate cyclase domain, T18 (residue 225-399) and T25 (reside 1-224), can

together produce CAMP in the presence of the calmodulin in vitro, but not even residual cCAMP
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production takes place when the two fragments are expressed without calmodulin in E. coli
(Ladant et al., 1992, Ladant et al., 1989, Karimova et al., 1998). However, if they are fused to
proteins that interact, the chimeric protein interaction allows the two fragments to interact and
produce cAMP and the cells will display a Cya* phenotype. Furthermore, the strain used for
BACTH experiments, E. coli BTH101, is cya-deficient (Karimova et al., 1998).

CAMP +

CAP

e I R C—

cAMP/CAP dependent  lac, mal, etc
promoter

Fig 6-1. cAMP dependent gene expression. The diagram shows cAMP binding to CAP,

which activates transcription of the lac and mal genes (Xiong et al., 1991).

In E. coli, cCAMP is a signalling molecule that binds to dimeric CAP, which regulates carbon
utilisation through expression of genes encoding carbon utilisation enzymes, such as lac and
mal, which are required for utilisation of lactose and maltose as a carbon source, respectively
(Xiong et al., 1991). cAMP increases the DNA affinity of CAP, which then binds to major
grooves on the DNA, which opens up the DNA and activates transcription of the lac genes
(Busby & Ebright, 1999, Schultz et al., 1991). B-galactosidase is encoded on lacZ, which is
able to cleave X-gal and utilise other carbon sources as well. X-gal consists of linked indole
and galactose, and when cleaved by B-galactosidase produces a blue indole ester pigment
(Kiernan, 2007). Thus, B-galactosidase activity can be used to assay qualitatively whether two
proteins associate. Isopropyl-p-D-thiogalactopyranoside (IPTG) can be added to further
increase expression of -galactosidase, thus an optimal agar to assay for protein interaction
contains both X-gal and IPTG (Horwitz et al., 1964). MacConkey agar can also be used, but

will turn the colonies red instead (Karimova et al., 1998).

200



No cAMP

No cAMP
ATP CAMP

Fig 6-2. CAMP generation using the bacterial two-hybrid system. A) shows how the
adenylate cyclase domain of CyaA converts ATP to cAMP. B) shows when the two fragments
are not associated with each other no cCAMP is produced. C) shows how the two fragments
associate with each other when fused to two interacting proteins. D) shows how no cCAMP is

made when the two proteins the fragments are fused to do not interact.
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Indole and
galactosidase X-gal
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B-galactosidase
RNA I

polymerase
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cAMP

-

cCAMP

lacZ

Fig 6-3. Full diagram of active BATCH experiment. The two CyaA cAMP catalytic domains

are brought together by the associating proteins, producing cAMP. cAMP allows RNA

polymerase to bind to lacZ and transcribe the gene, which leads to the synthesis of B-

galactosidase. The substrate of this enzyme, X-gal, is then cleaved into indole and galactose.

Indole is a blue pigment and turns the colony blue (Kiernan, 2007).

202



The bacterial two-hybrid system is however not perfect for showing the interaction between
two proteins; the CyaA fragments may interfere with the binding, potentially abolishing any

binding, though this does offer information about the method interaction itself.

In S. coelicolor, BACTH experiments have been used to elucidate the binding partners of
several proteins. BACTH experiments were used to investigate the relationship between BldG
and SCO3548, which interact with each other in addition to self-interaction (Parashar et al.,
2009). RodZ and MreB also interact when subject to BACTH experiments, and the same
experiment showed that RodZ did not interact with the other MreB-like proteins of S.
coelicolor; Mbl and SCO6166 (Heichlinger et al., 2011b). BACTH experiments were also used
to elucidate whether Scy interacted with FilP, ParA, and DivIVA (Holmes et al., 2013). As a
full-length Scy did not bind ParA, a truncated Scy was used. This truncated protein bound
ParA, which was dependent on a coiled-coil domain. SCO3607 is genetically similar to Scy
and the eukaryotic flotillins contain a C-terminal coiled-coil domain required for
oligomerisation, suggesting that may be the region required for protein interactions in
SCO03607 (Ditkowski et al., 2013, Liu et al., 2005, Rivera-Milla et al., 2006).

6.1.2. Aims and goals
SCO03607 is the flotillin homologue of S. coelicolor and SCO3608 is the NfeD homologue.

Their genomic adjacency and close proximity suggest they are in the same operon.

This is consistent with previous literature, suggesting at least an indirect interaction between
the two proteins, and interactions occur in P. hyrokoshii (Green et al., 2009, Yokoyama &
Matsui, 2005). A more recent paper showed FloT was responsible for NfeD recruitment to
focal assemblies in B. subtilis (Dempwolff et al., 2012). Additionally, flotillin-flotillin
interactions have been shown in humans, and due to the high degree of similarity between
eukaryotic and prokaryotic flotillins, this potential interaction was also investigated (Babuke
et al., 2009).

The aims of the chapter is then:

1) To qualitatively investigate whether the SCO3607 and SCO3608 products interact with
the other proteins.
2) To, dependent on the interactions, obtain information pertaining to the binding domains

of the proteins in question.
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6.2. Results

6.2.1. Cloning of SCO3607 and SCO3608

To investigate the nature of the relationship between SCO3607 and SCO3608, elucidating
whether they bind each other or self-interact, cloning the two genes into the pUT18, pUT18c,
pKT25, and pKNT was done, bar cloning SCO3608 into pUT18 and pKNT25. SCO3607 and
SCO3608 were amplified using primers taking into account frameshift mutations and the
addition of Xbal and Kpnl restriction sites using StH66.C09 as a template (See Fig4.8),
generating pCFW106 and pCFW108. Using the Xbal and Kpnl restriction sites, these two
genes were then subcloned into pUT18, pUT18c, pKT25, and pKNT25, bar SCO3608 into
pUT18 and pKNT25. These two combinations were attempted several times, but it was not
possible to clone the combinations. These results are illustrated in a flowchart below (See Fig3-
4). The plasmids were then confirmed by restriction enzyme digestion.
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PCR of SCO3607 and SCO3608,
StH66.C09 as template

!

puCl19 SCO3607 SCO3608

Cloning vector

Xbal and
Kpnl RED
Xbal and Kpnl I I

SCO3607 SC0O3608
pCFW106 pCFW108
Xbal and Kpnl
Expression

pUT18 _ -N- T18 —C
pUT18C _ pCFW112 -N— T18 -c
) e T 0 e N
e -

Fig 6-4. Flowchart representing BACTH generation cloning strategy. The cloning strategy
was to amplify SCO3607 and SCO3608 from SH66.C09, digest the product and pUC19 with
Xbal and Kpnl, and ligated to create plasmids containing either gene. The genes were then then
further subcloned into pKT25, pKNT25, pUT18, and pUT18c using Kpnl and Xbal.
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1 Xbal 4147

2 Kpnl 4147

3 Xbal + Kpnl 1457, 2672

Fig 6-5. Confirmation of pCFW106. 1) pCFW106 plasmid was constructed by ligating Xbal
and Kpnl-flanked SCO3607 fragment into pUC19. The clone contains a functional copy of
SC03607. B) Confirmation of the 1% agarose gel electrophorese image of pCFW106 digested
with: Xbal, Kpnl, and Xbal + Kpnl, with a HindIII cut A phage standard. C) is the key for the

gel, and contains the different enzymes and expected fragment sizes.
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Fig 6-6. Confirmation of pPCFW108. A) pCFW108 plasmid was constructed by ligating Xbal
and Kpnl-flanked SCO3608 fragment into pUC19. The clone contains a functional copy of
SCO3608. B) Confirmation of the 1% agarose gel electrophorese image of pCFW108 digested
with: Sall, EcoRl, Hindlll, EcoRIl + Hindlll, and undigested with a HindIIl cut A phage
standard. C) is the key for the gel, and contains the different enzymes and expected fragment
sizes. Some residual DNA is visible.
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Fig 6-7. Confirmation of pCFW109. A) pCFW109 plasmid was constructed by ligating Xbal
and Kpnl-flanked SCO3607 from pCFW106 fragment into pUT18. The clone contains a
functional copy of SCO3607. B) Confirmation of the 1% agarose gel electrophorese image of
pCFW109 digested with: Sall, EcoRlI, Hindlll, EcoRI + Hindlll, and undigested, with a 1000bp
ladder. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.
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Fig 6-8. Confirmation of pPCFW111. A) pCFW111 map was constructed by ligating Xbal and
Kpnl-flanked SCO3607 from pCFW106 fragment into pUT18c. The clone contains a
functional copy of SCO3607. B) Confirmation of the 1% agarose gel electrophorese image of
pCFW111 digested with: Sall, EcoRlI, Hindlll, EcoRI + HindlIll, and undigested, with a HindIl11
cut A phage standard. C) is the key for the gel, and contains the different enzymes and expected

fragment sizes.
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Fig 6-9. Confirmation of pPCFW112. A) pCFW112 plasmid was constructed by ligating Xbal
and Kpnl-flanked SCO3608 from pCFW108 fragment into pUT18c. The clone contains a
functional copy of SCO3608. B) Confirmation of the 1% agarose gel electrophorese image of
pCFW112 digested with: Sall, Xbal, and Sall + Xbal, with a HindIII cut A phage standard. C)

is the key for the gel, and contains the different enzymes and expected fragment sizes.
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Fig 6-10. Confirmation of pCFW113. A) pCFW113 plasmid was constructed by ligating
Xbal and Kpnl-flanked SCO3607 from pCFW106 fragment into pKT25. The clone contains a
functional copy of SCO3607. B) Confirmation of the 1% agarose gel electrophorese image of
pCFW113 digested with: Sall, Xbal, and Sall + Xbal, with a HindIII cut A phage standard. C)

is the key for the gel, and contains the different enzymes and expected fragment sizes.
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Fig 6-11. Confirmation of pCFW114. A) pCFW114 plasmid was constructed by ligating
Xbal and Kpnl-flanked SCO3608 from pCFW108 fragment into pKT25. The clone contains a
functional copy of SCO3608. B) Confirmation of the 1% agarose gel electrophorese image of
pCFW114 digested with: Sall, Xbal, Ncol, and Ncol + Xbal, with a HindIIl cut A phage
standard. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes.
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Fig 6-12. Confirmation of pCFW115. A) pCFW115 plasmid was constructed by ligating
Xbal and Kpnl-flanked SCO3607 from pCFW108 fragment into pKNT25. The clone contains
a functional copy of SCO3607. B) Confirmation of the 1% agarose gel electrophorese image
of pCFW115 digested with: Sall, Ncol, Xbal, and Ncol + Xbal, with a HindIII cut A phage
standard. C) is the key for the gel, and contains the different enzymes and expected fragment

sizes
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6.2.2. Bacterial two hybrid experiments

The SC03607 and SCO3608-containing plasmids were transformed into E. coli BTH101 with
ampicillin and kanamycin selection (See Table 2-4). The following plasmid combinations were
transformed into BTH101: pCFW109 and pCFW113, pCFW109 and pCFW114, pCFW109
and pCFW115, pCFW111 and pCFW113, pCFW111 and pCFW114, pCFW111 and
pCFW115, pCFW112 and pCFW113, pCFW112 and pCFW114, pCFW112 and PCFW115,
and the positive control plasmids pUT18-zip and pKNT25-zip. The two latter two plasmids
encode T18 and T25 catalytic domains, respectively, translationally fused to a GCN4 leucine
zipper which self-interacts (Karimova et al., 1998). The different cultures were then plated onto
an LB agar plate containing 0.5mM IPTG and 40ug/mL X-Gal, in addition to the
aforementioned antibiotic selection, and incubated for 24 hours at 37°C (for concentrations,
see Table 2-4).

To elucidate whether SCO3607 and SCO3608 interacted with each other or self-interacted, the
previously constructed plasmids were transformed into the same host. The SCO3607 and
SCO3608-containing plasmids were transformed into BTH101 and Cya activity was assayed
for by plating the cultures onto IPTG and X-Gal containing LB agar plates. Two of the cultures
containing only SCO3607-containing plasmids, pCFW109 + pCFW113 and pCFW109 +
pCFW115, turned blue, showing the self-interaction. The products of pCFW115 and
pCFW111 did not interact. The two latter plasmids have the adenylate cyclase subunits fused
to the C-terminal of flotillin, suggesting this may be the binding site. That SCO3607 interacts
with other SCO3607 proteins is unsurprising due to the human flotillins form tetramers, and
the sequence similarity being so high between them and SCO3607 (Solis et al., 2007). No
interaction was observed in cultures with SCO3608-derived products, suggesting it does not
interact with SCO3607 nor SCO3608. In conclusion, SCO3607 self-interacts, whereas
SCO03608 does not (see Fig6-13).
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pCFW109 pCFW111 pCFW112

T18::SCO3607 SCO3607::T18 SCO3608::T18
pCFW113

PKT25::SC0O3607

pCFW114

PKT25::SC0O3608

pCFW115

SCO3607::PKNT25

Positive
control

Fig 6-13. BACTH experiments demonstrate SCO3607-SCO3607 interactions. The cyaA
T-18 domain containing plasmids (pCFW109, pCFW111, pCFW112) are horizontal across the
top, while the cyaA T-25 domain containing plasmids (pCFW113, pCFW114, pCFW115) are
vertical on the left. The positive control contains pUT18c-zip and pKNT-zip, which express

T18 and T25 subunits. Blue colonies are strains where two proteins interact.

The BATCH experiment showed SCO3607-SCO3607 interactions, but it does not interact with
SCO03608. However, when the adenylate cyclase domains were both fused to the C-terminus

of SCO3607, interaction was abolished, suggesting this obscured the binding sites.
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6.3.1. Discussion

The BACTH experiments demonstrated the self-interaction in SCO3607, though it did not
interact with SCO3608, nor did SCO3608 display self-interaction (see Fig6-13). The self-
interaction is not surprising, as the two human flotillins, flotillin-1 and flotillin-2, form homo-
and heterotetramers (Solis et al., 2007, Neumann-Giesen et al., 2004). However, when both
the T-18 and T-25 adenylate cyclase domains were fused to the C-terminal of SCO3607,
interaction was abolished. A few possibilities are likely: either the binding of flotillin occurs at
the C-terminal and the adenylate cyclase domains abolish the binding, or the binding occurs at

the N-terminal and the two adenylate cyclase domains are too far apart to interact.

Oligomerisation is a common feature of SPFH family proteins, but the SPFH domain does not
appear to be involved in oligomerisation, and it is the C-terminal flotillin domain that mediates
the homo- and hetero-oligomerisation of the human flotillins. It is the second coiled-coil. and
partially the first (residues 239-321 and 184-238, respectively, see Fig3.1), of flotillin-2 that
mediates the tetramerisation of flotillin-1 and -2 in humans, and flotillin-2 is also required for
the stabilisation of flotillin-1 in humans. Without the presence of flotillin-1, flotillin-2
undergoes proteosomal degradation in humans and Drosophila melanogaster, in addition to
similar to what has been observed with other SPFH proteins, such as HfIC/HIfK in
Saccharomyces cerevisiae and prohibitins in humans (Solis et al., 2007, Hoehne et al., 2005,
Berger & Yaffe, 1998, Nijtmans et al., 2002). Of the two proteins, SCO3607 is overall most
similar to flotillin-1, though this is marginal. The first coiled-coil is highly conserved
throughout the organisms in Fig3-2, though the second coiled-coil is less conserved, with small
stretches of the coiled-coil missing in the human flotillins compared to their bacterial
counterparts. Thus, based on sequence similarity with known flotillins, it is likely binding takes
place at the C-terminal and that SCO3607 tetramerises.

FloT has been shown to recruit NfeD in B. subtilis, but this experiment demonstrated no direct
interaction between the two, suggesting flotillin-dependent recruitment of NfeD to focal
assemblies in B. subtilis is indirect rather than the product of a direct interaction between the
two proteins (Dempwolff et al., 2012). However, in P. horikoshii, NfeD cleaved a stomatin, a
protein closely related to flotillin (Yokoyama & Matsui, 2005). It is worth noting this NfeD is
rather different, as it is a full-length NfeD as opposed to the truncated NfeD of S. coelicolor
(See Fig3-6). This suggests there are other proteins involved, but what protein(s) or mechanism

is unknown. One possibility is Yual, an acyltransferase, which is in the yuaFGI operon in B.
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subtilis, though there is no other gene in the S. coelicolor NfeD-flotillin operon, and the closest
one genetically is SCO6477. However, B. subtilis appears to be the only organism with an
acyltransferase in the same operon as flotillin. It is thus likely that the acyltransferase of B.
subtilis does not play a role in the molecular role of flotillin and NfeD. There might also be
additional proteins which are required for NfeD-flotillin or NfeD-NfeD interaction, which was
touched upon with the acyltransferase Yual being implicated, but that is not likely due to the
aforementioned reasons. However, that many other proteins are likely to be involved due to the
range of proteins eukaryotic flotillins interact with (Zhao et al., 2011).

The Cya domains may obscure binding of NfeD, even though the translationally fused Cya
domains were fused to either end of the protein. Alternatively, together they may obstruct
interactions between NfeD and flotillin. It is worth noting that especially the T25 Cya domain
is larger than the SCO3608. Furthermore, BACTH experiments occur in E. coli, so SCO3607
and SCO3608 are not in their native system, which could interfere with their molecular
mechanism, creating false negatives. Special attention should be paid to the three different
localisation patterns of flotillin in B. subtilis; helical, random, and dynamical foci (Lopez &
Kolter, 2010, Donovan & Bramkamp, 2009). Correct localisation of flotillin is also required
for NfeD recruitment to these foci, so it is possible that the differences in membrane from its
native S. coelicolor interferes with this (Dempwolff et al., 2012). This might be due to lipids
causing a conformational change in the protein structure or be required for binding in some
other way. The difference in phospholipid content could interfere with the localisation, as S.
coelicolor contain six-fold more CL than E. coli (Raetz & Dowhan, 1990, Sandoval-Calderon
et al., 2009). This would be similar to cholesterol depletion abolishing Src-flotillin interaction
(de Diesbach et al., 2008). As there is a proposed link between bacterial lipid microdomains
and flotillin this is not unlikely (Lopez & Kolter, 2010). Another potential reason for the lack
of interaction is the different roles of proteins in S. coelicolor, such as the different role of
MreB in S. coelicolor. This could be the same for NfeD and flotillin. This is somewhat unlikely

due to the highly conserved nature of the flotillins.

6.3.2. Conclusion and further work

The results showed flotillin interacted with flotillin. Binding likely occurs at the C-terminal
due to translationally fusing the larger CyaA cAMP domain abolished B-galactosidase activity.
NfeD did not interact with NfeD, nor did it interact with flotillin. However, based on previous

literature, it could be the non-native system disrupted the binding, as the membranes are very
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different. Alternative methods of assaying protein-protein interactions, such as affinity mass

spectrometry and co-immunoprecipitation.

The most obvious place to continue the experiments would be constructing the two omitted
plasmids; pUT18c with SCO3608 and pKNT25 with SCO3608. Further BACTH experiments
to perform would include DivIVA, Scy, and ParA. The former is a heterogeneously distributed
membrane protein which thus may be involved in bacterial lipid microdomains (Hempel et al.,
2008). Scy interacts with both DivIVA and ParA (Ditkowski et al., 2013). MreB and Mbl, the
bacterial actin homologues, and SCO6166, a similar protein missing the IB and I1B actin
subdomains, are also potential interaction partners, as the human flotillins interact with F-actin
through the SPFH domain (Langhorst et al., 2007, Heichlinger et al., 2011b). However, in S.
coelicolor, these proteins have different roles than cell scaffolding; MreB and Mbl are used in
sporulation, while SCO6166 is involved in the vegetative state, but is lacking several actin
subdomains. Additionally, all three are non-essential proteins (Heichlinger et al., 2011b).

S. aureus mutants lacking FloA, its flotillin homologue, had a less effective type vii secretion
system (Mielich-Suss et al., 2017). In S. coelicolor, the esx-locus encodes a type vii secretion
system, which secretes EsxA and EsxB (Abdallah et al., 2007). Forming heterodimers, ESxA
and EsxB appear to play a role in cell division coordination. Mutant strains display pre-spore
compartments of irregualar size with multiple nucleoids. This phenotype further deteriorates
when combined with smc, ftskK, parB mutations (Akpe San Roman et al., 2010). This makes
them interesting for BACTH experiments, following the compartment irregularities observed

in chapter 5.

There are also several Src kinases worth investigating in the S. coelicolor genome. Src kinases
have previously been reported to phosphorylate mammalian flotillins, and are thus a potential
interaction partner (Ogura et al., 2014). There are no S. coelicolor homologues of N-methyl-
D-aspartate receptors, vinexins, CAP/ponsin, or ArgBP2, so other proteins than their
homologues should be investigated for interactions. Furthermore, FtsH has been shown to
colocalise with FloT in B. subtilis, and a bacterial two-hybrid experiment with an equivalent
protein would be of interest in S. coelicolor (Yepes et al., 2012).
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7. Discussion
The bioinformatics showed SC0O3607 was a flotillin, while SCO3608 was a truncated NfeD.

In a phylogenetic tree, SCO3607 was present in a wider cluster containing both human and B.
subtilis flotillins, though the flotillins of Streptomyces formed a separate cluster of flotillins
separate from those two within a larger cluster. SCO3607 was also highly conserved. SCO3608
was similar, though eukaryotic genomes do not encode nfeDs, and clustered predictably
alongside the truncated NfeDs of B. subtilis. It was less conserved when compared to
SCO03607; NfeDs tend to be less conserved and several mutations are known to occur, such as
losing its N-terminal protease domain (Green et al., 2009).

Performing research on flotillins, specifically protein-protein and protein-lipid interactions, in
B. subtilis and extrapolating this to human research has previously been suggested (Mielich-
Suss et al., 2013). The reasoning behind lies within the intrinsic ease of working with bacteria
compared to human cell lines, in addition to the similarities of the flotillins. The phylogenetic
trees revealed the degree of similarity between human flotillin and SCO3607, and when taking
the multicellularity of S. coelicolor into account, this is potentially a very good model for

testing protein-protein and protein-lipid interactions in a better background.

Two separate ways of organising NfeDs have been proposed. One system was based on which
SPFH was adjacent to the nfeD on the chromosome, while another organised into several
groups based on truncation of the nfeD gene in question (see sections 1.2.6 and 3.4.1) (Green
et al., 2004, Hinderhofer et al., 2009). In the former system, any flotillin-associated NfeD is
given the designation NfeD2, irrespective of any potentially different genetic lineage. Notably,
due to the high degree of horizontal gene transfer of the SPFH-nfeD operons and the several
occasions upon which separate NfeD has lost its Clp-domain, exact phylogeny has been
occluded. In the latter system, the NfeDs are grouped based on two types of NfeDs, NfeD1A,
and NfeD1B, of which NfeD1B is split into truncated and full-length, and again split into 4
separate groups; NfeD1B-1 to -4. The groups previously characterised were based on whether
they were found in Archae or Eubacteria, and whether they were upstream of ygeZ or
downstream or upstream of an eoslipin (see section 1.2.6). The same papers had failed to
identify any NfeDs within actinobacteria, so NfeDs within the actinobacteria are not assigned
to any group, nor do they fit the previously organised groups (Green et al., 2009, Green et al.,

2004). Furthermore, truncated NfeDs associated with flotillins had not been included, thus an
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entirely new group is proposed; NfeD1b-5. This group would this include the entire flotillin-

associated truncated NfeD1b lineage.

SCO3607 was disrupted using a Tn5062 disruption cassete at two different sites on opposite
strands, but neither mutant displayed a macroscopic phenotype. SCO3607 and SCO3608 were
both deleted separately, in addition to a double knockout mutant being generated, of which
none displayed a macroscopic phenotype. This was similar to what had been observed in
previous experiments with B. subtilis (Dempwolff et al., 2012, Donovan & Bramkamp, 2009,
Bach & Bramkamp, 2013). No phenotype was observed in response to salt concentrations,
which had previously induced yuaG and yuaF expression in B. subtilis. This difference strongly
suggests a different role for flotillin and NfeD in S. coelicolor (Wiegert et al., 2001).

Changes to branch and cross-wall formation in response to the deletion and disruption of
SCO03607 and SC0O3608 were investigated in the CFW3607A, CFW3607M, CFW36076,
CFW36085, and CFW360785 mutant strains. A Schwedock stain was performed after 24, 48,
and 72 hours, and the distance from tip to cross-wall and branch, in addition to intra branch
and cross-wall distances, were measured. In all strains, tip to cross-wall distances were shorter
after 24 hours, though only moderately so for CFW36086, with shorter distances after 48 hours
measured for CFW3607A, CFW3607M, and CFW3608. After 72 hours, the tip to cross-wall
distances were longer for CFW360756, CFW36085, and CFW360785, but no difference
observed for the other strains. Tip to branch distances were also shorter at both 24 and 48 hours
for every strain, though after 72 hours it was longer for CFW3607A and CFW36089, but
shorter for CFW36078. Cross-wall to cross-wall distances were also affected, with the distance
slightly shorter for CFW3607A CFW36075, and CFW36085 at both 24 and 48-hour time
points. The average distance was longer for CFW3607M after 24 hours, but CFW36086 it was
slightly longer after 24 hours, but slightly shorter after 48 hours. For both CFW36085 and
CFW360783 it was longer after 72 hours. Branch to branch distances were also affected, though
not at all in CFW3607A. Branches formed slightly closer together in CFW3607M after 48
hours, but they formed consistently closer at all time points for CFW36076. For CFW36085
they formed slightly further apart after 24 hours, closer after 48 hours, and no difference after
72 hours. For CFW360789, there only difference was after 48 hours, where they formed
slightly closer.

From the microscopy, it became clear the genes played a role in cell polarity, as the strains
formed branches and cross-walls closer to the tip after 24 hours, with only CFW36076 and
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CFW360786 not forming cross-walls closer to the tip after 48 hours. Cross-wall to cross-wall
distances were not affected to any large degree, though after 72 hours, cross-wall to cross-wall
distances were shorter for CFW3607A and CFW36079, but longer for CFW36086 and
CFW360780. Essentially, strains without SCO3608 suffered from larger compartments after
72 hours, including CFW360786, which lacked both SCO3607 and SCO3608, while two of the
strains lacking SCO3607, but not SCO3608, CFW3607A and CFW36075, had smaller
compartments. The statistical significance was much stronger between larger compartments
for CFW36086 than for CFW360788, which reflected the lack of SCO3607. Furthermore, the
statistical significance for CFW3607A, while there, was not very large, as opposed to
CFW36076. While it is surprising there are differences within mutants lacking SCO3607,
disruption and knockout variants have shown difference in B. subtilis.

Branch to branch distances were largely unaffected, but CFW36076 formed branches much
shorter apart. These were characterised by small peptidoglycan depositions in the cell wall,
forming what appeared to be either nascent or aborted branches. This would further connect
cell polarity with flotillin. It is possible that the lack of SCO3607 caused the peptidoglycan
machinery to begin the synthesis of new cell wall material, but issues with cell polarity caused
it to stop. It appears a lack of SCO3607 and SCO3608 results in morphological irregularities,
possibly due to their on cell polarity, which would consistent with its role in B. subtilis
(Ditkowski et al., 2013, Donovan & Bramkamp, 2009). Alternatively, it may be involved with
the EsX/type vii secretion system, as mutations to the esxBA operon resulted in irregular spore
compartments and changes to the DNA content (Akpe San Roman et al., 2010).

That most of the aberrant phenotypes occurred during the first 24 to 48 hours, which indicates
the involvement of flotillin in the earlier stages of the life cycle, as opposed to B. subtilis, where
flotillin was expressed during sporulation (Donovan & Bramkamp, 2009). This is altogether

not entirely surprising due to their vastly different life cycles.

Another phenotype evident during fluorescence microscopy were the slightly enlarged spores
of the double knock-out strain, CFW360785. While enlarged spores have previously been
observed in S. coelicolor in reaction to mutations in the mre-cluster, the phenotype observed
here was not as severe, nor was there any non-wild type macroscopic phenotype in reaction to
alkaline growth conditions, which had strongly reduced the viability of the mre-mutants
(Kleinschnitz et al., 2011a).
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BACTH experiments demonstrated SCO3607 interacting with SCO3607, which there is some
circumstantial evidence for it to occur at the C-terminal based on the BACTH experiments.
Neither NfeD-flotillin nor NfeD-NfeD interactions were evident based on the experiments
performed. Further experiments, such as co-immunoprecipitation, are suggested to verify that
the lack of interaction between NfeD and flotillin was not due to blocking of binding sites by
the adenylate cyclate domains (see 3.2.2.). Further BACTH experiments do assay for any
interactions with other proteins is also suitable; Scy, DivIVA, and ParA have all been
translationally fused with the adenylate cyclase domains previously, and are thus possible
candidates (Ditkowski et al., 2013). MreB and Mbl, bacterial actin homologues, are also
potential candidates, as human flotillin interacts with actin and mutations to the mre-cluster has
previously been implicated in enlarged spores, which were observed during fluorescence
microscopy (Langhorst et al., 2007, Heichlinger et al., 2011b, Kleinschnitz et al., 2011a).

In conclusion, SCO3607 and SCO3608 appear to play a role in cell morphology and a minor
role in spore formation. This work has begun to reveal its role, but more work is required before
any definite conclusions can be drawn as to the mechanisms and potential partners, both lipid

and protein, that the two proteins interact with.
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Appendix
Table 9-1. P-values for strains lacking a fully-functional copy of SCO3607.
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Tip to cross-wall

Strains 24 hours 48 hours 72 hours
CFW3607A and M145 | 0.0000 0.0000 0.8931
CFW3607A and | 0.0765 0.0000 0.8560
CFW3607AC

CEW3607M and M145 0.0000 0.2228 0.0054
CFW3607M and | 0.0000 0.0000 0.2144
CFW3607MC

CFW36075 and M145 0.0000 0.7744 0.0988
CFW36073 and | 0.0000 0.8700 0.0002
CFW36075C

Table 9-2. P-values for strains lacking a fully-functional copy of SC0O3607.
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Tip to branch

Strains 24 hours 48 hours 72 hours
CFW3607A and M145 | 0.0077 0.4270 0.0928
CFW3607A and | 0.0006 0.4900 0.3290
CFW3607AC

CFW3607M and M145 | 0.0000 0.0000 0.4661
CFW3607M and | 0.0000 0.0002 0.0195
CFwW3607MC

CFW36075 and M 145 0.0000 0.0000 0.0109
CFW36075 and | 0.0222 0.0040 0.2987
CFW36075C

Table 9-3. P-values for strains lacking a fully-functional copy of SC0O3607.
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Cross-wall to cross-wall

Strains 24 hours 48 hours 72 hours
CFW3607A and M145 | 0.0263 0.7792 0.0302
CFW3607A and | 0.0000 0.0031 0.2481
CFW3607AC

CFW3607M and M145 | 0.0000 0.5631 0.0139
CFW3607M and | 0.0218 0.8270 0.1007
CFwW3607MC

CFW36075 and M 145 0.2179 0.0001 0.0000
CFW36075 and | 0.4314 0.0000 0.0000
CFW36075C

Table 9-4. P-values for strains lacking a fully-functional copy of SC0O3607.
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Branch to branch

Strains 24 hours 48 hours 72 hours
CFW3607A and M145 | 0.4790 0.0182 0.0300
CFW3607A and | 0.0002 0.6484 0.4934
CFW3607AC
CFW3607M and M145 | 0.0635 0.0000 0.0934
CFW3607M and | 0.0306 0.0000 0.0871
CFW3607MC
CFW36078 and M145 | 0.0000 0.0000 0.0215
CFW36075 and | 0.0000 0.6142 0.9368
CFW36076C

Table 9-5. P-values for CFW36086 and M145.
Measurement 24 hours 48 hours 72 hours
Tip to cross-wall 0.0077 0.0000 0.0073
Tip to branch 0.0000 0.0298 0.0237
Cross-wall to cross- | 0.3139 0.1513 0.0000
wall
Branch to branch 0.1678 0.0000 0.8266

Table 9-6. P-values for CFW36086 and CFW36086C.
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Measurement 24 hours 48 hours 72 hours

Tip to cross-wall 0.0723 0.0000 0.6358

Tip to branch 0.0794 0.1806 0.0416

Cross-wall to cross- | 0.1432 0.0022 0.0577

wall

Branch to branch 0.0004 0.4182 0.8124
Table 9-7. P-values for CFW360786 and M145.

Measurement 24 hours 48 hours 72 hours

Tip to cross-wall 0.0000 0.7881 0.0000

Tip to branch 0.0111 0.0000 0.2393

Cross-wall to cross- | 0.0125 0.0636 0.0000

wall

Branch to branch 0.5072 0.0089 0.9959
Table 9-8. P-values for CFW360786 and CFW360786C.

Measurement 24 hours 48 hours 72 hours

Tip to cross-wall 0.0000 0.0000 0.0029

Tip to branch 0.0000 0.0000 0.8085

Cross-wall to cross- | 0.2127 0.0000 0.0004

wall

Branch to branch 0.3367 0.0275 0.0000
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Table 9-9. Average spore length.

Strain Length (in um) | Standard deviation (in pum)
M145 1.01984 0.2919
CFW3607A 0.9659 0.3453
CFW3607AC | 1.1775 0.3530
CFW3607M 0.9952 0.3023
CFW3607MC | 0.9634 0.2532
CFW36076 1.0767 0.430843553
CFW36076C | 1.0164 0.3086
CFW36086 1.0079 0.3154
CFW36086C | 1.0213 0.2629
CFW36078% 1.1586 0.2789
CFW360785C | 1.0879 0.4015

Table 9-10. P-values for the disrupted strains.

Strains M145 CFW3607A | CFW3607AC | CFW3607/M | CFW3607MC
M145 0.0964 7.66E° 0.4446 0.0522
CFW3607A 0.0964 3.33669E-°

CFW3607AC | 7.66E® | 3.33669E7

CFW3607M 0.4446 0.2887
CFW3607MC | 0.0522 0.2887
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Table 9-11. P-values for single-knock out strains.

Strains M145 | CFW36076 | CFW36076C | CFW36085 | CFW36085C
M145 0.1449 0.9144 0.7274 0.9620
CFW36076 0.1449 0.1245

CFW36076C 0.9144 | 0.1245

CFW36086 0.7274 0.6977
CFW36086C 0.9620 0.6977

Table 9-12. P-value for CFW360786 and its complemented strain.

Strains M145 CFW360785 | CFW360785C
M145 1.50251E" 0.1433
CFW360785 1.50251E™ 0.1306
CFW360785C | 0.1433 0.1306
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