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Lay Abstract

Bacteria are all around us. In these different environments, whether in the soil, or inside
our guts, or in a body of water, they will encounter stress. This can take the shape of
nutrient stress, or the presence of growth inhibiting compounds. In response, bacteria
can evade these poor conditions by entering into dormancy, analogous to hibernation,
by building a biofilm, analogous to building a bunker, or by moving away. The surface of
bacterial cells becomes decorated with different polymers as it transitions into one of
these three modes of stress evasion. The cell wall holds the cell together and supports
its shape, making it the most important surface polymer. | examined how rapid
remodeling of the cell wall provides a competitive advantage to cells waking up from
dormancy. | also examined the importance of additional polymers to the formation of
biofilms that slide across surfaces, away from stressors. These works establish how
important the surface of the bacterium is for surviving stressful conditions.



Abstract

Bacteria in the environment face constant stress, due to lack of nutrients or presence of
growth inhibiting compounds. As a result, they have developed several strategies to
evade unfavourable growth conditions. These range from entering into dormant or
guiescent states, through to motility, and biofilm formation. Using the model organism
Streptomyces, we investigated how the bacterial cell surface regulates dormancy,
biofilm formation, and motility.

Dormancy via spore formation allows cells to shut down metabolism in response to poor
nutrient conditions. Spores can then be dispersed throughout the environment to
encounter favourable conditions. This is an incredibly resilient survival strategy, so long
as the spores resuscitate from dormancy and resume growth once favourable conditions
are sensed. We established that peptidoglycan remodeling by resuscitation promoting
factors is critical for rapid germination of dormant Streptomyces spores, which likely
provides a competitive advantage over slower growing microbes in the same
environment. Previously it was thought that these proteins produce a signal to stimulate
germination in neighbouring cells. We determined that the resuscitation promoting
factors are lytic transglycosylases, and were not capable of producing a germination
signal on their own. Instead, they function by cleaving the peptidoglycan to make room
for new cell growth. This work highlights the importance of peptidoglycan remodeling to
the germination process. Biofilms are multicellular communities of microorganisms
which are adhered to each other using a protective matrix. Formation of biofilms is
thought to be inversely correlated with motility. We established that Streptomyces
forms biofilms during the exploratory growth identifying potential extracellular matrix
components. These biofilms use sliding motility to expand rapidly across their
environment. Components of the biofilm matrix effect colony expansion, suggesting that
biofilm formation and motility are intricately linked in Streptomyces. These works
demonstrate the importance of surface polymers to the growth and development of
Streptomyces.
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Chapter 1

General Introduction

1.1 The bacterial cell envelope

The cell envelope is arguably the most important structure produced by the bacterial
cell. It senses and responds to the environment, controls cell shape and prevents lysis
due to the turgor pressure within the cytoplasm. Indeed, bacteria are separated into
their two main classifications, Gram- positive and Gram- negative, based on cell wall
structure.

Gram- negative bacteria feature a double membrane with a periplasmic space and a thin
layer of peptidoglycan. The Gram- positive cell wall is composed of a single membrane
surrounded by a thick layer of peptidoglycan and teichoic acids. Both cell walls also
contain proteins that perform functions relating to modulating surface properties,
transport of proteins and other molecules in and out of the cell, and maintaining the cell
wall.

1.1.1 Teichoic acids in the Gram- positive cell wall

Teichoic acids are glycopolymers composed of phosphodiester-linked polyol repeats.
These can be anchored to the cell membrane via a glycolipid (lipoteichoic acids) or
covalently attached to the peptidoglycan (wall teichoic acids). Lipoteichoic acids are
composed of a polyglycerolphosphate chain that is anchored to a glycolipid and
embedded in the membrane (Reichmann and Griindling, 2011). In Bacillus subtilis and
Staphylococcus aureus, it is estimated that roughly 10% of N-acetylmuramic acid
residues have a covalently attached wall teichoic acid (Bera et al., 2007). Wall teichoic
acid composition varies greatly between bacteria, but they all share a common
structure: they are all attached to the peptidoglycan through a defined ‘linkage group’,
from which variable repeat units extend. The linkage group is composed of N-
acetylmannosamine (31—4) N-acetylglucosamine 1-phosphate with one to two glycerol
3-phosphate moieties (Brown et al., 2013). This is attached to the peptidoglycan via a
phosphodiester bond to the N-acetylmuramic acid in peptidoglycan (discussed below)
(Brown et al., 2013). The polymer of repeat units extend from the glycerol 3-phosphate
units on the other end of the linker (Brown et al., 2013). The repeat unit can be ribitol 5-
phosphate, glycerol 3-phosphate, or glycosylpolyol phosphate/glycosyl phosphate-
polyphosphate-based (Brown et al., 2013). Despite a considerable variation in the sugar
subunits, all teichoic acids feature a negatively charged backbone.

The repeat units can also be modified in both lipoteichoic acids and wall teichoic acids.
For example, D-alanylation of teichoic acids alters the surface charge by decreasing the

1



net negative charge of the teichoic acid polymer (Brown et al., 2013; Reichmann and
Grindling, 2011). The amount of D-alanine added to ribitol 5-phosphate polymers can
vary in response to changing environmental conditions, including pH, temperature, and
salt concentrations (Brown et al., 2013; Jenni and Berger-Bachi, 1998; Neuhaus and
Baddiley, 2003). Mono- or oligosaccharides, often glucose and N-acetylglucosamine, can
also be added to the repeat unit, although the extent to which these sugar modification
are employed does not seem to change with environmental conditions (Collins et al.,
2002). These sugars can ultimately coat the entire teichoic acid polymer and can be
added using an o or B glycosidic linkage. It is likely that the addition of sugars, and the
type of linkage, affects interactions with cell surface protein or other components of the
cell wall, or may impact interactions with the environment (Brown et al., 2013). In the
case of S. aureus, removal of the sugar residues led to enhanced susceptibility to
antibiotic treatment and reduced virulence (Brown et al., 2012; Xia et al., 2010).

1.1.2 Peptidoglycan structure

Peptidoglycan represents another major component of the bacterial cell wall, where it
serves both as the attachment point for wall teichoic acids, and as a major structural
entity in and of itself. It is a polymer of alternating sugar residues cross linked together
by a combination of peptide stems and crossbridges (Fig. 1.1). This crosslinked polymeric
mesh surrounds the cell, providing support for the membrane, while still being porous
enough to allow diffusion through it.

GlcNAc —MuerAc — GIcNAc —MurINAc

L-ﬁ|\la L-ﬁisla
D-(|3Iu D-(l':‘lu
LL-DAP _LL-DAP

D-i\la D'f‘lafely

p-Ala  LL-DAP
D-Clslu
L-Ala

|
MurNAc—GIcNAc—MurNAc — GIcNAc

|
D-Ala

Figure 1.1: The structure of Streptomyces peptidoglycan. The backbone of
peptidoglycan comprises alternating units of N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc). Strands of peptidoglycan are crosslinked using peptide
stems composed of L-alanine (L-Ala), D-glutamine (D-Glu), diaminopimelic acid (LL-DAP),
and D-alanine (D-Ala) which are bridged with single glycine (Gly) residues.



1.1.2.1 The glycan strand

The composition and organization of the glycan strand, the peptidoglycan backbone, is
uniform across all bacteria. It is composed of alternating N-acetylglucosamine and N-
acetylmuramic acid residues linked by [3 1-4 glycosidic bonds (Fig. 1.1). Peptidoglycan
polymers range from 3 to 250 repeats of these two sugar residues, depending on the
strain and the growth conditions (Vollmer et al., 2008a). In rod shaped bacteria, the
strands of peptidoglycan run parallel to the cell surface, and perpendicular to the long
axis of the cell (Beeby et al., 2013; Gumbart et al., 2014; Turner et al., 2018). In spherical
bacteria, peptidoglycan strands are highly organized into concentric rings on the division
plane, but this organization is lost in the mature cell wall (Turner et al., 2014).

1.1.2.2 The peptide stem

Peptidoglycan strands are crosslinked together through peptide bonds, to provide
additional strength to the cell wall. Penta-peptide stems are attached to muramic acid
residues, and crosslinks/bridges between these different stems effectively serve to
crosslink distinct glycan strands together (Fig. 1.1). The composition of the peptide stem
varies between bacteria but it is generally composed of alternating L- and D- amino
acids, with the greatest degree of variability at the third position of the peptide stem.
The amino acid in the third position is typically a diamino acid and it participates in
crosslinking with the fourth amino acid of a second peptide stem, either directly, or
through an additional peptide crossbridge. The fifth amino acid is removed during the
crosslinking process. In Streptomyces coelicolor, the peptide stem is composed of L-Ala —
D-Glu — LL-diaminopimelic acid (DAP) — D-Ala — D-Ala, with a single glycine crossbridge
linking the LL-DAP of one peptide stem, with the LL-DAP (3rd position) or D-Ala (4th
position) of the second peptide stem (Hugonnet et al., 2014; Schleifer and Kandler,
1972) (Fig. 1.2). These two crosslinking variants (LL-DAP-LL-DAP or LL-DAP-D-Ala) occur
in almost equal proportions under standard laboratory conditions (Hugonnet et al.,
2014). The biological function of these two crosslinking types is unknown. The degree of
crosslinking depends both on the strain and the growth conditions. Approximately 50%
of stem peptides are crosslinked in Streptomyces growing under standard laboratory
conditions (Paget et al., 1999). Sortase enzymes may also covalently anchor proteins to
the peptide stem of nascent peptidoglycan; their activity therefore has the potential to
spatially exclude peptide stem crosslinking.
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Figure 1.2: Peptidoglycan crosslinking structures in Streptomyces. Throughout its
growth, Streptomyces peptidoglycan crosslinks will change in structure. Common
peptidoglycan crosslinks are shown here.

1.1.3 Cell wall hydrolases — modifying peptidoglycan structure

Despite its seemingly rigid structure, peptidoglycan is necessarily a highly dynamic
entity: if the cell wall was entirely inflexible, it would completely prevent growth. In
order for cell growth to occur, peptidoglycan must be very carefully altered and adjusted
by a suite of cell wall lytic enzymes. These cell wall lytic enzymes cleave different
portions of the glycan strand or the peptide side chains to make space for new growth.
In addition, a subset of cell wall lytic enzymes have specialized functions, where they are
responsible for making room for the insertion of large cross-wall protein complexes, like
flagella, secretion systems, and pili production complexes.

1.1.3.1 Classification of cell wall lytic enzymes

For every type of bond in the peptidoglycan, there is an enzyme that can digest it (Fig.
1.3). In the backbone, N-acetylglucosaminidases hydrolyse the bond between GlcNAc
and MurNAc residues, while lysozymes hydrolyse the bonds between MurNAc and
GlcNAc residues. Lytic transglycosylases also cleave the glycosidic linkage between
MurNAc and GIcNAc residues (Fig. 1.3); however, they break the bond without using a
water molecule, resulting in the formation of a 1,6 anhydro ring on the muramic acid
residue (Fig. 1.4).

Like the backbone, the peptide stem is also subject to cleavage at every position.
Amidases, or N-acetylmuramyl-L-alanine amidases, cleave the amide bond between the
L-alanine in the first position of the peptide stem and MurNAc, completely removing the
peptide stem. Endopeptidases cleave different amide bonds within the peptide stem.
These can be further subdivided into different families, such as DD-peptidases, which
cleave between two D amino acids, DL-peptidases, which cleave between L- and D-
amino acids, and LL-peptidases, which cleave between two L-amino acids.
Carboxypeptidases remove the C terminal amino acid from the peptide stem.



In addition to their enzymatic domains, cell wall lytic enzymes often have additional
domains. These domains, including the SH3b, SPOR, LysM and G5 domains, function to
enhance substrate binding and in turn are thought to increase enzyme activity. The SH3b
domain is often associated with endopeptidases (Lu et al., 2006). Substitutions within
the SH3b domain can modify substrate specificity to direct proteins to specific sites
within the cell wall (Xu et al., 2015). The sporulation-related repeat (SPOR) domain also
guides protein localization. The SPOR domain has increased affinity for peptidoglycan
lacking side chains, which is often found at the septum. Proteins containing SPOR
domains often have diverse functions, however they are frequently targeted to the
septum (Yahashiri et al., 2015). Like the SPOR-containing proteins, LysM domain-
containing proteins also have diverse functions, and again, its binding substrate is well-
established: it recognizes N-acetylglucosamine in the backbone of peptidoglycan and
other polysaccharides like chitin. LysM domain binding can be influenced by peptide
stem length on neighbouring N-acetylmuramic acid residues, with longer stem peptides
inhibiting binding more than shorter peptide stems (Mesnage et al., 2014). Similar to
the LysM domain, the G5 domain is also predicted to bind to N-acetylglucosamine
residues, however this has not been demonstrated experimentally (Bateman et al.,
2005). Whether substrate binding by G5 domain-containing proteins is affected by
peptide stem length on adjacent N-acetylmuramic acid residues remains to be seen.

muramidase
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|
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Figure 1.3: Peptidoglycan cleavage by cell wall lytic enzymes. Cleavage positions for the
various classes of cell wall lytic enzymes are indicated on the structure of Streptomyces
peptidoglycan with arrows.



1.1.4 Modifications to the glycan strand

The peptidoglycan backbone can be modified in a number of different ways, often to
regulate the activity of cell wall lytic enzymes (Fig 1.4). Lysozymes are produced by a
broad range of organisms ranging from phage to mammals, potentially as a mechanism
to disrupt the growth of bacteria, and as a result bacteria have developed strategies to
protect their cell walls from digestion. Many human pathogenic bacteria use
peptidoglycan deacetylases which act on either the muramic acid or glucosamine
residues to resist the activity of lysozymes produced by the host (Vollmer, 2008).
Deacetylated peptidoglycan is a poor substrate for cell wall hydrolases, as lysozymes use
the acetyl group for substrate binding (Vocadlo et al., 2001). These enzymes, such as in
the human pathogen Helicobacter pylori, are controlled through the transcriptional
response to reactive oxygen species produced during the host response to infection
(Wang et al., 2009). Within the actinobacteria (excluding the streptomycetes), N-
glycolation of muramic acid has been observed (Azuma et al., 1970; Uchida and Aida,
1979). While the exact function of the glycolyl group is not known, Mycobacterium
smegmatis mutants lacking this modification are hyper-sensitive to lysozyme, suggesting
a role in protecting the peptidoglycan from lysozymes (Raymond et al., 2005).

O-acetylated peptidoglycan is also resistant to digestion by muramidases. O-acetylation
and de-O-acetylation are thought to represent parallel strategies for spatially and
temporally regulating lytic transglycosylase activity (Weadge et al., 2005). O-acetylation
has also been associated with N-acetylglucosamine residues in Lactobacillus plantarum,
where it inhibits peptidoglycan degradation by N-acetylglucosaminidases (Bernard et al.,
2011).

Finally, polysaccharide polymers like wall teichoic acids, can be added to the
peptidoglycan. Wall-anchored teichoic acids, capsular polysaccharides, or
arabinogalactans can all be attached to the peptidoglycan, and function to prevent
cleavage of the peptidoglycan by cell wall lytic enzymes (Vollmer, 2008). Wall teichoic
acids may function by excluding access of cell wall lytic enzymes to their substrates, and
have been shown to reduce peptidoglycan degradation by lysozyme in S. aureus (Bera et
al., 2007; Frankel and Schneewind, 2012; Schlag et al., 2010). Little is known about how
the addition of other polysaccharides to the peptidoglycan impacts cell wall lytic
enzymes.
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1.2 Streptomyces growth and development

Streptomyces is a genus of Gram- positive bacteria that belong to the actinobacterial
phylum. This genus has classically been studied for its ability to produce numerous
medically relevant compounds, such as antibacterial, antifungal, and anti-cancer drugs.
In addition to their reputation as “nature’s chemists”, the streptomycetes have a
complex developmental cycle, more similar to that of filamentous fungi than unicellular
bacteria.

1.2.1 Classical development

Life for Streptomyces begins as a dormant spore (Fig. 1.5). When the spore encounters
favourable growth conditions, it resumes metabolic activity and initiates growth through
a process known as germination. During germination, a spore will produce one or two
germ tube(s) that grow via tip extension. As these germ tubes extend, they begin
branching and ultimately form what is known as a vegetative mycelium. Vegetative
growth continues until a signal, possibly nutrient limitation, triggers the onset of the
reproductive phase of their life cycle. This phase is marked by the raising of unbranched
hyphae up into the air. These aerial hyphae undergo a synchronous round of cell division
to produce ~100 immature spores per hyphal filament. These pre-spore compartments
are subject to a maturation process that yields mature, dormant spores that can then be
released into the environment. The transitions between vegetative growth, aerial
hyphae formation and sporulation are complex and highly regulated and are discussed in
greater detail below.
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Figure 1.5: Lifecycle stages of Streptomyces. Streptomyces begins its growth cycle as a
dormant spore (Dormancy). Once a germination signal is sensed, the spore swells and
produce a germ tube (Germination). The germ tube grows via hyphal tip extension and
branching (Vegetative Growth). Unbranched aerial hyphae are produced and extend up
from the surface of the substratum (Aerial Hyphae). These aerial cells undergo a
synchronous round of cell division to produce immature spores, which undergo a
maturation process to become fully dormant spores (Sporulation). Once dormant, the
spores are released and can begin the cycle again.



1.2.1.1 Resuscitation from dormancy

Many bacteria use some form of quiescence as a strategy to evade a range of poor
environmental conditions. Once a dormant cell encounters favourable growth
conditions, however, it will often resume active growth and colonize the environment.
On paper this sounds quite straightforward; however, it requires the cell to sense an
external signal, restart its metabolism, and modify its cell wall such that physical growth
of the cell can resume.

1.2.1.2 Bacillus model for spore germination

Triggers of spore germination are best characterized in Bacillus. Endospores produced by
Bacillus and other members of the firmicutes are metabolically inactive and are
exceptionally resistant to environmental stressors. This resistance is due in large part to
the unique spore structure, which will be the focus here. The spore cell wall is composed
of two distinct layers of peptidoglycan, the inner germ cell peptidoglycan and the outer
cortex. The cortex is surrounded by an outer membrane, (Gerhardt and Black, 1961;
Henriques and Moran, Jr., 2007; Rode et al., 1962), outside of which is a layer of coat
proteins, which protect against chemicals (Henriques and Moran, Jr., 2007; Mckenney et
al., 2013). The cell wall and cytoplasm are also dehydrated during dormancy. The
dehydration of the spore core is critical for the highly resilient nature of bacterial spores
(Beaman and Gerhardt, 1986; Nakashio and Gerhardt, 1985; Setlow, 2006).

Spore germination is a multistep process. Initially, a germination signal is sensed. In its
natural environment, it is thought that nutrients, including specific L-amino acids, salts,
and glucose, trigger Bacillus spore germination (Gupta et al., 2013; Paidhungat and
Setlow, 2000). There are dedicated germination receptors in the outer membrane that
specifically sense and respond to these different nutrients. Spores lacking the germinant
receptors are essentially not viable, with fewer than 0.001% of spores able to germinate
(Gupta et al., 2013; Paidhungat and Setlow, 2000). Independent of the germinant
receptors, Ca**and dipicolinic acid, high pressure and cationic surfactants can also
promote germination (Reineke et al., 2013; Setlow, 2013; Shah et al., 2008).

There is a lag between recognizing a germination cue and the commitment to proceed
with germination, lasting anywhere from a few minutes to over 24 hours. Very little is
known about what occurs during this lag phase; however, commitment to germination is
associated with a change in inner membrane permeability, leading to the release of
monovalent cations, Ca**and dipicolinic acid (Setlow, 2013; Swerdlow et al., 1981; Yi and
Setlow, 2010). CwlJ, a putative lytic transglycosylase and SleB, a known lytic
transglycosylase, then degrade the cortex peptidoglycan (Heffron et al., 2009; Setlow,
2013). Following cortex digestion, the germ cell hydrates and swells. Increased hydration
of the cell allows metabolism to resume and the spore begins outgrowth.



1.2.1.3 Streptomyces spore germination

Compared with Bacillus spore germination, we know very little about how germination
is triggered in Streptomyces. A minimal germination medium, composed of a mixture of
L-amino acids, salts, para-aminobenzoic acid, adenosine, Ca2+, and Mg2+ ions, was found
to effectively stimulate germination (Hirsch and Ensign, 1976). It has been proposed that
Ca®" may stimulate the function of Ca®* dependent ATPases, leading to increased ATP
production and germination (Grund and Ensign, 1985); however, the function of the
other germination-promoting compounds remains unclear even 40+ years on.
Germination can be stimulated by plating spores in close proximity to each other (Xu
and Vetsigian, 2017), and depends on a heat sensitive compound(s) (Xu and Vetsigian,
2017). S. coelicolor can also produces germicidins, which inhibit the germination of
neighbouring cells. Germicidins function by inhibiting Ca**-activated ATPases through an
unknown mechanism, thereby decreasing ATP levels during germination (Grund and
Ensign, 1985). This presumably confers a competitive advantage to spores that
germinate early. Adding surplus Ca* can reduce the effect of germicidins on
germination (Petersen et al., 1993), as can the addition of detergents or heat shock
treatment (Grund and Ensign, 1982, 1985; Hirsch and Ensign, 1976b).

Once germination has initiated, the spore proceeds through three distinct phases:
darkening, swelling, and germ tube emergence, as defined by Hardisson et al ( 1978).
Darkening is associated with water entering into the spore cell wall, leading to the loss
of divalent cations and a change in the refractive index (Eaton and Ensign, 1980;
Hardisson et al., 1978). Increased spore hydration leads to an increase in spore size and
marks the entry into the ‘swelling’ phase. This increase in cytoplasmic hydration is
thought to allow for enzyme reactivation (Crowe et al., 1984). This in turn enables
translation to resume, employing ribosomes and mRNAs synthesized prior to onset of
dormancy (Crowe et al., 1984).

During these early stages of cellular resuscitation, saccharides like trehalose stored in
the spore, serve as an integral energy source (Crowe et al., 1984). Resumption of DNA
synthesis coincides with germ tube emergence (Wolanski et al., 2011), and the extension
of one or two germ tubes marks the entry into vegetative growth. The positioning of the
germ tubes is thought to be set by SsgA, which is deposited at the septa during
sporulation (Noens et al., 2007).

To date, several cell wall lytic enzymes have been implicated in the germination process.
SwlA, an NIpC/P60 endopeptidase, promotes rapid germination through an unknown
mechanism (Haiser et al., 2009). SwlA shares regulatory elements with some of the
resuscitation promoting factors, or Rpfs, which are also important for resuscitation from
dormancy (Sexton et al., 2015). The Rpfs are family of lytic transglycosylases found
largely within the actinobacteria, with anywhere from one to five Rpf proteins being
encoded by any given actinobacterial species. Beyond the Swl and Rpf proteins, which
are important for promoting spore germination, a newly characterized D-alanyl-D-
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alanine carboxypeptidase, SCO4439, is also thought to modulate crosslinking as new
peptidoglycan is being synthesized during germination (Rioseras et al., 2016).

1.2.2 Vegetative growth

Growth of the nascent germ tubes occurs via tip extension, where new growth is
coordinated by a tip organizing complex. The location of this complex is dictated by
extreme negative curvature, and is governed by DivIVA, which preferentially localizes to
sites of negative membrane curvature, such as hyphal tips (Lenarcic et al., 2009;
Ramamurthi and Losick, 2009). DivIVA foci form prior to new cell wall synthesis,
suggesting that DivIVA functions to recruit and organize the cell wall biosynthetic
machinery. Branching occurs when a portion of the DivIVA complex disassociates from
the main tip focus and localizes to a secondary site, driving branch formation.

1.2.3 The initiation of sporulation

The growth of aerial hyphae is also driven by DivIVA, although without any associated
branching. The onset of aerial hyphae formation represents the start of their dormant
growth phase. As has been seen for many other bacteria (Higgins and Dworkin, 2012)
nutrient limitation is likely the cue for Streptomyces to enter into dormancy. A wide
variety of signals, including starvation, reduced oxygen, suboptimal temperature,
osmotic stress, exposure to heavy metals, and white light, are used by a variety of
bacteria to enter into dormancy or analogous metabolically quiescent states (Oliver,
2005, 2010). The production of exo-spores (as for Streptomyces) or endo-spores (as for
Bacillus) is the culmination of specialized developmental programs, yielding
metabolically inactive cells with heavily modified cell morphology and an accompanying
increase in resistance to a wide variety of environmental stresses. Other forms of
bacterial dormancy rely solely on metabolic quiescence or metabolic inactivity for
increased survival.

In the case of spores, once dormant, these cells can remain viable but not growing for
many years. For Streptomyces, spores have been shown to remain viable for 80 years
(Renberg and Nilsson, 1992), while endospores produced by Bacillus have been found
viable after an incredible 25 to 40 million years inside of a bee in a piece of amber (Cano
and Borucki, 1995).

1.2.4 Aerial hyphae formation — the first stage of sporulation

Streptomyces sporulation is a complex process, and is highly regulated. Several classical
developmental regulators control the transition from vegetative to aerial hyphae. These
regulators are encoded by the so-called ‘bld’ genes, and are so named due to the lack of
fuzzy aerial hyphae coating mutant colonies. These Bld regulators control the
transcription of many genes involved in aerial hyphae formation, including those
encoding two types of surfactants, SapB and the chaplins. The chaplins are a family of
functional amyloid proteins that coat the surface of the aerial hyphae in a beautiful
paired rodlet ultrastructure, in association with a second family of proteins termed the
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rodlins (Capstick et al., 2011; Claessen et al., 2003, 2004; Elliot et al., 2003). The
chaplin/rodlin ultrastructure functions to alter the surface properties of the aerial
hyphae, conferring both a hydrophobic coating and serving to reduce the surface
tension at the air-medium interface under all growth conditions. In contrast, SapB is a
lantibiotic-like peptide derived from the ramCSAB gene cluster (Willey et al., 1991) .
SapB is thought to accumulate at the air-medium interface, reducing the surface tension
specifically during growth on nutrient rich conditions (Capstick et al., 2007).

1.2.5 Sporulation and entrance into dormancy

Sporulation can be subdivided two distinct stages: cell division to form spores, and spore
maturation, when the spores become dormant. A second set of developmental genes is
required for effective sporulation: the whi (white) genes. These are named for the white
appearance of colonies bearing mutations in these genes, indicating a failure of these
strains to reach the final stage of spore maturation, where a pigment is deposited into
the mature spore coat. Like the bld genes, many whi genes encode transcription factors,
with a notable exception being the whiE gene cluster that directs the production of the
pigmented polyketide that gives the spores their distinctive colour. The Whi
transcription factors control the expression (both directly and indirectly) of genes with
roles in chromosome compaction, cell division and spore wall thickening and maturation
(discussed below). Once fully mature, spores have increased heat stress tolerance
compared to vegetatively growing cells, in addition to being desiccation resistant, and
more resistant to other abiotic stresses.

SsgA and SsgB are thought to be responsible for demarcating sites of future cell division
within the aerial hyphae, and recruit FtsZ to these sites (Willemse et al., 2011). The
resulting Z-rings are stabilized by the dynamin-like proteins DynAB, in association with
SepF family proteins (Schlimpert et al., 2017). Z-ring formation is critical for recruiting
the other divisome-associated proteins needed for peptidoglycan synthesis to complete
cell division. Throughout the septation process, SsgA remains associated with the septa,
and this has led to the proposal that SsgA also functions to mark future sites of spore
germination (Traag and Wezel, 2008). Additional SALPs (SsgA-like proteins) function in
later stages of spore maturation and cell separation (Noens et al., 2005).

Peptidoglycan synthesis during spore maturation is directed by MreB (Mazza et al.,
2006). Deleting mreB results in misshapen spores with abnormally thin walls (Mazza et
al., 2006). As expected, these spores are heat sensitive, suggesting a reduced capacity
for survival during exposure to environmental stress (Mazza et al., 2006). Mutations in
other genes in the mre operon also result in less robust spores that are more sensitive to
both heat and osmotic stress (Kleinschnitz et al., 2011). These proteins likely function in
association with MreB, as has been shown in other systems (Kruse et al., 2005; Soufo
and Graumann, 2006)

12



Spore maturation requires not only new peptidoglycan synthesis, but also requires the
action of several cell wall lytic enzymes. Mutations in the Swl family of enzymes result in
general defects in spore maturation, with those spores that do form having thin cell
walls and reduced tolerance to heat stress (Haiser et al., 2009). Interestingly, the Rpfs
also appear to contribute to cell wall remodeling during entry into dormancy (Haiser et
al., 2009; Sexton et al., 2015). Beyond the peptidoglycan, teichoic acid synthesis is also
critical for spore formation. Deleting a tagF homologue involved in teichoic acid
synthesis leads to the production of spores with reduced tolerance to heat and cell wall
stress (Kleinschnitz et al., 2011).

1.2.6 Modifications to peptidoglycan structure during dormancy

While many proteins involved in bacterial spore maturation have roles in directing
peptidoglycan synthesis or altering peptidoglycan structure, little is known about how
this activity relates to spore maturation and dormancy establishment in Streptomyces.
The pre-spore compartments that are formed following septation end up being
substantially modified. The cell wall itself doubles in thickness (Bradley and Ritzi, 1968;
Glauert and Hopwood, 1961), and become more resistant to lysozyme treatment,
suggesting changes in structure (Grund and Ensign, 1985). As mentioned above, a D,D-
carboxypeptidase (SCO4439), is required for spore maturation (Rioseras et al., 2016);
however, it is unclear how its activity promotes spore maturation.

The structure of S. coelicolor spore peptidoglycan was recently solved (van der Aart et
al., 2018), and dramatic changes in the degree of crosslinking are not observed relative
to that of vegetative cells. What is different, however, are the types of crosslinks.
Compared to actively growing vegetative mycelia, there is an increase in 3-4
tetra,tetrapeptide crosslinks and a decrease in 3-4 tetra, pentapeptide crosslinks (Fig.
1.2). There is also an increase in the relative abundance of peptidoglycan monomers
with tetrapeptide stems, which could result from D,D-carboxypeptidase activity. A small
proportion of spore muramic acid is deacetylated (van der Aart et al., 2018), suggesting
that spores cell walls are primed for rapid modification by cell wall lytic enzymes
following resuscitation.

1.2.7 Role of glycopolymers in Streptomyces development

Streptomyces produce several types of teichoic acids, including a glycerol 1,3 phosphate
and glycerol 2,3 phosphate based lipoteichoic acid (Cot et al., 2011; Rahman et al.,
2009), teichulosonic acid (Ostash et al., 2014; Shashkov et al., 2012), and
polydiglycosylphosphate polymers (Shashkov et al., 2012). The roles of these
glycopolymers in Streptomyces growth and development are still poorly defined.
Teichulosonic acid is, however, the major glycopolymer in Streptomyces (Ostash et al.,
2014). As described above, deleting tagF, whose product functions to ligate the
repeating units of wall teichulosonic acids together, yields poorly dormant spores that
are prone to germinate prematurely (Kleinschnitz et al., 2011). Unexpectedly, deleting
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ptdA, whose product acts after TagF in transferring teichulosonic acid to N-
acetylmuramic acid, results in severe defects in all stages of Streptomyces growth,
including hyperbranching during vegetative growth, increased sensitivity to chemical
and physical stresses during germination, and heterogeneously sized spores (Sigle et al.,
2016). These results collectively demonstrate the importance of glycopolymers to
Streptomyces growth and development, and suggest they need to be considered as
important developmental determinants.

1.3 Regulation of cell wall lytic enzymes

Cell wall lytic enzymes have critical functions at all stages of Streptomyces development.
Cell growth requires cleavage of the existing peptidoglycan in order to make room for
the incorporation of new cell wall material. However, the action of the cell wall lytic
enzymes responsible for this remodeling must be strictly controlled, as they have the
capacity to be lethal to the cell: too much peptidoglycan cleavage could severely
weaken the cell wall, leading to lysis. Much of this control comes at the transcriptional
level, ensuring that these enzymes are only produced when they are needed. Post
transcriptional and translational regulation (through the activity of small RNAs and
riboswitches), or post translational regulation (through protein-protein interactions,
protein modification, or proteolysis) have also been described, and are outlined below.
One of the best understood control systems is for the Rpfs, which act both during
sporulation and germination.

1.3.1 Transcriptional regulation of cell wall lytic enzymes

The sigma factors directing rpf gene expression in the actinobacteria remain poorly
characterized throughout growth, and likely differ in different systems. In the best-
studied M. tuberculosis system, the stress response sigma factor SigE directs the
transcription of rpfC during exponential growth (Manganelli et al., 2001). rpfC expression
is also controlled by SigD, an alternative sigma factor upregulated in response to
starvation (Raman et al., 2004). SigB, regulated by osmotic stress, directs the
transcription of rpfB (Lee et al., 2004; Sharma et al., 2015), while SigF, which regulates a
number of cell wall associated proteins, controls the expression of many rpfs during
exponential growth (Williams et al., 2007). Sigk and SigB both enhance resistance to
antibiotic stress and persister cell formation (Pisu et al., 2017), raising the tantalizing
possibility that the rpfs could be upregulated during this period and used to remodel the
cell wall to enhance resistance. During oxidative stress, SigB indirectly downregulates
expression of rpfC and rpfE through an unknown mechanism (Fontan et al., 2009). These
mechanisms allow for the remodeling of the cell wall upon encountering conditions that
could damage the cell envelope, or stimulate the entrance into molecular quiescence. In
Streptomyces, some of these mechanisms are conserved. sigE and rpfA are both
upregulated in response to cell envelope stress (Hesketh et al., 2011). Deleting sigF, a
sporulation specific sigma factor, results in thin spore walls, suggesting defects in spore
maturation (Potuckova et al., 1995).
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cyclic AMP (cAMP) and the cyclic AMP receptor protein Crp promote resuscitation of
quiescent cells throughout the actinobacteria. In M. smegmatis, CAMP triggers
resuscitation in response to oleic acid (Shleeva et al., 2013). This process depends on
RpfA, whose gene expression increases in response to oleic acid and can be activated by
Crp (Kahramanoglou et al., 2014; Shleeva et al., 2013). Crp also positively regulates rpfD
expression in M. tuberculosis (Kahramanoglou et al., 2014). GIxR, the Corynebacterium
glutamicum homologue of Crp, binds upstream of two rpf genes and positively regulates
the expression of one of these (Jungwirth et al., 2008, 2013); its effect on the other rpf
gene is unknown. In S. coelicolor, deleting crp or the cyclic AMP adenylate cyclase cya
results in an almost complete inhibition of spore germination (Derouaux et al., 2004;
Susstrunk et al., 1998). This may be in part through the Crp control of rpfA and swiC (Gao
et al., 2012; St-Onge et al., 2015).

Other transcription factors contribute to the controlled expression of the rpf genes
throughout the actinobacteria. MtrA, the response regulator in the MtrAB two
component system represses the expression of rpfB in M. tuberculosis (Sharma et al.,
2015), although this does not seem to be conserved in the streptomycetes (Zhang et al.,
2017). Many of the other genes regulated by MtrA are involved in the transition to aerial
hyphae (Zhang et al., 2017), suggesting that rpfB expression is inversely correlated with
developmental progression. In Corynebacterium, the global transcription factor RamA
directly activates rpf2 expression while another global transcription factor, RamB,
directly inhibits it (Jungwirth et al., 2008). While homologues of these transcription
factors exist in S. coelicolor, it is not known if they regulate rpf gene expression.

1.3.2 Post transcriptional regulation of cell wall lytic enzymes

Small RNAs are typically trans-acting regulatory factors, where they are encoded at sites
distinct from their target genes. They affect the expression of their target genes through
a variety of mechanisms, including transcription factor sequestration, altered mRNA
stability, or altered mRNA translatability (reviewed in Gottesman and Storz, 2010). Small
RNAs were previously identified in S. coelicolor using bioinformatic analyses and cloning
(such as in (Swiercz et al., 2008)), and more recently using RNA sequencing (Moody et
al., 2013; Vockenhuber et al., 2015). A convergently transcribed small RNA is expressed
downstream of rpfA in S. coelicolor, and promotes rpfA mRNA stability through a yet-to-
be-established mechanism (St-Onge and Elliot, 2017).

In contrast to the trans-acting small RNAs, riboswitches are cis-acting regulatory
elements typically residing in the 5’ untranslated region of mMRNAs. Riboswitches
undergo conformational changes in response to small molecules or ions, and modulate
the transcription or translation of the downstream gene. A riboswitch motif known as
the ydaO riboswitch, is often associated with cell wall lytic enzyme-encoding genes in
the actinobacteria (Block et al., 2010; Haiser et al., 2009; Nelson et al., 2013), including
rpfA in the streptomycetes (Haiser et al., 2009). This riboswitch responds to cyclic di-
AMP, and downregulates the transcription of its associated gene (Nelson et al., 2013; St-

15



Onge and Elliot, 2017; St-Onge et al., 2015). Consequently, there is an inverse
correlation between cyclic di-AMP levels and rpfA expression: cyclic di-AMP levels
decrease throughout the Streptomyces life cycle, and this is accompanied by a
concomitant increase in expression of rpfA during sporulation (St-Onge and Elliot, 2017).

1.3.3 Post-translational regulation of Rpfs

While the bulk of the regulation of cell wall lytic enzymes occurs at the
transcriptional/post-transcriptional/translation initiation level, post-translational
regulation offers an important layer of control for these highly regulated enzymes. Post-
translational regulation can occur through protein modification, protein degradation,
and protein-protein interactions. Each of these mechanisms of regulation have been
reported for different Rpf enzymes in the actinobacteria, making them an excellent case
study for cell wall lytic enzyme regulation. Rpf2 from C. glutamicum is glycosylated by
Pmt, a protein-O-mannosyltransferase (Hartmann et al., 2004). While the effect of this
modification on enzyme activity is unknown, Pmt is conserved throughout the
actinobacteria, suggesting that other Rpfs may be modified in a similar manner (Mahne
et al., 2006). The activity of Rpf proteins is also regulated through protein-protein
interactions. An interaction between RpfB and RipA, an endopeptidase in M.
tuberculosis, enhances the activity of RpfB (Hett et al., 2007, 2008; Nikitushkin et al.,
2015). This interaction is antagonized by the activity of PBP1, potentially serving to
balance peptidoglycan synthesis and remodeling (Hett et al., 2010). To date, no other
protein partners for the Rpfs have been identified. A RipA homologue does not exist in
Streptomyces, suggesting that this pattern of post translational regulation is either not
conserved or is mediated through diverse protein partners, as there are many
endopeptidases encoded by the streptomycetes (Haiser et al., 2009).

In addition to activity modulation of the Rpfs, developmentally-regulated proteolysis of
the Rpfs has recently been demonstrated in the streptomycetes (St-Onge et al., 2015). In
S. coelicolor, proteolysis is stimulated during stationary phase by the production of
guanosine tetraphosphate, and indirect evidence suggests that during this time, a
secreted metalloprotease acts to promote the turnover of RpfA (St-Onge et al., 2015). A
potential candidate protease is SmpA, a metalloprotease that is regulated by guanosine
tetraphosphate and is involved in establishing dormancy in S. coelicolor (Hesketh et al.,
2007; Kim et al., 2013a).

1.4 Bacterial solutions to multicellularity

Dormancy is just one strategy bacteria have adopted to survive stress conditions.
Multicellularity is considered to provide a means of better adapting to environmental
conditions, like predation or nutrient limitation. Multicellularity simply requires two or
more cells becoming associated and communicating with each other (Lyons and Kolter,
2015). The benefits associated with multicellularity include: increased resistance to
chemical or physical stressors, improved nutrient harvesting, protection from predators,
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enhanced colonization of new environments, and division of labour amongst specialized
cell types (Lyons and Kolter, 2015). However, compared with free-living unicellular
bacteria, multicellular bacteria have a suite of costs: production costs for adhesion and
signaling molecules, physical constraints on movement, and abuse by ‘cheaters’, or
those not producing common goods (Lyons and Kolter, 2015).

There are of course many ways to achieve multicellularity. Filamentous growth, such as
seen with the classical Streptomyces lifecycle or in cyanobacteria, is one mechanism.
This results in branches networks of cells connected through crosswall formation or
incomplete cell division. Bacteria can also achieve multicellularity through aggregation.
The transition into multicellular growth first requires cells to become associated with
each other. This can involve aggregation mediated by extrapolymeric substances, or the
formation of tight intercellular junctions (Claessen et al., 2014; Lyons and Kolter, 2015).

1.4.1 Filamentous growth

Filamentous growth involves cross-wall formation or incomplete cell division, leading to
chains of cells that share a periplasm or cytoplasm. This is the oldest mechanism for
multicellularity, and is the one used by the streptomycetes; however, it first arose in the
cyanobacteria 2.5 billion years ago (Schirrmeister et al., 2011; Tomitani et al., 2006).
Cells within a cyanobacterial filament undergo differentiation to allow for physical
separation of photosynthesis and nitrogen fixation (Rossetti and Bagheri, 2012).
Notably, filaments represent a clonal population of cells, and thus the issue of social
cheaters is minimized (Rossetti and Bagheri, 2012).

Filamentous growth by the Streptomyces involves occasional cross-wall formation in the
multi-nucleate vegetative hyphae. Pores have been observed in these cross-walls, and
these are presumed to allow the cytoplasm of conjoined cells to flow freely (Celler et al.,
2016; Jakimowicz and Van Wezel, 2012). Streptomyces also feature patterned
multicellularity, where aerial hyphae grow out of the vegetative hyphae and
differentiate into spores. The signals controlling this process are described above.
Streptomyces have recently been shown to employ a second mode of filamentous
growth known as ‘exploratory growth’, which is initiated under high pH and nitrogen
conditions, and low glucose conditions (Jones et al., 2017). This type of growth is most
consistent with passive, growth- and surfactant-driven sliding motility at the leading
edge of the exploring colony (Jones et al., 2017). Exploratory growth appears to involve
the growth of non-branching vegetative-like hyphae; however, it also appears to involve
unusual cellular aggregation that is not seen in classically growing Streptomyces cultures.

1.4.2 Aggregation: temporary multicellularity

Aggregation is a temporary strategy used by bacteria to achieve multicellularity. These
cells often are able to grow as free-living cells, in addition to having the potential for
forming multicellular units. Aggregations can be unpatterned, like a group of motile
swarmer cells or a biofilm, or have distinct patterns, like those occurring in fruiting
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bodies. Biofilms and swarms are associated with cell differentiation and specialization,
and their formation is tightly regulated (Vlamakis et al., 2013). Biofilm and swarmer
formation has been extensively studied, due to their importance in infectious diseases
and because these lifestyles are thought to be the way most bacteria exist in their
natural environments. Cells in these aggregates are held in association with each other
using complex extracellular matrices composed of polysaccharides, proteins and
extracellular DNA. Biofilm formation has been linked to increased resistance to a variety
of chemical and environmental stressors, including organic acids, antibiotics, and
predation (Claessen et al., 2014).

1.5 Aims and outline of thesis

When | began my thesis, little was understood about Streptomyces spore germination.
At this point, our group had established that several cell wall lytic enzymes were
important (SwlA and RpfA), but little else was known about the molecular requirements
for germination. To address this knowledge gap, we identified genes encoding proteins
belonging to the Rpf family using a bioinformatic screen. We then deleted these genes
and looked for defects at all stages of growth, examined the expression profile of these
genes throughout development, and tested for interactions between Rpf proteins using
a yeast two-hybrid system. The results of this work were published in 2015 (Sexton et
al., 2015), and are presented in Chapter 2 of this thesis. Chapter 3 represents further
work done to characterize the mechanism by which Rpf proteins promote the
resuscitation of dormant streptomycetes. This work was done in collaboration with Dr.
Anthony Clarke’s lab at the University of Guelph. We used in vitro peptidoglycan
cleavage assays and liquid chromatography coupled with mass spectrometry to
determine that the Rpf domain had lytic transglycosylase activity. Using phenotypic
assays, we determined that the Rpf proteins function to make room for new growth at
the last stage of S. coelicolor spore germination. This work was submitted to the Journal
of Biological Chemistry in 2017 and resubmission following revision is pending.

Chapter 4 of this thesis focuses on work that was initiated at the John Innes Centre in
the summer of 2017. Using cryogenic scanning electron microscopy, we noted that
Streptomyces explorer cells were encased in what appeared to be an extracytoplasmic
substance. We set out to determine whether the composition of this matrix was similar
to biofilm matrices produced by other bacteria and fungi. Using genetics, and diagnostic
dyes, together with confocal laser scanning microscopy, we are mapping the contents of
the matrix, and propose that explorer cells form a biofilm. This work has not yet been
published.
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Chapter 2

Resuscitation-promoting factors are cell wall lytic enzymes with important roles in the
development of Streptomyces coelicolor

Danielle L. Sexton, Renée J. St-Onge, Henry J. Haiser, Mary R. Yousef, Lauren Brady, Chan
Gao, Jacqueline Leonard, and Marie A. Elliot

The work that follows in this chapter appears as it was published in the Journal of
Bacteriology, on pages 848-860 of volume 197, issue 5, 2015 and is reprinted with
permission. Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/)B.02464-14.
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all figures and tables and assisted with manuscript writing. Dr. Renée J. St-Onge (former
Ph.D. candidate, Elliot Lab) assisted with sample preparation for germination assays,
isolated RNA, and designed and performed RT-qPCR experiments. Dr. Henry J. Haiser
(former Ph.D. candidate, Elliot Lab), Dr. Mary R. Yousef (former postdoctoral fellow,
Elliot Lab), Dr. Chan Gao (former Ph.D. candidate, Elliot Lab), Lauren Brady (former
undergraduate thesis student, Elliot Lab), and Jacqueline Leonard (former
undergraduate thesis student, Elliot Lab) generated mutant strains. Marcia Reid
(Electron Microscopy Facility, McMaster University) prepared samples for scanning and
transmission electron microscopy. Tamiza Nanji (former M.Sc. candidate, Guarné Lab)
and Dr. Alba Guarné (Biochemistry and Biomedical Sciences, McMaster University)
assisted with running the FPLC to check for RpfB dimerization. All authors contributed,
to varying degrees, to experimental design, data interpretation, and manuscript editing.
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2.1 ABSTRACT

Dormancy is a common strategy adopted by bacterial cells as a means of surviving
adverse environmental conditions. For Streptomyces bacteria, this involves developing
chains of dormant exospores that extend away from the colony surface. Both spore
formation and subsequent spore germination are tightly controlled processes, and while
significant progress has been made in understanding the underlying regulatory and
enzymatic bases for these, there are still significant gaps in our understanding. One class
of proteins with a potential role in spore-associated processes is the so-called
resuscitation-promoting factors or Rpfs, which in other actinobacteria are needed to
restore active growth to dormant cell populations. The model species Streptomyces
coelicolor encodes five Rpf proteins (RpfA-E), and here we show these proteins have
distinct, but overlapping functions during development. Collectively, the S. coelicolor
Rpfs are essential for normal spore maturation, and have an important role in promoting
spore germination. Previous studies have revealed structural similarities between the
Rpf domain and lysozyme, and our in vitro biochemical assays revealed varying levels of
peptidoglycan cleavage capabilities for each of these five Streptomyces enzymes.
Peptidoglycan remodeling by enzymes such as these must be stringently governed so as
to retain the structural integrity of the cell wall. Our results suggest that one of the Rpfs,
RpfB, is subject to a unique mode of auto-regulation, mediated by a domain of
previously unknown function (DUF348) located within the N-terminus of the protein;
removal of this domain led to significantly enhanced peptidoglycan cleavage.

2.2 INTRODUCTION

Streptomyces species are Gram- positive bacteria that abound in soil environments. They
are renowned for their secondary metabolic capabilities; they produce a multitude of
compounds that have found utility in both medicine and agriculture, including a vast
array of antibiotics, chemotherapeutics, immunosuppressants, and antiparasitic agents
(Hopwood, 2007). They are also well known for their complex, multicellular
developmental cycle (Flardh and Buttner, 2009). The Streptomyces life cycle can be
broadly divided into two stages: vegetative growth and reproductive development.
Unlike most bacteria, Streptomyces organisms are filamentous, and during the
vegetative phase of their life cycle, they grow by hyphal tip extension and branching,
ultimately forming an interwoven network of cells known as the vegetative mycelium
(Flardh et al., 2012). Under certain as yet poorly defined stress conditions, vegetative
growth ceases, and reproductive growth ensues. Here, unbranched filamentous cells
termed aerial hyphae, grow away from the vegetative mycelium and extend into the air.
These cells then undergo a synchronous round of chromosome segregation, cell division,
and cell wall modification to yield chains of dormant exospores (Elliot and Flardh, 2012).
These spores are resistant to a wide variety of environmental insults and can be widely
dispersed.
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A dormant cell state is not unique to the streptomycetes, and indeed many well-studied
bacteria (e.g., Bacillus, Clostridium, and Myxococcus) have adopted sporulation as a
means of surviving adverse environmental conditions (Rittershaus et al., 2013). Other
bacteria have evolved less extreme dormant states and instead adopt cell states with
low metabolic activity such that these cells are better able to tolerate stresses such as
antibiotic exposure or immune system assault (Kim et al., 2013b). In addition to low
metabolic activity, dormant cells of all types often have a cell wall architecture that
differs from that of their vegetative counterparts. For example, Bacillus spores possess
thick cell walls comprising peptidoglycan with altered cross-linking compared with that
of vegetative cells (Meador-parton and Popham, 2000). Similarly, latent or dormant
Mycobacterium tuberculosis cells display a different cell wall structure relative to that of
actively growing cells (Seiler et al., 2003).

While a thick wall constitutes an effective protective barrier, it can also be refractory to
cell growth. Consequently, cell wall remodeling must be integral to restoring dormant
cells to an active growth state. In the actinobacteria, a group that includes both the
mycobacteria and the streptomycetes, a protein family dubbed the resuscitation-
promoting factors (Rpfs) has been implicated in the cleavage of dormant cell walls and
subsequent promotion of growth and metabolic reactivation (Keep et al., 2006a). The
first Rpf protein was identified in Micrococcus luteus, an actinobacterium that forms
dormant cells following prolonged starvation. In an elegant set of experiments,
Mukamolova and colleagues found that picomolar concentrations of this secreted
protein were sufficient to convert dormant Micrococcus cells into actively growing cells
(Mukamolova et al., 1998, 2002a). Intriguingly, the Rpf protein in M. luteus is essential
for viability (Mukamolova et al., 2002a), suggesting that its function may extend beyond
dormant cell resuscitation. Subsequent studies have focused on the Rpf proteins in
Mycobacterium; M. tuberculosis encodes five Rpf (Rpfurs) proteins (Mukamolova et al.,
2002b). These proteins share some functional redundancy (Tufariello et al., 2004), and
while it is possible to delete all five rpf genes without affecting viability, the
corresponding mutant is unable to exit dormancy and is further compromised in its
ability to initiate/establish infections in mouse models (Kana et al., 2008; Russell-
Goldman et al., 2008; Tufariello et al., 2006). Several Rpfs in the mycobacteria appear to
act as part of a larger peptidoglycan cleavage complex, associating with RipA, an
essential enzyme with endopeptidase activity (Hett et al., 2007, 2008).

The mechanistic basis underlying Rpf-mediated emergence from dormancy has not been
fully elucidated. An important step toward understanding Rpf activity came with the
solution structure of the Rpf domain from RpfB of M. tuberculosis, which revealed a
protein fold with similarity to both lysozyme and lytic transglycosylases (Cohen-Gonsaud
et al., 2005). These results suggested that proteins with an Rpf domain may cleave
within the polysaccharide backbone of the peptidoglycan. Given this predicted activity,
two—not mutually exclusive— hypotheses have been put forward to explain how Rpf
proteins could promote exit from dormancy: (i) Rpf activity relieves the physical
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constraints imposed by the altered cell wall structure that had otherwise inhibited
growth of the dormant cell; (ii) Rpf activity serves as a signal (or generates a signal) that
is, in turn, sensed by the cell, and this signal stimulates the resumption of growth (Keep
et al., 2006a).

Like M. tuberculosis, the best-studied streptomycete, Streptomyces coelicolor, encodes
five Rpf (Rpfsc) proteins (Ravagnani et al., 2005). Generally speaking, these proteins are
not orthologous to the M. tuberculosis proteins, with only one of the five (RpfB) sharing
a similar domain organization. Here, we probe the role of these proteins in the growth
and development of S. coelicolor, compare their peptidoglycan cleavage capabilities and
interaction potential, and uncover an intriguing modulatory role for a domain of
unknown function associated with RpfB.

2.3 MATERIALS AND METHODS
2.3.1 Bacterial strains and culture conditions

Bacterial strains used or created in this work are detailed in Table 2.1. Streptomyces
coelicolor A3(2) strain M145 and its derivatives were grown at 30°C on R5, mannitol
soya flour (MS), Difco nutrient agar (DNA) or Lysogeny Broth (LB) agar medium
supplemented with antibiotics to maintain selection where appropriate, or in new
minimal medium supplemented with phosphate (NMMP) or a 50:50 mixture of tryptone
soy broth (TSB)-yeast extract-malt extract (YEME) liquid media as described by Kieser et
al. (Kieser et al., 2000) . All Escherichia coli strains were grown at 37°C on LB or DNA agar
plates, or in LB or super optimal broth (SOB) liquid medium, supplemented with
antibiotics where appropriate, with the exception of BW25113, which was grown at
30°C. All Saccharomyces cerevisiae strains were grown at 30°C in yeast peptone dextrose
adenine (YPDA) liquid medium or on YPDA or synthetic defined (SD) amino acid drop out
agar plates to maintain selection where appropriate.

Table 2.1: Plasmids and Streptomyces coelicolor, Escherichia coli and Saccharomyces
cerevisiae strains

Strain Genotype, characteristics and/or use Reference or
Source

Streptomyces coelicolor A3(2)

M145 SCP1’, SCP2™ (Kieser et al.,
2000)

E104a (ArpfA) M145 ASCO3097 (Haiser et al.,
2009)

E110 (ArpfC) M145 SC03098::aac(3)IV This study

E111 (ArpfB) M145 SC03150::vph This study

E112 (ArpfD) M145 SC00974::TOPO 2.1 This study

E113 (ArpfE) M145 SCO7458::aac(3)IV This study

E114 (ArpfAB) M145 SC03097-3098::aac(3)IV This study
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Ell4a

E115 (ArpfA, rpfB,
rpfC) (3% mutant)
E116 (ArpfA, rpfB,

rpfC, rpfE) (4x mutant)

E117 (ArpfA, rpfB,
rpfC, rpfD, rpfE) (5%
mutant)

Escherichia coli strains

DH5a
ET12567(pUZ8002)

Rosetta 2(DE3)
BW25113

BT340

M145 ASCO3097-3098
M145 ASCO3097-3098 SCO3150::vph

M145 ASCO3097-3098 SCO3150::vph
ASCO7458

M145 ASCO3097-3098 SCO3150::vph
ASCO7458 SCO0974::TOPO 2.1

Used for routine cloning
dam dcm; with transmobilizing plasmid
pUZ8002

Protein overexpression
Construction of cosmid-based
knockouts

DH5a-carrying pCP20, used for FLP-
recombinase-mediated removal of
disruption cassettes

Saccharomyces cerevisiae strains

Y2H Gold

Y187

Plasmids
StE41

StE87
St5C11

pli82

MATa, trp1-901, leu2-3, 112, ura3-52,
his3-200, gal4A, gal80A, LYS2 : :
GAL1 UAS—GG/l TA TA—HiS3, GALZUAS_

GGIZTATA—AdeZ URA3 :: MELlUAS_
Mell TATA AUR1-C MEL1

MATa, ura3-52, his3-200, ade2-101,
trp1-901, leu2-3, 112, gal4A, gal804,
met—, URA3 :: GALlUAS—GallTATA—

LacZ, MEL1

Cosmid used for knockout of rpfA and
rpfB
Cosmid used for knockout of rpfC

Cosmid used for knockout of rpfE

pSET152 derivative, hyg replacing
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This study
This study

This study

This study

(MacNeil et al.,
1992; Paget et al.,
1999)

Novagen
(Datsenko and
Wanner, 2000)
(Datsenko and
Wanner, 2000)

Clontech

Clontech

(Redenbach et al.,
1996)
(Redenbach et al.,
1996)
(Redenbach et al.,
1996)

Gift from H.
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aac(3)IV Kieser
pMC175 pll82 + rpfD This work
pMC176 pll82 + rpfE This work
pET15b Overexpression of Hisg-tagged proteins  Novagen
pMC177 PET15b + rpfA (Haiser et al.,

2009)

pMC178 pET15b + rpfB This work
pMC179 PET15b + rpfBADUF348 This work
pMC180 pET15b + rpfC This work
pMC181 pPET15b + rpfD This work
pMC182 PET15b + rpfE This work
pGAD T7 AD Used to generate transcriptional fusions Clontech

to the GAL4 transcriptional activation

domain
pMC183 PGAD + rpfA This work
pMC184 pGAD + rpfB This work
pMC185 PGAD + rpfBADUF348 This work
pMC186 pGAD + rpfC This work
pMC187 pPGAD + rpfD This work
pMC188 pPGAD + rpfE This work
pGBK T7 BD Used to generate transcriptional fusions Clontech

to the GAL4 DNA binding domain
pMC189 pGBK + rpfA This work
pMC190 pGBK + rpfB This work
pMC191 pPGBK + rpfBADUF348 This work
pMC192 pGBK + rpfC This work
pMC193 pGBK + rpfD This work
pMC194 pPGBK + rpfE This work
pFLUX Integrative transcriptional reporter (Craney et al.,

vector; ori (pUC18) oriT (RK2) int ®BT1  2007)
attP ®BT1 luxCDABE (promoterless)

aac(3)IV
pFLUX-Pos pFLUX carrying the ermE* promoter This work
pMC195 pFLUX carrying the rpfA promoter This work
pMC196 pFLUX carrying the rpfB promoter This work
(upstream of SCO3152)
pMC197 pFLUX carrying the rpfC promoter This work
pMC198 pFLUX carrying the rpfD promoter This work
pMC199 pFLUX carrying the rpfE promoter This work
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2.3.2 Total RNA isolation

S. coelicolor M145 was grown at 30°C on MS agar plates overlaid with cellophane discs.
At different developmental stages (vegetative growth, aerial development, and early
and late sporulation), biomass was harvested using a sterile spatula. M145 was also
grown at 30°C in TSB-YEME, and cells were recovered from culture aliquots by
centrifugation. Samples were frozen at -80°C for 3-6 days. Total RNA was extracted by
mechanical disruption, and co-extracted DNA was digested using TURBO DNase
(Ambion), as previously described by Moody et al. (Moody et al., 2013). Total RNA was
guantified using a NanoDrop ND-1000 and RNA integrity was confirmed by size-
fractionating 2 pg of total RNA on an agarose gel. RNA extract purity was verified by
measuring the Ayeo/Azs0 and Aye0/Ay3g ratios; these ranged from 1.88-2.03, and 2.18-
2.38, respectively.

2.3.3 Primer design for RT-gPCR analyses

The predicted rpfA (SCO3097), rpfB (SCO3150), rpfC (SCO3098), rpfD (SCO0974) and rpfE
(5€07458) coding sequences were retrieved from the Streptomyces annotation server
StrepDB (http://strepdb.streptomyces.org.uk/). Gene-specific PCR primers, generating
products of 50-150 nt, were designed using Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 2.2). Standard-desalted
primers were purchased from Integrated DNA Technologies.

The specificity of each primer pair to its intended target was tested in silico by searching
the S. coelicolor genome for potential product-generating annealing sites. Generation of
a single amplicon was confirmed by PCR. Briefly, 20 uL reactions contained 1x Taq
reaction buffer, 200 uM each dNTP, 5%,,, dimethylsulfoxide, 300 nM each primer (Table
2.2),0.125 U/uL Tag DNA polymerase and 1 ng/uL S. coelicolor M145 genomic DNA.
Nuclease-free water was used as template for the negative control reactions. The
following amplification conditions were used: initial denaturation at 95°C for 3 min; 35
amplification cycles [consisting of denaturation at 95°C for 30 sec; annealing for 30 sec
(temperatures were optimized for each primer pair; Table 2.2), and extension at 72°C for
45 sec]; followed by a final extension step at 72°C for 5 min.

Table 2.2: RT-qPCR primers and reaction conditions.

Gene Primers ® Sequence (5' 2 3) Product Product Annealing PCR
location ° length temperature | efficiency °
(bp) (°C)
rpfA rpfAF GAGTCCGGCGGCAAC +160 to 133 61 1.020 +
TGGTC +292 0.023
rpfAR GCTGGGACTTGCTCG
CCTGG
rof8 | SCO3098F | AGTACGGCGGTCTGG +236 to 61 57 1.057 +
ACTA +296 0.029
SC03098R | CTTATCTGCTGGGAG
CGACT
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rofC | sC03150F | GGCTCTACCAGTTCG +1220 to 111 60 N/A
ACTCC +1330
SCO3150R | TGCGCACGTAGAGCT
TCTG
rofd | SCO0974F | GTTCGTACGGCTACC +1079 to 90 60 1.054 ¢
AGGTG +1168 0.038
SCO0974R | GTCCGCTCTTCACGG
AGAT
rofE | SCO7458F | ACCGGCAACGGCTAC +199 to 147 66 N/A
TAC +345
SCO7458R | CATCCCCTGCAGACG
GG

®Forward and reverse primers are denoted with letters F and R, respectively.
® Nucleotide sites are numbered relative to the start codon.
“Values are presented as mean + standard deviation.

2.3.4 Reverse transcription (RT) and real-time PCR

rpfA, rpfB, rofC, rofD and rpfE transcripts were reverse transcribed using SuperScript IlI
reverse transcriptase (Invitrogen). An initial reaction containing 167 ng/uL total RNA,
167 nM each reverse primer (Table 2.2) and 833 uM each dNTP (Fermentas or
Invitrogen) was heated at 95°C for 5 min and immediately cooled on ice. Each reaction
was then supplemented with a second solution containing 2.5x First-Strand Buffer
(Invitrogen), 12.5 mM dithiothreitol, 5 U/uL RNaseOUT (Invitrogen) and 25 U/ulL
SuperScript Il reverse transcriptase (Invitrogen). Transcripts were reverse transcribed at
55°C for 60 min, prior to heat-inactivating the enzymes at 70°C for 15 min. To verify the
absence of undigested genomic DNA, “no RT” controls were conducted as described
above, only omitting RNaseOUT and SuperScript Il reverse transcriptase. The resulting
cDNA samples were stored at -20°C for no more than 5 days.

cDNAs were quantified using real-time PCR. Triplicate 20 or 25 pL singleplex reactions
were carried out in 1x PerfeCTa SYBR Green SuperMix (Quanta Biosciences), together
with 300 nM of each gene-specific primer (Table 2.2) and 8 ng/uL reversely transcribed
total RNA. “No template” negative controls, in which cDNA was replaced with an equal
volume of nuclease-free water, were included in each PCR run. Reactions were
performed in clear 96-well PCR plates (Bio-Rad) with a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) using the following conditions: initial denaturation at 95°C
for 3 min, followed by 50 amplification cycles consisting of denaturation at 95°C for 15
sec and annealing/extension at a primer-specific temperature (Table 2.2) for 45 sec.
Fluorescence was measured during each extension step. A melt curve analysis (65-95°C
with 5 sec fluorescence reads every 0.5°C increase) was also conducted immediately
following product amplification.

Fluorescence data were baseline-corrected using the CFX Manager software v2.1 (Bio-
Rad). Transcript levels were then calculated using the DART-PCR 1.0 workbook (Peirson,
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2003). Starting fluorescence values (Ro), which are proportional to initial template
guantities, were calculated for each sample using the average midpoint and
amplification efficiency for a given primer pair, as described by Peirson et al. (Peirson,
2003). Expression levels of each gene were normalized to total RNA mass and PCR
product length.

2.3.5 Luciferase assays

To monitor rpf expression during germination, the promoter regions for each rpf gene
were cloned into the BamHI and Kpnl sites of pFLUX (Table 2.1; see also Table 2.3 and
Fig. 2.1), and these constructs, together with pFLUX alone (negative control) and pFLUX
plus the ermE* promoter (positive control, where ermE* is a constitutive, highly active
promoter) (Table 2.1), were conjugated into wild type S. coelicolor M145. Equal numbers
of spores were inoculated into 150 pl of TSB-YEME liquid medium in white 96-well plates
(Thermo-Fisher). Plates were then incubated at 30°C with shaking, and luminescence
was measured (integration time of 4,000 ms) every 10 min for 12 h using a Tecan Ultra
Evolution plate reader. Luminescence levels of the negative control were subtracted
from those of the rpf fusions and positive control. Eight biological replicates were
prepared, and experiments were conducted at least twice.
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Figure 2.1: Primer locations for luciferase assays. Primers for luciferase assays were
positioned to amplify the promoter region for each rpf gene, based on previously
published RNA sequencing data (Moody et al., 2013). Graphs show the number of reads
at each nucleotide for both the protein-coding sequence and region upstream of each
rpf. Protein coding sequences are indicated with grey arrows. Primer locations are
indicated with black arrows.
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2.3.6 rpf mutant strain construction

Single null mutations were made in rpfB, rpfC, and rpfE using ReDirect technology (Gust
et al., 2003); the rpfA mutation had been created previously (Haiser et al., 2009). rpfB
was replaced with a viomycin resistance (vph) cassette on cosmid StE87, whereas rpfC
and rpfE were each replaced with apramycin resistance [aac(3)IV] cassettes on cosmids
StE41 and St5C11, respectively (see Table 2.1 for plasmid and strain information, and
Table 2.3 for primer information). For mutation of rpfD, the typical ReDirect gene
replacement protocol was unsuccessful due to spurious cosmid recombination, and
instead rpfD was disrupted in the chromosome. A 700 bp region encompassing the Rpf
domain of rpfD was amplified and cloned into the TOPO vector (Invitrogen). The
kanamycin resistance gene on the TOPO vector backbone was then replaced with an
aac(3)IV-oriT-containing DNA fragment using the ReDirect protocol (Gust et al., 2003).

Mutant cosmids/disruption plasmids were introduced into the non-methylating E. coli
strain ET12567/pUZ8002 prior to conjugation into S. coelicolor M145. Resulting
exconjugants were subsequently screened for double cross over recombinants (or in the
case of the rpfD disruption, selected for single crossover recombinants). Correct
replacement of each rpf gene with the appropriate antibiotic resistance cassette or for
rpfD, disruption of the coding sequence was confirmed using diagnostic PCRs with
mutant chromosomal DNA as template, alongside wild type chromosomal DNA and
mutant cosmids (where appropriate) as negative and positive controls, respectively.
These reactions were conducted to confirm that the cosmids/plasmids had recombined
at the appropriate positions in the chromosome, and that the wild type gene was no
longer present or intact (see Table 2.3 for primer combinations).

To create markerless mutants and to permit recycling of the aac(3)IV resistance marker
when creating multiple mutations, the apramycin resistance cassette was removed from
the rpfA, rpfC double mutant cosmid, and from the rpfE single mutant cosmid using the
temperature sensitive FLP recombination plasmid in E. coli DH5a (strain BT340) (Table
2.1). Cosmids were introduced into these cells and grown non-selectively at 42°C to
stimulate expression of the FLP recombinase. To identify colonies carrying cosmids in
which the antibiotic resistance marker had been excised by FLP recombinase, colonies
were tested for kanamycin resistance and apramycin sensitivity. Diagnostic PCR using
primers specific for regions upstream and downstream of the Rpf coding sequences
(Table 2.3) was used to confirm appropriate removal of the apramycin cassette from the
cosmid. These cosmids were then re-introduced into their corresponding marker-
containing S. coelicolor mutant strain by protoplast transformation. The resulting
transformants were screened for double cross-over recombination and loss of the
apramycin resistance marker in the chromosome; this was further confirmed by PCR.

To create a multiple rpf mutant strain, we used the approach detailed in the schematic
diagram in Figure 2.2 The double rpfA, rpfC mutant was created by replacing both genes
(which are adjacent on the S. coelicolor chromosome) with the aac(3)IV resistance gene

29



Ph.D. Thesis — Danielle L. Sexton McMaster University — Biology

on cosmid StE41. This resistance gene was then removed, and the rpfB::vph mutant
cosmid was next introduced, followed by screening and confirmation of the rpfB
mutation as described above. Next, the rpfE::aac(3)/V mutant cosmid was introduced,
and the rpfE mutation was confirmed, before the apramycin resistance cassette was
removed from rpfE as outlined previously. Finally, the rpfD disruption construct was
introduced into the 4x rpf mutant strain, selected for integration into rpfD in the
chromosome and confirmed by PCR.
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Figure 2.2: Construction of multiple rpf mutants. rpf genes were replaced with antibiotic resistance cassettes

in the order shown. Double diagonal lines represent ‘scar’ sequences left after removal of the antibiotic
resistance cassettes. Abbreviations:: aac(3)IV, apramycin resistance cassette; vph, viomycin resistance

cassette.
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Table 2.3: Oligonucleotides used in this study

Primer name

Sequence (5" - 3’)

Function

SC00974 F GGCACCGCCGGTATCAGCCGAACA Disruption of rpfD
SCO0974 R2 GCTGCTGCTCGTCCTGCCGTCTTCC Disruption of rpfD
SC00974 up AGTGCTCATTGGGTTGGCTC rpfD complementation and
disruption confirmation
SCO0974 down CAGGTGATACCGGCGAGTG rpfD complementation and
disruption confirmation
SCO3097FWD CAGCTCACCTCGCAGGCGTCGGTGAGGGGATCAA rpfA knockout
CCATGATTCCGGGGATCCGTCGACC
SCO3097REV CACGCACCGGGGCGGGAGTCACGGGACCGCCGeC rpfA and rpfA/C knockout
GCTTATGTAGGCTGGAGCTGCTTC
SCO3098FWD CCGCGTGGTCCCCGTCGTCTTGTGAAAGGTCGTC rpfC and rpfA/C knockout
GCATGATTCCGGGGATCCGTCGACC
SCO3098REV GGGACATACGGTCTCTAACCGTGACGCGAACTCC rpfC knockout
CTCTATGTAGGCTGGAGCTGCTTC
SCO3098 up CGTGATCTGCGCGGCATGAAC rpfC knockout confirmation
SCO3098 int GCAGGCCGCCGTAGTACC rpfC knockout confirmation
SCO3150FWD CTGGGGGCCCGATCGGGACCCCTGGAGCGTGTGG  rpfB knockout
GCGTGATTCCGGGGATCCGTCGACC
SCO3150REV GCTCACCCCGCAAGAGTAGCCGGGGGCCGGGCGG  rpfB knockout
CCTCATGTAGGCTGGAGCTGCTTC
3150 up TTCAAGAACGCCCAGAACCTG rpfB knockout confirmation
3150 down ACCGTGTTGGCGTCGATGAC rpfB knockout confirmation
3150 internal AGCAGTTCACTCACGTCGTC rpfB knockout confirmation
SCO7458FWD GGGCGACCGGTGGTCACCTGGTGTAACAGTCTTC rpfE knockout
TTATGATTCCGGGGATCCGTCGACC
SCO7458REV GTCAACCCGGCGCGGCCGGGGCCCGGTTTGGCAC rpfE knockout
CGTCATGTAGGCTGGAGCTGCTTC
7458 up ACAAGGAGGCGGTCCACG rpfE complementation and
knockout confirmation
7458 down GTTGGTCGGCCTACTCGG rpfE complementation and
knockout confirmation
7458 internal CGACATCCCCTGCAGACG rpfE knockout confirmation

SCO0974PP 5’ CAGTACCATATGGCCGACGCGCGACCTGGGAC Overexpression of RpfD
SCO0974PP 3’ CAGTACGGATCCTCAGATCCTGACGCCGCCGGC Overexpression of RpfD
SCO3097PP 5’ CAGTACCATATGGCCACCGCGTCCGAGTGGGAC Overexpression of RpfA
SCO3097PP 3’ CGAAGTGGATCCTTACTTCAGGTGCAGCTGCTG Overexpression of RpfA
SCO3098PP 5’ CAGTACCATATGGCCGACTCCACGAACTGGGAC Overexpression of RpfC
SCO3098PP 3’ CAGTACGGATCCCTACTTTTCGCCCGATTCGCC Overexpression of RpfC
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SCO3150ADUFPP5’

SCO3150PP 5’
SCO3150PP 3’
SCO7458PP 5’
SCO7458PP 3’
SCO3096R-B
SCR3097R-K
SC03152 pFlux Fwd
SC03152 pFlux Rev
SCO3098 pFlux Fwd
SCO3098 pFlux Rev
rpfD pFlux Fwd
rpfD pFlux Rev

rpfE pFlux Fwd

rpfE pFlux Rev
ermEF-B

ermER-K

CAGTACCATATGGCGACCGGCTTCCCGC

CAGTACCATATGGCCAAGGACAAGGCGGTCGAG
CAGTACGGATCCTCATTCCCGCAGCCGGGCGCC
CGAAGTCATATGGCGCCCTCGGCGCC
CGAAGTGGATCCTCAGGCGCAGCCCC
GCACTGGATCCCCTCGGGAGTCCAGGATTT

GCACTGGTACCGGGACTTTTCATGTTCCGC
TGATGAGGATCCTCTGAGGGGATCCATAGGGC
TGATGAGGTACCTCCTTGGTTCGTTCTGCTCC
TGATGAGGATCCGCATCCACTACTGCCTCGG
TGATGAGGTACCAGGGAGATCATCGCTTGTCA
TGATGAGGATCCCCTAGTGACCTTGGTGTCCG
AAGAAGGGTACCCACCAGGTGACCGTCAGGAG
TGATGAGGATCCCCGTGTCCATCGTCTCCAC
TGATGAGGTACCAAGAAGACTGTTACAGGTGAC
GCACTGGATCCAGCCCGACCCGAGCACGCGC
GCACTGGTACCGATCCTACCAACCGGCACGA

McMaster University — Biology

Overexpression of
RpfBADUF348

Overexpression of RpfB
Overexpression of RpfB
Overexpression of RpfE
Overexpression of RpfE
Cloning rpfA promoter

Cloning rpfA promoter

Cloning SCO3152 promoter
Cloning SCO3152 promoter

Cloning rpfC promoter
Cloning rpfC promoter
Cloning rpfD promoter
Cloning rpfD promoter
Cloning rpfE promoter
Cloning rpfE promoter
Cloning ermE* promoter

Cloning ermE* promoter

2.3.7 rpf mutant strain complementation

Within the single rpf mutations, the greatest phenotypic effects were seen for rpfA, rpfD
and rpfE mutant strains, with the rpfA mutant phenotype having been complemented
previously (Haiser et al., 2009). To ensure that the mutant phenotypes associated with
ArpfD and ArpfE were due to loss of their respective Rpf protein, complementation
clones were generated. The rpfD coding sequence was amplified, together with
sufficient upstream and downstream sequence so as to encompass all necessary
regulatory elements (325 nt upstream and 244 nt downstream sequence). This fragment
was then cloned into the integrating plasmid plJ82 (Table 2.1) and the integrity of the
resulting construct confirmed by sequencing. The plasmid was subsequently introduced
into the ArpfD mutant strain, where hygromycin resistant colonies were selected.
Complementation of rpfE followed a similar scheme, only the complementing fragment
extended 175 bp upstream of the translation start site, and 237 bp downstream of the
stop codon. Empty plasmid vectors were also introduced into each mutant strain as a
control for any plasmid-specific effects. Complementation was confirmed by comparing
germination profiles of plasmid alone-containing mutant and wild type strains, with the
complemented mutant strain, as described below.
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2.3.8 Scanning and transmission electron microscopy and light microscopy

Wild type and mutant strains were grown on MS agar at 30°C for 7 days before being
examined by scanning and transmission electron microscopy, and light microscopy.
Samples for light microscopy were obtained by taking coverslip impressions. Individual
colonies were prepared for scanning electron microscopy (SEM) as detailed in Haiser et
al. (Haiser et al., 2009) and examined with a TESCAN SEM. Transmission electron
microscopy (TEM) and light microscopy were performed as described by Haiser et al.
(Haiser et al., 2009). Images were processed using Adobe Photoshop Elements 11 Editor.
Cell wall thickness and spore lengths/widths were measured using ImagelJ software
(Schneider et al., 2012). When evaluating spore wall thickness from TEM images, a
minimum of 25 spores were measured for each strain, whereas a minimum of 200
spores were measured when assessing spore lengths and widths using light microscopy
images.

2.3.9 Spore germination assay

Mutant and wild type spores were plated on MS agar overlaid with cellophane discs and
incubated at 30°C for up to 12 h. At intermediate time points, a 1 cm square was excised
from the cellophane disc and was examined using phase contrast microscopy to score
germinated spores (those possessing at least one germ tube) versus non-germinated
spores. A minimum of 200 spores were counted per strain per time point, in at least
three independent experiments.

2.3.10 Antibiotic sensitivity assays

Equal numbers of mutant and wild type spores were dispersed over 500 pL of MS agar
containing the indicated amounts of bacitracin (Bioshop Canada) or D-cycloserine
(Sigma-Aldrich) in 48 well microplates (Thermo). Plates were incubated for 4 days at
30°C. For overlay experiments, spores were inoculated on 500 pL of MS agar in 48 well
microplates and incubated at 30°C for 16 h to allow for germination of dormant spores.
Wells were then overlaid with the indicated amounts of bacitracin or D-cycloserine.
Plates were incubated for an additional 3 days at 30°C. All assays were conducted in
three independent replicates.

2.3.11 Protein overexpression and purification

To assess the enzymatic activity of each Rpf, the sequence encoding the extracellular
domain of each protein [excluding the SignalP-predicted signal peptide sequence
(Petersen et al., 2011)] was amplified from S. coelicolor M145 chromosomal DNA using
the primers described in Table 2.3. The amplified products were sequentially digested
with BamHI and Ndel and ligated with pET15b (Novagen), which had been digested with
the same enzymes and dephosphorylated prior to ligation. All constructs were verified
by sequencing, using the T7 promoter and terminator primers (Table 2.3). All constructs
were introduced into chemically competent E. coli Rosetta 2 cells (Novagen), and the
resulting colonies were grown overnight in 5 mL cultures supplemented with ampicillin
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and chloramphenicol. These overnight cultures were used to inoculate 500 mL of LB
medium containing ampicillin and chloramphenicol, and cultures were grown at 37°C to
an ODggg of 0.8 before isopropyl RB—D-thiogalactopyranoside (IPTG) was added in the
amounts indicated in Table 2.4 to induce protein overexpression. Cultures were
incubated for the times indicated in Table 2.4 before the cells were collected by
centrifugation.

Cell pellets were resuspended in 10 mL lysis buffer (50 mM NaH,P0O,4, 300 mM NaCl, 10
mM imidazole, 1 mg/mLlysozyme, pH 8.0) containing one cOmplete Mini EDTA-free
protease inhibitor pellet (Roche) and incubated on ice for 30 min. The cell suspension
was sonicated on ice for 6 x 10 s, before being treated with 40 pg RNase A and 20 U
Turbo DNase (Ambion) for 15 min on ice. The lysate was then centrifuged at 10,000 x g
for 30 min at 4°C. The supernatant was removed and incubated with 1 mL of Ni-NTA
slurry (Qiagen) for 1.5 hr at 4°C before being applied to a PolyPrep chromatography
column (Bio-Rad). The column was washed with buffer (50 mM NaH,P0O,4, 300 mM NaCl,
pH 8.0) containing increasing concentrations of imidazole (4 mL each of wash buffer
containing 20 mM imidazole, 50 mM imidazole and 70 mM imidazole) before Hise-
tagged proteins were eluted with imidazole-containing buffer at concentrations
optimized for each protein (Table 2.4). Purified proteins were applied to an Ultra
Centricon centrifugal unit (Amicon), which allowed for exchange of the imidazole-
containing buffer with protein storage buffer (50 mM NaH,PO,4, 300 mM NacCl, pH 8.0).
Protein purification was assessed following separation of purified proteins (and their
accompanying washes) on a 12% SDS-PAGE polyacrylamide gel and staining with
Coomassie Brilliant Blue. Protein concentrations were determined using a Bradford
assay (Bradford, 1976), with bovine serum albumin as a standard.

Table 2.4: Conditions for Rpf protein over expression and purification.

Protein Size [IPTG] Induction Induction [Imidazole]
(kDa)* (mM) time (h) temperature (°C) (mM) for elution
RpfA 21.7 1 2.5 30 250
RpfB 36.6 0.25 14 16 250
RpfBADUF348 21.5 0.25 14 16 250
RpfC 40.0 1 14 16 150
RpfD 42.6 1 14 16 70
RpfE 10.2 1 2.5 30 250
sIHF 133 1 14 16 250

*Calculated excluding the signal peptide but including the 6 x His tag from pET15b.
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2.3.12 Cell wall cleavage assays

The EnzChek Lysozyme Assay kit (Molecular Probes) was used to assess the ability of
Rpfs to cleave fluorescein labeled Micrococcus lysodeikticus cell wall material in vitro.
One nanomole of purified Rpf was added to each reaction and the volume was brought
to 50 pL with 1 x reaction buffer (100 mM sodium phosphate, 100 mM NaCl, pH 7.5)
before adding 50 pL of the fluorescein labeled M. lysodeikticus peptidoglycan substrate
to each reaction. One nanomole of the DNA-binding protein sIHF (Swiercz et al., 2013)
was used as a negative control. Assays were performed in black 96 well plates (Thermo-
Fisher). The amount of fluorescein released was measured every hour over the course
of 8 h using a Synergy 4 Microplate Reader (BioTek), with an excitation wavelength of
494 nm and an emission wavelength of 521 nm. Each assay was conducted using at least
three independently isolated protein samples, with each protein activity assessed in
triplicate.

2.3.13 Rpf interactions

To probe the potential for Rpf-Rpf protein interaction, mature Rpf sequences were
excised from their corresponding pET15b plasmid (Table 2.1) using Ndel and BamHI, and
cloned into both pGAD T7 AD (activating domain) and pGBK T7 BD (binding domain)
vectors (Clontech) digested with the same enzymes. Conveniently, these vectors
contain antibiotic selection markers to facilitate cloning in E. coli (ampicillin and
kanamycin, respectively), and prototrophic markers for selection in yeast (Leu
biosynthesis and Trp biosynthesis, respectively). pGAD T7 AD-Rpf and pGBK T7 BD-Rpf
constructs were transformed into S. cerevisiae strains Y187 and Y2H Gold (Clontech),
respectively, following the TRAFO high-efficiency transformation protocol (Gietz and
Schiestl, 2008). Transformants were isolated on SD medium lacking Leu (Y187) or Trp
(Y2H Gold) following incubation at 30°C for 3 days. To test for Rpf-Rpf interactions,
single colonies (2-4 mm in diameter) of Rpf construct-containing Y2H Gold and Y187
strains were picked from 3 day old plates and were mixed together in 1 mL 2x YPDA for
mating. Cultures were incubated overnight at 30°C, after which cells were collected by
centrifugation and plated on SD lacking both Trp and Leu. Single colonies were patched
onto SD plates lacking Trp and Leu to confirm the viability of the mated strains, and on
SD plates lacking Trp, Leu, adenine and His to test for protein-protein interactions. Plates
were examined for growth after two days incubation at 30°C.

2.3.14 Gel filtration chromatography

Purified RpfB and RpfBADUF348 were separated on a Superdex 75 column (GE
Healthcare) pre-equilibriated with storage buffer (300 mM NaCl, 50 mM NaH,PQ,, pH 8)
to remove protein aggregates. Pure protein was applied to the column and eluted with
storage buffer at a flow rate of 0.4 mL/min at 4°C. The absorbance of the eluate at 230
nm was recorded to confirm protein presence. Standards for column calibration (and
assessment of protein oligomeric status) included ribonuclease A (13.7 kDa),
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chymotrypsinogen A (25 kDa), ovoalbumin (43 kDa) and albumin (67 kDa). Peak fractions
were pooled and separated on a 12% SDS-PAGE polyacrylamide gel stained with
Coomassie Brilliant Blue to confirm the presence of RpfB/RpfBADUF348.

2.4 RESULTS
2.4.1 Bioinformatic analysis of the Rpfs in S. coelicolor

S. coelicolor encodes at least 60 proteins having domains with predicted peptidoglycan
cleavage capabilities, and of these, seven possess an Rpf-like domain (Haiser et al., 2009;
Ravagnani et al., 2005). Of these seven, two (SC02326 and SCO5029) appeared to be
more distantly related to the well-characterized Rpf domains from Micrococcus and
Mycobacterium (Ravagnani et al., 2005) and lacked key catalytic residues (Fig. 2.3); these
were not considered further. The remaining five proteins (SCO0974, SCO3097, SCO3098,
SC03150, and SCO7458) bore domains that were highly similar to the crystallized M.
tuberculosis RpfB protein (Rpfurs) and contained both critical catalytic amino acids and
important substrate binding residues (Fig. 2.4A). Of these five proteins, SCO3150
showed the greatest sequence divergence relative to Rpfurs (Fig. 2.4A) but shared a
similar domain architecture, with its Rpf domain positioned at the extreme C-terminal
end of the protein, where it was preceded by a G5 domain having potential N-
acetylglucosamine-binding activity (Bateman et al., 2005) and three DUF348 domains
whose functions are unknown (Fig. 2.4B). We have therefore designated this protein
RpfBsc. For all other S. coelicolor Rpf proteins, the Rpf domain was immediately adjacent
to the signal peptide at the N-terminal end. SCO3097 (RpfA), SCO3098 (RpfC), and
SCO0974 (RpfD) each also carried a downstream LysM peptidoglycan-binding domain,
like the first characterized Rpf from M. luteus (Fig. 2.4B), while RpfD possessed an
additional domain with predicted peptidase activity at its C-terminal end. SCO7458, or
RpfE, in its mature form comprised solely an Rpf domain (Fig. 2.4B).

Within the streptomycetes, four of the five Rpf proteins were broadly conserved (RpfA,
RpfB, RpfC, and RpfD), while the smallest protein, RpfE, was not encoded by any of the
other well characterized Streptomyces species (Table 2.5). Instead, Streptomyces
venezuelae and Streptomyces avermitilis encoded additional LysM containing Rpfs that
lacked equivalent orthologues in S. coelicolor and Streptomyces griseus (Table 2.5).
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Figure 2.3: Alighment of distantly related Rpf-like domains from SC02326 and
SC05029 with RpfB from Mycobacterium tuberculosis and the more closely related
Rpfs from S. coelicolor. |dentical amino acid residues are highlighted in black, while
similar residues indicated in grey. The red asterisk marks the key catalytic residue, while
the blue asterisks mark important substrate-binding residues.
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Figure 2.4: Sequence analysis of five Rpf homologues. (A) Multiple-sequence alignment
of the Rpf domain from the five predicted Rpf proteins in S. coelicolor, together with
RpfB from Mycobacterium tuberculosis (RpfByrs). Identical residues are highlighted in
black. Similar residues are indicated in gray background. Key catalytic (Glu) and
substrate-binding residues (Ser/Thr and Trp) are indicated with asterisks. (B) Schematic
representation of the functional domain organization of the predicted Rpf proteins,
along with M. luteus Rpf and RpfBye. Sec, general secretion signal; Rpf, resuscitation-
promoting factor domain; LysM, lysin motif; DUF348, domain of unknown function 348;
G5, peptidoglycan-binding domain. Mtb, M. tuberculosis.

39



Ph.D. Thesis — Danielle L. Sexton McMaster University — Biology

Table 2.5: Rpf domain-containing proteins in S. coelicolor, S. avermitilis, S. venezuelae,
and S. griseus

Orthologues in

S. coelicolor S. avermitilis S. venezuelae S. griseus
RpfA (SCO3097) SAV3534 SVEN2900 SGR4438
RrfB (SCO3150) SAV3588 SVEN2970 SGR4355
RpfC (SCO3098) SAV3535 SVEN2901 SGR4437
RpfD (SCO0974) SAV7250 SVEN6803 SGR745
RpfE (SCO7458) X X X

2.4.2 Temporal expression of rpf genes during solid and liquid culture growth

As an initial characterization step, we monitored the transcription profiles of the five rpf
genes to determine when these genes were expressed and whether their expression
was coordinately regulated. RNA was harvested from plate-grown cultures during
vegetative growth (24 h), aerial hyphae formation (48 h), and early and late sporulation
(72 and 96 h). Transcript levels were then assessed using RT-qPCR. We could detect
expression for only three of the rpf genes (rpfA, rpfC, and rpfD), with the levels of rpfB
and rpfE being too low to obtain transcript profiles. For the detectable rpf genes,
expression was highest during vegetative growth before levels dropped at the onset of
aerial development (Fig. 2.5A). Similar profiles were observed for rpfA and rpfC when
transcripts extracted from liquid-grown cultures were examined. Note that S. coelicolor
does not differentiate in liquid culture, and thus these profiles reflect expression in
vegetatively growing cells (Fig. 2.5A). A different pattern was detected for rpfD,
however, where initial transcript levels were relatively low before rising during entry
into stationary phase (40 h) (Fig. 2.5A). As was the case for our solid culture samples,
rpfB and rpfE transcripts were below the level of reliable detection.

Given the importance of rpf gene products in resuscitating dormant cells in
Mycobacterium and Micrococcus (Mukamolova et al., 1998, 2002a), we were interested
in monitoring rpf transcription during spore germination. We were unable to do this
using RT-qPCR (we could not isolate sufficient levels of RNA), so instead we constructed
rpf promoter fusions to the /ux reporter genes (Craney et al., 2007) and followed
luminescence at 10 min intervals for the first 12 h of growth in liquid culture (spore
germination was first seen at 4 h under these growth conditions). We found that rpfB
transcription began almost immediately and continued through the first 5 h of
growth/germination (a similar expression pattern was occasionally seen for rpfC as well,
although it was not consistently observed), while rpfA expression was first detected at 3
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h, increased to maximal levels from 5 to 6 h, and then dropped back to a low steady-
state level (Fig. 2.5B). Expression from the other rpf promoters was below the
detectable limit of the luminometer during this time course.
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Figure 2.5: Transcript levels of Rpf-encoding genes in S. coelicolor throughout growth
and development. (A) The S. coelicolor wild type strain M145 was grown at 30°C on MS
agar medium and TSB-YEME liquid medium. At the times indicated, total RNA was
extracted from cells, and transcripts bearing the rpfA, rpfC, and rpfD coding regions were
guantified using RT-qPCRs. Transcript levels were normalized to total RNA mass and PCR
product length. The quantification cycle value of each no-RT control was greater than
that of the RT samples by at least 10 cycles. Quantification cycle values of all no-
template controls were consistently greater than 40 cycles. All data are presented as
means standard errors (n = 1 to 3). au, arbitrary units. (B) rpf promoter activities were
monitored in TSB-YEME liquid medium for 12 h post inoculation using a luminescence-
based reporter. The inset panel (positive control) represents the activity of the strong
constitutive ermE* promoter fused to the /lux genes over the same 12-h time course.
Data are presented as means + standard errors (n = 8). RLU, relative light units.
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2.4.3 Rpfs are important for initiating germination

Given the early transcription of rpfA and rpfB (and sometimes rpfC) and the
resuscitation-associated function of the Rpfs as a whole, we sought to determine
whether the Rpfs played a role in spore germination, the “dormant cell resuscitation”
equivalent in Streptomyces. We first constructed strains bearing individual rpf deletions
(rpfA, rpfB, rpfC, and rpfE) or disruptions (rpfD). As peptidoglycan lytic enzymes are
notoriously redundant in their activities (Typas et al., 2012), we also generated strains
with deletions in increasing numbers of rpf genes (deletions of two, three, four, and five
rpf genes) with the goal of gaining a clearer picture as to the role of Rpf domain-
containing proteins in S. coelicolor germination, growth, and development.

Spore germination for single and multiple rpf mutant strains was monitored over a 12 h
time course, with spores being scored for the presence of one or more germ tubes using
light microscopy (Fig. 2.6A). We found that, generally, loss of individual rpf genes was
correlated with a delay in the onset of germination. The most significant delays were
observed for rpfA and rpfE single mutants, and subtle but reproducible germination
delays were seen for the rpfD mutant; loss of rpfB had no effect on spore germination,
whereas rpfC mutants occasionally took longer than the wild type to initiate
germination. Somewhat surprisingly, we found that the initial delay in germination did
not translate into a longer time frame needed for complete germination to occur: all
spores (mutant and wild type) were fully germinated by 12 h. The germination defect for
the rpfA mutant has been complemented previously (Haiser et al., 2009), and here we
were able to partially complement the defect observed for the rpfD and rpfE mutants
with a wild type copy of their respective genes (see Fig. 2.7). The strain with deletions of
rpfA through rpfE (5% rpf mutant) showed the greatest impairment in germination: germ
tubes had emerged from fewer than 40% of spores after 9 h although, as was seen for
the single mutants, germination was complete by 12 h (Fig. 2.6A). Collectively, the delay
in initiating germination seen for the rpf mutants indicates that these proteins play an
important (although not essential) role in promoting spore germination.

Delayed germination in these strains could stem directly from the lack of Rpfs, which
may be needed to remodel the spore peptidoglycan during germination and/or release a
germination-promoting signal. Alternatively, the germination defects could stem from
Rpf-dependent changes in spore peptidoglycan architecture such that the spore wall is
less amenable to germ tube emergence. Indeed, deleting peptidoglycan hydrolases has
been associated with increased cell wall thickness in Bacillus subtilis (Fan and Beckman,
1971; Fan et al., 1972). To determine whether this was a possibility, we probed spore
wall thickness for those rpf mutants exhibiting germination delays and found that there
was no correlation between spore wall thickness and germination rate. Of the single
mutants, the rpfA strain exhibited the greatest germination defect, yet rpfA mutant
spores had the thinnest walls of all strains tested (Haiser et al., 2009) (Fig. 2.6B and C). In
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contrast, the spore walls of the 5x mutant were at least as thick as those of the wild
type, and this mutant showed the greatest delay of all strains (Fig. 2.6B and C). While
these experiments do not preclude the possibility that altered cell wall structure
contributes to delayed germination, they do indicate that wall thickness alone cannot be
used as a surrogate for germination competence.
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Figure 2.6: Rpfs are involved in initiating germination of S. coelicolor spores. (A) Wild
type (WT), individual rpf mutants, and 5xArpf mutant spores were monitored for
germination using light microscopy over 12 h. The proportion of germinated spores was
determined for each strain at the indicated time points. Data are representative of three
independent trials (n = 100 spores for every time point, for every strain). (B)
Transmission electron micrographs (TEMs) of wild type, individual rpf mutants, and 5x
rpf mutant strains. Scale bar, 250 nm. (C) Wall widths of spores (n=25) from the samples
shown in panel B were determined from TEMs. Box plots indicate the median (center
band), the 25th and 75th percentiles (lower and upper limits of the box, respectively),
and the 5th and 95th percentiles (lower and upper whiskers, respectively). Asterisks
indicate outliers.
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Figure 2.7: Partial complementation of ArpfD and ArpfE confirmed by examining
germination profiles. Spores of complemented and vector alone-containing rpf mutants
were plated on MS agar overlaid with cellophane discs. Spores were monitored for the
presence or absence of germ tubes at the indicated time points. Data are representative
of three independent trials (n > 100 per time point per strain). WT, wild type.

2.4.4 Germinating spores lacking Rpfs are more sensitive to cell wall-specific
antibiotics

To determine whether the germination defects and heterogeneous spore wall thickness
of the different rpf mutants might reflect altered cell wall properties, we tested the
different mutants for their sensitivity to antibiotics targeting the cell wall. Mutant and
wild type spores were plated on MS agar containing increasing amounts of D-cycloserine
(inhibitor of DAla—D-Ala ligase) (Fig. 2.8A) and bacitracin (inhibitor of Css-bactoprenol
pyrophosphate dephosphorylation) (Fig. 2.8B). As a control, we also tested all strains for
their sensitivity to hygromycin, an antibiotic targeting protein synthesis. Relative to the
wild type, all rpf mutants showed increased sensitivity to D-cycloserine and bacitracin,
with the rpfA, rpfD, and the 5x rpf strains being the most sensitive. To determine if the
increased rpf mutant sensitivity reflected a germination-specific defect, mutant and wild
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type spores were spread on MS agar and grown for 16 h to allow for complete
germination. The vegetatively growing cells were then overlaid with increasing amounts
of D-cycloserine (Fig. 2.8C) or bacitracin (Fig. 2.8D). In contrast to our previous results,
the rpf mutant strains were resistant to all concentrations of both antibiotics. This
suggested that Rpf activity alters the spore wall— or that of the initial germ tubes—such
that Rpf-deficient strains display enhanced sensitivity to antibiotics that block cell wall
synthesis.
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Figure 2.8: Rpf deletion enhances antibiotic sensitivity during germination. Equal
numbers of mutant and wild type (WT) spores were spread on MS agar containing the
indicated amounts of D-cycloserine (A) or bacitracin (B) or were inoculated onto MS agar
and allowed to germinate for 16 h before being overlaid with the indicated amounts of
D-cycloserine (C) or bacitracin (D). Plates were incubated for 4 days at 30°C. Images are
representative of three independent replicates.

2.4.5 Deleting rpf genes impacts vegetative growth in liquid culture

To further probe the biological role of the Rpf proteins in S. coelicolor, we followed the
growth and development of the individual and multiple rpf mutant strains on solid agar
plates (sporulation-specific [MS] and rich [R5] media). After 2 days, the majority of rpf
mutants appeared largely wild type (Fig. 2.9A).
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For the rpf genes whose expression was detectable, transcript levels were generally
highest during germination and vegetative growth, with the exception of the level of
rpfD in liquid culture. To determine whether any of the rpf mutations had an effect on
vegetative growth, we followed colony growth over a 24 h time course on solid medium
(Fig. 2.9B). We did not observe any delays in the growth of the rpfA or rpfB mutant, but
the growth of rpfC, rpfD, and rpfE mutants was slightly retarded at 12 h. Intriguingly, the
5x rpf mutant failed to form a detectable colony after 12 h, and its growth was
detectable only by 18 h (Fig. 2.9C). It is conceivable that these growth delays simply
reflected slower germination rates; however, this cannot be the only explanation as the
rpfC strain had largely normal germination but showed delayed vegetative growth, while
the rpfA mutant had a significant germination delay but exhibited robust vegetative
growth.

As defects in vegetative growth may be more pronounced in liquid culture, we followed
the growth profile of the 5x rpf mutant relative to its wild type parent strain in rich and
minimal media. In rich medium, the growth curve of the 5x rpf mutant was virtually
indistinguishable from that of the wild type strain prior to stationary phase, at which
point the 5x rpf mutant showed better growth than the wild type (Fig. 2.9D). In contrast,
in minimal medium, the 5xArpf mutant grew far less robustly than the wild type at all
time points, suggesting that the Rpfs confer a distinct competitive advantage during
growth under nutrient-limiting conditions.
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Figure 2.9: Phenotypic analyses of rpf mutant strains. (A) Colony morphology of the
wild type, individual rpf mutants, and 5xArpf deletion strains after 2 days growth on MS

agar medium. (B) A total of 2x10° mutant and wild type spores were plated on LB agar
medium (a low-Mg” medium used to exacerbate any cell wall defects). Pictures were
taken at the indicated time points and are representative of three independent trials. (C
and D) Growth profile of the 5xArpf mutant compared to the wild type during liquid
culture in TSB-YEME medium (C) and NMMP medium (D). Values are presented as
means + standard errors (n = 3). WT, wild type.
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2.4.6 In vitro activity assays of each Rpf protein reveal widely varying levels of
peptidoglycan cleavage capabilities

To begin probing the biochemical basis for Rpf function, we set out to assess the ability
of each of these enzymes to cleave purified peptidoglycan. As a substrate, we opted to
use commercially available and fluorescently labeled peptidoglycan from the close
Streptomyces relative M. luteus. The fluorescein labeling density was sufficiently high
that fluorescence was quenched; this quenching could be alleviated through cleavage of
the labeled peptidoglycan, with increased fluorescence being directly proportional to
cleavage activity. We overexpressed and purified each of the five Rpf enzymes and
monitored their activity over 8 h. While all Rpfs were significantly less active than
lysozyme (positive control), there were considerable differences in their activity levels.
RpfE was the most active enzyme, followed by RpfA and RpfD. RpfB and RpfC had the
lowest activities, with their levels always being less than half that of any other enzyme
(Fig. 2.10). sIHF, a cytoplasmic DNA-binding protein from S. coelicolor, was also
overexpressed, purified, and subjected to the cleavage assay to ensure that any activity
observed was not due to contaminating E. coli proteins. These results indicate that all of
the S. coelicolor Rpfs have some level of peptidoglycan cleavage capability and thus
would be able to remodel Streptomyces cell walls.
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Figure 2.10: Rpf proteins cleave peptidoglycan in vitro. One nanomole of pure protein
(as indicated) was mixed with fluorescein-labeled M. luteus cell walls. Data represent the
average emission at 521 nm after 8 h of incubation of three trials + standard error.
Negative control, cytoplasmic DNA binding protein sIHF; positive control, lysozyme (Lys).
AU, arbitrary units.
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2.4.7 Rpf interactions: RpfB forms a dimer

Previous work in Mycobacterium has suggested that several Rpfs interact with other cell
wall-lytic enzymes (Hett et al., 2007). In particular, the RipA endopeptidase interacts
with RpfBymrs, and this association results in synergistic activity. RipA further interacts
with RpfE, an enzyme like RpfE in S. coelicolor that lacks an obvious means of associating
with the peptidoglycan (Hett et al., 2007, 2008). There is no RipA homologue encoded by
the streptomycetes, and thus we wondered whether RpfD, with its endopeptidase
domain, might interact with RpfB and whether any of the LysM domain-containing Rpfs
(RpfA, RpfB, or RpfD) might associate with RpfE, helping to anchor it to the cell wall. To
test this hypothesis we examined interactions between each Rpf protein (excluding their
signal peptides) using a yeast two-hybrid system. Rpf interactions were tested in a
pairwise fashion, with each mating pair spread on diagnostic medium such that only the
strains with an interacting Rpf pair would be capable of growing. We found that RpfB
associated with itself, based on the robust growth observed for this mating pair on
selective medium, in contrast to all other Rpf pairs, which were unable to interact in this
system (Fig. 2.11A).

To further test the oligomerization capabilities of RpfB, we overexpressed and purified
mature RpfB and followed its oligomeric status using gel filtration chromatography. We
found that RpfB eluted at a volume that was most consistent with a dimer form
(molecular mass of the His-tagged fusion protein was 36.6 kDa), with no detectable
monomer species observed (Fig. 2.11B), supporting our yeast two-hybrid observations.
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Figure 2.11: RpfB forms dimers. (A) Yeast two-hybrid analysis of interactions between
Rpf proteins. Pictures were taken after 2 days of incubation at 30°C. Growth on selective
medium indicates an interaction between bait (DNA-binding domain)- and prey
(activation domain)-associated proteins. (B) Purified RpfB and RpfBADUF348 were
separated on a Sephadex 75 gel filtration column. The peak at 9.4 ml represents likely
RpfB dimers. RpfBADUF348 dimers were expected to elute at 12 ml. The molecular mass
and elution volume, respectively, of each of the standards indicated above the figure are
as follows: albumin, 67 kDa and 9.6 ml; ovalbumin, 43 kDa and 10.4 ml;
chymotrypsinogen A, 25 kDa and 12.4 ml; and RNase A, 13.7 kDa and 13.3 ml.

2.4.8 Removal of the DUF348 domains from RpfB impacts dimerization and enhances
enzyme activity

RpfB does not possess any obvious protein interaction domains (Fig. 2.4B): its G5
domain is predicted to promote peptidoglycan binding (Bateman et al., 2005), while the
Rpf domain failed to promote dimerization in any of the other Rpf protein combinations
tested here. DUF348 domains are frequently associated with proteins functioning at the
cell wall (Bateman et al., 2005; Ravagnani et al., 2005), but, as their name implies, their
function is unknown; these domains therefore seemed the most likely candidates for
mediating dimerization. To test the role of the DUF348 sequences in RpfB dimerization,
we constructed a truncated version of RpfB in which the three DUF348 domains were
removed (RpfB DUF348). We found that RpfB DUF348 failed to interact as robustly with
itself as it did with the full-length mature RpfB protein, and its ability to interact with
RpfB differed, depending on the vector system (Fig. 2.12A). To further probe the role of
DUF348 domains in dimerization, we again conducted gel filtration chromatography.
While RpfB appeared to elute predominantly as a dimer, no dimers were observed for
RpfB DUF348 (molecular mass of the His-tagged fusion was 21.5 kDa) (Fig. 2.11B).
Instead, it did not elute as a discrete peak, suggesting that it had a very different
conformation than full-length RpfB.
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Given this observation, we sought to determine whether the DUF348 domains
influenced RpfB activity. We tested the peptidoglycan cleavage activity of RpfBADUF348
in our fluorescent substrate assay and found its activity to be far greater than that of the
full-length RpfB, suggesting that these domains may function to modulate enzyme
activity (Fig. 2.12B).
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Figure 2.12: The DUF348 domains in RpfB are required for dimerization and inhibit
RpfB activity. (A) Yeast two-hybrid analysis of interactions between full-length and
truncated RpfB proteins, as described in the legend to Fig. 2.10. Pictures were taken
after 2 days of incubation at 30°C on selective medium. The level of growth is correlated
with the strength of the protein interaction. (B) One nanomole of pure protein was
incubated with fluorescein-labeled M. luteus cell wall for 8 h. Fluorescence emitted at
521 nm was quantified. Data are presented as means * standard errors (n = 3).

2.5 DISCUSSION
2.5.1 Rpfs and their role in resuscitation

Rpf enzymes were originally defined on the basis of their resuscitation-promoting
activities in Micrococcus and, later, in Mycobacterium. Our results support a role for the
Rpfs in spore germination in S. coelicolor; however, they do not all contribute
equivalently, and the fact that germination can proceed (albeit without wild type
kinetics) in the complete absence of Rpfs suggests that they must function in
conjunction with other factors. Of the individual Rpfs, rofA mutants had the most severe
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germination defect, with rpfB and rpfC mutants behaving most like the wild type. For the
rpfB mutant, this could be explained in part by the fact that RpfB reproducibly exhibited
the lowest in vitro cleavage activity of all the Rpfs. In contrast, rpfC was not routinely
transcribed during germination, and we expected that it may have little to no enzymatic
activity because, unlike the other Rpfs, it lacks a key substrate binding residue, having an
Ala in place of a Ser/Thr residue (Cohen-Gonsaud et al., 2005) (Fig. 2.4A). Surprisingly,
we found it to have intermediate levels of activity, suggesting that this residue is not
critical for substrate recognition and binding. In examining the sequence of the RpfC
orthologues in other streptomycetes, this particular residue varied considerably, with
everything from Leu (Streptomyces sp. strain S4) and Asn (S. avermitilis and
Streptomyces scabies) through to the expected Ser (S. venezuelae) and Thr (S. griseus
and Streptomyces clavuligerus) residues found at this position (Fig. 2.13).

The germination defect observed for the rpfE mutant was surprising, given that rpfE
transcripts were undetectable. It is possible that low levels of expression are all that are
required for its function; this would be consistent with previous observations in M.
luteus, where the lone Rpf could restore active growth at extremely low (picomolar)
concentrations (Mukamolova et al., 1998).

The 5x rpf mutant exhibited the most severe defect in germination and subsequent
vegetative outgrowth. These defects did not dramatically impact the growth of this
strain under nutrient rich conditions; however, in minimal medium, growth of this strain
was severely attenuated compared with that of the wild type. This suggests that for
Streptomyces species growing in a nutrient poor soil environment, the lack of Rpf
enzymes may confer a profound fitness cost, analogous to that seen for other bacteria
(Segev et al., 2013).
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Figure 2.13 Alignment of the Rpf domain of RpfC orthologues from diverse
Streptomyces species. The key catalytic residue is indicated with a red asterisk, while
important substrate-binding residues are marked with blue asterisks.

2.5.2 Rpf redundancy in the Streptomycetes.

Within the Actinobacteria, M. luteus encodes a single Rpf enzyme that is essential for
viability. In contrast, Streptomyces and Mycobacterium species encode four or more Rpf
domain-containing enzymes, and at least in a laboratory environment, these Rpf-
encoding genes can all be deleted without compromising viability. In M. tuberculosis,
studies have suggested that deleting rpfBurs (homologous to rpfB in S. coelicolor) delays
M. tuberculosis resuscitation in a chronic tuberculosis model (Tufariello et al., 2006)
although single deletions of any other rpf gene had no obvious effect. Combining
mutations led to more severe phenotypic consequences, with double and triple rpf
mutants attenuated in their ability both to resuscitate dormant cells in vitro and to
establish chronic infections in vivo(Biketov et al., 2007; Downing et al., 2005; Russell-
Goldman et al., 2008).

In S. coelicolor, we found that individual rpf deletions conferred modest germination
defects, with differing levels of severity. This suggested that these enzymes make
distinct contributions to germination and vegetative outgrowth, a possibility supported
by the fact that individual Rpfs possessed distinct functional domains, and were
expressed at various levels and, in some cases, at different times. We did not, however,
observe directly additive phenotypic effects when multiple rpf genes were deleted,
suggesting that there is some level of functional redundancy shared by these enzymes.
Notably, in strains lacking all Rpfs, spore germination was still complete by 12 h, despite
the marked delay in germination initiation. This suggests that the resuscitation process
in Streptomyces is more complex than that in either Mycobacterium or Micrococcus and
that the Rpfs may function as part of a larger peptidoglycan remodeling network.
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2.5.3 Rpf interactions

In considering the Rpf proteins encoded by Streptomyces and Mycobacterium, only RpfB
shared full-length similarity. Previous work in Mycobacterium had shown that while the
rpfB mutation had phenotypic consequences, in vitro assays revealed RpfB to have little
activity on its own (Cohen-Gonsaud et al., 2005), a phenomenon we also observed in our
in vitro assays here. Subsequent investigations revealed a key interaction between RpfB
and the endopeptidase RipA and synergistic peptidoglycan cleavage by the two enzymes
(Hett et al., 2007, 2008).

The dimerization capability of RpfB had not been previously recognized, as the screen
that led to RipA identification included only the Rpf domain of RpfB (Hett et al., 2007),
and the Rpf domain does not appear to promote dimerization, based on the lack of
interaction seen for all other Rpfs. Our results suggest that, instead, the DUF348
domains found at the N terminus of RpfB facilitate dimerization and inhibit RpfB enzyme
activity. It is tantalizing to speculate that the RipA-RpfB association in Mycobacterium
may lead to a conformational change in RpfB, alleviating the DUF348-mediated
inhibition of enzyme activity. DUF348 domains are found in proteins throughout the
Actinobacteria and Firmicutes and in most cases are found together with both G5 and
peptidoglycan cleavage-associated domains (in S. coelicolor, these domains are not
present in any protein but RpfB). Our results indicate that DUF348 domains may serve as
a means of controlling the activity of peptidoglycan-cleaving enzymes.

Given the potentially destructive nature of cell wall-lytic enzymes like the Rpfs, it is
critically important that their activity be tightly controlled. Increasingly, protein-protein
interactions are being found to contribute to this regulation. In M. tuberculosis, RpfB-
RipA activity is negatively influenced by interactions with penicillin binding protein 1
(PBP1) (Hett et al., 2010), while in E. coli, two amidases responsible for cell separation
are controlled by peptidoglycan-binding enzymes that confer spatial and temporal
regulation (Uehara and Bernhardt, 2011). Notably, the two regulatory proteins in E. coli
were initially classified as having peptidoglycan cleavage activity themselves, specifically,
endopeptidase activity. It will be interesting to see whether equivalent proteins control
any of the Rpf enzymes in S. coelicolor.
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Chapter 3

Peptidoglycan cleavage and the molecular mechanisms underlying Rpf-mediated
cellular resuscitation in Streptomyces bacteria

Danielle L. Sexton, Francesca A. Herlihey, David A. Crisante, Anthony J. Clarke, and Marie
A. Elliot

The work that follows in this chapter appears as it was submitted to the Journal of
Biological Chemistry in June 2017. This work is presently undergoing revision before
resubmission for publication.

Contributions: Initial conceptualization of the project was by D.L.S. and M.A.E. D.L.S.
performed the experiments and analyzed the data associated with the experiments
presented in Figures 1 (in conjunction with D.A.C.), 4 and 5; F.A.H. performed the
experiments and both F.A.H. and A.J.C. analyzed the data in Figures 2 and 3. Project
oversight was provided by A.J.C. and M.A.E. The manuscript was written by D.L.S.,
F.A.H., AJ.C. and M.A.E., with input from D.A.C. All authors reviewed and approved the
final version of the manuscript.

3.1 ABSTRACT

Bacterial dormancy can take many forms, including Bacillus endospores, Streptomyces
exospores, and metabolically latent Mycobacterium. In the actinobacteria, including the
streptomycetes and mycobacteria, the rapid resuscitation from a dormant state requires
the action of a family of cell wall lytic enzymes called the resuscitation promoting factors
(Rpfs). Whether Rpf activity promotes resuscitation by generating muropeptide signaling
molecules, or by simply remodeling the dormant cell wall, has been the subject of much
debate. To address this question, we first sought to gain broader insight into the
biochemical function of the Rpf enzymes. Rpfs come in many forms, and we showed that
the associated LysM and LytM domains enhance Rpf enzyme activity. We further
demonstrated that the Rpfs function as endo-acting lytic transglycosylases, cleaving
within the peptidoglycan backbone. Unlike in other systems, Rpf activity in the
streptomycetes was not correlated with peptidoglycan-responsive Ser/Thr kinases, and
the germination of rpf mutant strains could not be stimulated by the addition of known
germinants. Collectively, these results suggest that in Streptomyces, Rpf function is more
structural than signaling, and that in the actinobacteria, any signaling function must
require the activity of additional — yet to be identified — enzymes.
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3.2 INTRODUCTION

Bacteria are masters of survival. When faced with unfavourable growth conditions,
many bacteria have evolved the ability to enter a non-replicative state, allowing them to
survive a wide range of adverse conditions. These non-replicating states include
everything from persister cells and viable but not culturable (VNBC) bacteria, through to
specialized dormant spores (Oliver, 2010; Swiercz and Elliot, 2011; Wood et al., 2013).
Despite the different forms adopted by these non-replicating cells, they all share
reduced metabolic activity compared with their vegetative counterparts, and often have
an altered (thicker) cell wall.

A major constituent of the cell wall —in both vegetative and dormant cells —is
peptidoglycan. Peptidoglycan polymers are defined by their glycan backbones,
composed of alternating N-acetylmuramic acid (MurNAc) and N-acetylglucosamine
(GlcNAC) residues, and by short peptides extending from the lactyl groups of the
MurNAc residues. The peptide stems of different glycan strands can in turn be joined
together either directly or by amino acid linkers of varying lengths. These peptide
bridges crosslink parallel strands together, yielding a rigid structure that serves to
maintain the integrity of the cell membrane (Cava and De Pedro, 2014). In dormant cells,
the peptidoglycan is relatively inert, whereas in actively growing cells it is highly dynamic
(Cava and De Pedro, 2014).

Cell wall cleavage is a critical component of cell growth, being required for the insertion
of new peptidoglycan. Muralytic enzymes target the glycan strands of peptidoglycan,
and are classified as either hydrolases or lytic transglycosylases. Hydrolases, including
the lysozymes and B-N-acetylglucosaminidases, hydrolyse B-(1-4) linkages in the glycan
(Vollmer et al., 2008b). In contrast, lytic transglycosylases cleave the same bond as
lysozymes (between MurNAc and GlcNAc), but they do not require water and instead
generate GlcNAc and 1-6 anhydroMurNAc products (Scheurwater et al., 2008). All of
these enzymes can be further subdivided into exo- or endo-acting enzymes, depending
on whether they cleave at the ends of glycan strands, or within strands, respectively.

For many dormant cells, resuming active growth requires the breakdown of the thick,
protective cell wall, and different bacteria have evolved distinct strategies to achieve
this. Within the actinobacteria, dormant cells employ a common degradative enzyme
that promotes the resumption of vegetative growth. The so-called ‘resuscitation
promoting factor’ (Rpf) enzymes, share structural homology with lysozyme and lytic
transglycosylases (Cohen-Gonsaud et al., 2005), and have muralytic activity (Cohen-
Gonsaud et al., 2004; Haiser et al., 2009; Hett et al., 2008; Mukamolova et al., 2006;
Ruggiero et al., 2009; Sexton et al., 2015; Telkov et al., 2006). In Micrococcus luteus, a
single Rpf enzyme is required for the resuscitation of metabolically quiescent cells
(Mukamolova et al., 1998). Most other actinobacteria encode multiple Rpfs (Machowski
et al., 2014; Ravagnani et al., 2005), and these collectively stimulate the growth of
dormant cells (Downing et al., 2005; Hartmann et al., 2004; Kana et al., 2008; Russell-
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Goldman et al., 2008; Sexton et al., 2015). In Streptomyces coelicolor, the products of
five rpf genes (rpfA-E) promote the rapid germination of dormant spores, and can
influence both vegetative growth and sporulation (Haiser et al., 2009; Sexton et al.,
2015). Deleting individual rpf genes results in modest germination defects in some
instances (Haiser et al., 2009; Sexton et al., 2015), while deleting all five has the greatest
impact on germination (Sexton et al., 2015).

Resuscitation is a complex process, and how the Rpfs promote resuscitation is not fully
understood. Two models have been put forth to explain Rpf function during the escape
from dormancy: 1) Rpf activity liberates peptidoglycan-derived signaling molecules that
activate a regulatory cascade needed for growth resumption, and 2) Rpf activity relieves
the physical constraints imposed by dormant cell walls, allowing cell growth to resume
(Keep et al., 2006a). While these proposals are not mutually exclusive, investigations to
date appear to favour a signaling-type of mechanism (Nikitushkin et al., 2013).

Resuscitation from dormancy has been best studied in Bacillus, which forms highly
resistant endospores (Dworkin and Shah, 2010; Setlow, 2014)and encodes an Rpf-like
enzyme (Keep et al., 2006b). Bacillus spore germination can be promoted by the
addition of peptidoglycan fragments (muropeptides) (Shah et al., 2008). These
muropeptides bind to PrkC, a eukaryotic-like Ser/Thr kinase located in the spore
membrane, initiating a signaling cascade that triggers spore germination(Shah et al.,
2008). PrkC contains tandem PASTA (penicillin-binding protein and Ser/Thr kinase
associated) domain repeats, and these domains can recognize both nascent
peptidoglycan and muropeptides (Mir et al., 2011; Shah et al., 2008; Squeglia et al.,
2011; Turapov et al., 2015; Yeats et al., 2002). A similar situation may exist in
Mycobacterium, where emergence from latency can be stimulated by muropeptide
binding to the PrkC homologue, PknB (Mir et al., 2011). It is worth noting, however, that
mycobacterial resuscitation via this route is not robust, and the major function of
muropeptide binding appears to be in directing the subcellular localization of PknB (Mir
et al., 2011). The molecular basis for Streptomyces resuscitation, and the contribution
made by the Rpf proteins to this process, remains to be determined.

There is considerable diversity in Rpf enzyme architecture, and a clear understanding of
Rpf function requires not only a full characterization of the enzymes themselves, but
also a systematic assessment of the contributions made by the different domains. Here,
we show that Rpf accessory domains make critical contributions to enzyme activity. We
establish that the Rpfs function as endo-acting lytic transglycosylases, and further
demonstrate that their activity is independent of known signaling cascades associated
with germination in other systems. Unexpectedly, our data are most consistent with a
cell wall remodeling role for the Rpfs in Streptomyces spore germination.
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3.3 MATERIALS AND METHODS
3.3.1 Bioinformatic analysis

Rpf domain configurations were identified using CDART (Geer et al., 2002). The HMMER
webserver (Finn et al., 2015) was used to search the UniProtKB database to identify
homologues of each Rpf configuration.

3.3.2 Bacterial strains and growth conditions

Bacterial strains used or created in this work are outlined in Table 3.1. S. coelicolor A3(2)
strain M145 and its derivatives were grown at 30°C on solid minimal medium (MM) or
mannitol soya flour (MS) agar, with antibiotics to maintain plasmid selection where
appropriate, or in new minimal medium with phosphate (NMMP), as described by Kieser
et al. (Kieser et al., 2000). All Escherichia coli strains were grown at 37°C on LB or
nutrient agar (NA) plates (Kieser et al., 2000), or in LB or super optimal broth (SOB) liquid
medium (Bertani and G, 1951; Hanahan, 1983) supplemented with antibiotics where
appropriate to maintain plasmid selection.

3.3.3 Spore germination assay

To assess the germination efficiency of the different strains, spores were plated on MS
agar overlaid with cellophane discs and incubated at 30°C for up to 12 h. At the indicated
time points, a 1 cm by 1 cm square was excised from the cellophane disc and examined
using light microscopy. Images were acquired at 1000x magnification using a Nikon
Eclipse E600 microscope fitted with DS-Fil camera. Image capture was performed using
Nikon NIS-Elements software. Spore germination was then assessed, scoring germinated
spores (those possessing at least one germ tube) versus non-germinated spores, with a
minimum of 200 spores being assessed per strain, at each time point, in at least three
independent trials. Spore scoring was performed using the cell counter plugin for Image)
(Schneider et al., 2012). To test the effects of Ca®" on germination, spores were plated
on minimal medium (Kieser et al., 2000) with and without 10 mM CaCl,. Spore
germination assays were then conducted as described above.

3.3.4 Protein overexpression and purification

The sequence encoding the extracellular domain of each RpfA and RpfD variant
[excluding the SignalP predicted signal peptide sequence (Petersen et al., 2011)] was
amplified using the primers outlined in Table 3.2. Overlap extension PCR (Heckman and
Pease, 2007) with the primers described in Table 3.2 was used to generate rpfDALysM.
Other mutants were truncations of either RpfA or RpfD and were generated with the
primers indicated in Table 3.2. Digested PCR products were cloned into the BamHI and
Ndel restriction sites of pET15b (Novagen) (Table 3.1). Construct integrity was confirmed
by sequencing using the T7 promoter and terminator primers (Table 3.2). Each plasmid
was freshly transformed into E. coli Rosetta 2 cells (Table 3.1) prior to overexpression.
Transformants were grown overnight at 37°Cin 5 mL of LB liquid medium supplemented
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with ampicillin and chloramphenicol. These overnight cultures were used to inoculate
500 mL of LB medium, again supplemented with ampicillin and chloramphenicol.
Cultures were grown at 37°C until they reached an optical density at 600 nm (ODgqo) of
0.6-1.0 (depending on the Rpf variant), at which point 1 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) was added to induce protein overexpression. Conditions
for overexpression are summarized in Table 3.3. Overexpression of RpfDALysM was
attempted at an initial ODggg of 0.4-1.2, using 0.25-2 mM IPTG, and induced cultures
were grown for 1.5 h to overnight at 16, 30 or 37°C. Overexpression was also attempted
using in vitro translation with the PURExpress kit (New England Biolabs) following
manufacturer’s recommendations. None of the conditions tested yielded the desired
protein.

For those proteins where overexpression was observed, cell pellets were resuspended in
5 mL of lysis buffer (50 mM NaH,P0O,4, 300 mM NacCl, 10 mM imidazole, pH 8.0)
containing Complete Mini EDTA-free protease inhibitor (Roche) and lysed using the
Constant Systems TS-2 0.75kW cell disruptor. The lysate was centrifuged at 10,000 x g
for 20 min at 4°C to remove insoluble debris. The clarified lysate was incubated with 1
mL of Ni-nitriloacetic acid (Ni-NTA) agarose (Thermo) for 1 hr at 4°C before being applied
to a chromatography column. The column was washed twice with 5 mL buffer (50 mM
NaH,P0O,4, 300 mM NaCl, pH 8.0) containing 20 mM and 50 mM imidazole before Hisg
tagged proteins were eluted sequentially with buffers containing 100 mM, 250 mM and
500 mM imidazole. The success of protein overexpression and the quality of protein
purification was assessed by separating purified proteins (and their accompanying
washes and crude soluble and insoluble fractions) on a 12% tricine polyacrylamide gel
(Schagger, 2006) and staining with Coomassie Brilliant Blue. Protein concentrations were
determined using a Bradford assay (Bradford, 1976) with bovine serum albumin as a
standard. Each Rpf was dialyzed into storage buffer (50 mM NaH,PQO,4, 10% glycerol, pH
8) overnight to remove imidazole. Proteins were stored at 4°C for a maximum of 24 h
before all assays.

3.3.5 Enzyme activity assays
3.3.5.1 Quantitative Rpf activity assays

The EnzChek lysozyme assay kit (Molecular Probes) was used to assess the ability of the
different RpfA and RpfD variants to cleave fluorescein-labelled M. luteus cell walls, as
described previously (Sexton et al., 2015). Briefly, one nanomole of purified Rpf protein
was added to each reaction, and the volume was brought to 50 pL with storage buffer
before adding 50 pL of fluorescein-labelled M. luteus cell wall substrate. One picomole
of lysozyme was used as a positive control, while a reaction without protein served as a
negative control. Reactions were set up in black 96 well plates (Thermo). Fluorescein
release was measured after 1 h using a Cytation 5 plate reader (BioTek) with an
excitation wavelength of 494 nm and emission wavelength of 521 nm. Assays were
conducted in technical triplicate, using at least two independent protein preparations.
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These assays are currently being repeated using purified Streptomyces peptidoglycan
(purified as described below for M. luteus).

3.3.5.2 Isolation and purification of peptidoglycan

Insoluble peptidoglycan for use in the enzymatic assays was isolated from M. luteus
using the boiling SDS protocol and purified by enzyme treatment (amylase, DNase,
RNase, and Pronase) as described by Clarke (Clarke, 1993); as Gram- positive bacteria,
both M. luteus and S. coelicolor produce PG with limited 1,6-anhydromuramoyl content
(Desmarais et al., 2013). O-acetyl groups were removed by incubating peptidoglycan in
20 mM NaOH at room temperature overnight and insoluble PG was isolated by
centrifugation (9,000 x g, 30 min, room temperature) and washed with water at least
three times. Teichoic acids were removed by extracting the peptidoglycan with 10% TCA
overnight at room temperature and peptidoglycan was washed four times in water,
frozen, lyophilized and stored at -20 °C.

3.3.5.3 [*®0]H,0 -based assay to differentiate between hydrolases and lytic
transglycosylases

The [*®0]H,0-based assays were conducted as described by Herlihey et al. (Herlihey et
al., 2014) using M. luteus peptidoglycan as substrate. M. luteus peptidoglycan was
resuspended to a final concentration of 1.4 mg/mL in [*®0]H,0 and briefly sonicated to
homogenize the suspension. To start reactions, 1 nmol of purified Rpf protein was mixed
with 100 uL of M. luteus peptidoglycan in [0™]H,0, and the reaction was brought to 200
uL with Rpf storage buffer. Reactions were incubated at 37°C for 9.5 h with gentle
shaking and then stopped by rapid freezing. Mutanolysin (1.1 nmol) was used as a
positive control, while reactions without added protein were used as negative controls.
Reaction mixtures were thawed and soluble reaction products were separated from
insoluble peptidoglycan by centrifugation (15,000 x g, 15 min, 4 °C) prior to analysis by
LC-Q-TOF-MS. The insoluble fractions were washed four to five times with 200 pL
volumes of water and recovered each time by centrifugation (15,000 x g, 6 min, room
temperature). The washed peptidoglycan pellets were resuspended in 0.1 mM
potassium phosphate buffer, pH 6.2 and solubilized by mutanolysin (1.1 umol, final
concentration) prior to LC-Q-TOF-MS analysis. LC-Q-TOF-MS was performed by injecting
samples into an Agilent 1260 Infinity liquid chromatograph interfaced to an Agilent 6540
UHD accurate Mass Q-TOF mass spectrometer as described previously (Herlihey et al.,
2014). Mass spectrometry analysis was conducted at the Mass Spectrometry Facility at
the University of Guelph.
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Table 3.1: Plasmids and Streptomyces coelicolor and Escherichia coli strains

Strain or plasmid

Genotype, characteristic(s) and/or use

Reference or source

Streptomyces coelicolor A3(2) strains

M145
E117

13385

Escherichia coli strains
DH5a
ET12567(pUZ8002)

SCP1 SCP2
ArpfA-E (rpf null)
3xAPASTA

Routine cloning
dam dcm; with transmobilizing plasmid
pUZ8002

(Kieser et al., 2000)
(Sexton et al., 2015)

(Hempel et al., 2012)

(MacNeil et al., 1992; Paget
et al., 1999)

Rosetta 2(DE3) Protein overexpression Novagen
Plasmids
pET15b Overexpression of Hisg tagged proteins Novagen
pMC177 PET15b carrying rpfA (Haiser et al., 2009)
pMC200 PET15b carrying rpfAALysM This study
pMC181 PET15b carrying rpfD (Sexton et al., 2015)
pMC201 pPET15b carrying rpfDALytMALysM This study
pMC202 pET15b carrying rpfDALysM This study
Table 3.2: Oligonucleotides used in this study
Primer Name Sequence (5'- 3')" Use

0974 PP 5’

0974 PP 3’

0974AlytM PP 3’
SCO0974AlysM rev
SCO0974AlysM fwd
0974AlytMAlysM PP3’
3097 PP 5’

3097 PP 3’
3097AlysM PP 3’

T7 promoter

T7 terminator

CAGTACCATATGGCCGACGCGCGACCTGGGAC  Overexpression of

RpfD

CAGTACGGATCCTCAGATCCTGACGCCGCCGG  Overexpression of

C

RpfD

CATCATGGATCCCCGGGTGGTCCCCTGCCCGC  Overexpression of

RpfDALytM

TGCTCTTGCTTCTGCTCTTTCAGTCCGGCCCG  RpfDALysM

CTCCGAGCA
AAAGAGCAGAAGCAAGAGCA

overexpression
RpfDALysM
overexpression

CATCATGGATCCTCCGGCCCGCTCCGAGCACA  Overexpression of

CAGTACCATATGGCCACCGCGTCCG

RpfDALYtM ALysM
Overexpression of
RpfA

CGAAGTGGATCCTTACTTCAGGTGCAGCTGCT  Overexpression of

G

CATCATGGATCCTCAGCCGGTGCCGCA

TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG

RpfA
Overexpression of
RpfAALysM
Sequencing

Sequencing

1 . . . .
Introduced restriction sites are underlined

62



Ph.D. Thesis — Danielle L. Sexton McMaster University — Biology

Table 3.3: Conditions for protein overexpression

Induction [IPTG] Induction time  Induction Molecular weight
ODggo (mM) (hr) temperature (°C)  (kDa)"
RpfA 0.8 1 2.5 30 22.8
RpfAALysM 0.6 1 2.5 30 10.0
RpfD 0.8 1 5 30 42.6
RpfDALysM 0.8 1 16 16 30.3
RpfDALysMALytM 1 1 2.5 30 10.9

! Calculated without the SignalP predicted signal peptide and with the 6xHis tag

3.4 RESULTS
3.4.1 Rpf domain diversity in the actinobacteria

The Rpf domain is found in proteins throughout the actinobacteria, in association with a
variety of different protein domains (Machowski et al., 2014; Ravagnani et al., 2005).
How these accessory domains influence the biological and biochemical function of
different Rpfs remains unclear. To prioritize different architectures for investigation, we
searched for Rpf domain-containing proteins in the streptomycetes, mycobacteria,
micrococci and other actinobacteria (Table 3.4). We found the ‘short Rpf’ protein,
comprising only a signal peptide and Rpf domain, was the most wide-spread in the
actinobacteria. This configuration was, however, not widely conserved within any
specific genus (Table 3.4).

Outside of the short Rpfs, there were interesting phylogenetic distributions associated
with other common Rpf domain architectures. Within the mycobacteria, Rpf domains
were most frequently found in conjunction with uncharacterized N- or C-terminal
extensions, as observed for RpfA and RpfC-E in M. tuberculosis (Machowski et al., 2014;
Ravagnani et al., 2005) (Table 3.4). These extended regions lacked any obvious
functional domains, and were confined to Rpf-associated proteins in the mycobacteria.
The corynebacteria also encoded a distinct subset of Rpf proteins associated with an
uncharacterized DUF3235 domain (Ravagnani et al., 2005) (Table 3.4).

In addition to these genus-specific subsets, Rpfs were also associated with other
functional domains, with two configurations being most highly represented: the RpfB
sub-group, and the LysM-containing group (Table 3.4). Members of the RpfB group were
found in a range of actinobacterial species, and contained a G5 domain and tandem
repeats of the DUF348 domain. Recent structural studies on an RpfB variant from M.
tuberculosis revealed an interesting ubiquitin-like fold for the DUF328 domain, and a
close physical association between these domains and the G5 domain (Ruggiero et al.,
2016, 2017). G5 domains bind to GIcNAc residues and are thought to promote
peptidoglycan binding (Bateman et al., 2005), while the DUF348 domains facilitate RpfB
dimerization, and appear to negatively affect RpfB cleavage activity (Sexton et al., 2015).
In contrast to the RpfB group, the LysM-containing group of Rpfs is the predominant
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form in the streptomycetes and micrococci. The LysM domain, like the G5 domain from
the RpfB subfamily, binds GlcNAc residues (Mesnage et al., 2014), and is proposed to
enhance Rpf binding to its peptidoglycan substrate. In the streptomycetes, many LysM
domain-containing Rpfs also possess a LytM domain (Pfam: M23 metallopeptidase),
which is expected to have endopeptidase activity and thus the potential to cleave either
within peptide stems or peptide cross-bridges (reviewed in Firczuk and Bochtler, 2007;
Grabowska et al., 2015).

Table 3.4: Prevalence of Rpf configurations in the actinobacteria®

Number in Number in Number in All actinobacteria’
streptomycetes2 mycobacteria2 micrococci®
RpfAsc (Rpf 233 (60.2%) 0 5(71.4%) 370 (27.9%)
domain and LysM)
RpfB (Rpf, G5, 27 (7%) 101 (37.9%) 0 425 (32.1%)
DUF348)
RpfD (Rpf, LysM, 88 (22.7%) 0 0 89 (6.7%)
LytM)
Short Rpfs 38 (9.8%) 60 (22.6%) 2 (28.6%) 209 (15.7%)
RpfAwin 0 40 (15.0%) 0 40 (3.0%)
RpfCuitp 0 34 (12.8%) 0 34 (2.6%)
RpfDwitp 0 24 (9.0%) 0 24 (1.8%)
RpfEmip 0 7 (2.6%) 0 7 (0.2%)
Rpf DUF3235 0 0 0 95 (7.2%)
Rpf, PG binding 1 1(0.3%) 0 0 25 (1.9%)
Peptidase Rpf, 0 0 0 9 (0.7%)
SLT/GEWL
Total 387 266 7 1327

! Based on bioinformatics analyses conducted on April 4, 2016
>Numbers in brackets are % of all Rpfs in each genera

3.4.2 LysM and LytM domains enhance Rpf activity

There is currently nothing known about how the Rpf-associated LysM and LytM domains
contribute to Rpf activity. Given that the vast majority (>80%) of Streptomyces Rpf
proteins possess one or both of these domains, we sought to determine how they
influenced the biochemical activity of the Rpfs. To probe the functional contributions
made by these domains, we created a truncated version of RpfA lacking the LysM
domain (RpfAALysM), alongside two RpfD variants: one missing the LysM domain
(RpfDALysM), and one lacking both the LysM and LytM domains (RpfDALysMALytM). We
overexpressed and purified these proteins, along with their full length counterparts
[minus their SignalP-predicted secretion signals (Petersen et al., 2011)], and evaluated
the enzyme activity of each using a fluorescence-based peptidoglycan cleavage assay.
The assay employs fluorescein-labelled M. luteus peptidoglycan as a substrate, where
the fluorescein labelling is sufficiently dense so as to quench the fluorescent signal.
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Peptidoglycan cleavage results in the release of fluorescein molecules, leading to
increased fluorescence.

Mature versions of the full length and truncated RpfA and RpfD enzymes were added in
equimolar concentrations to the fluorescein-labelled substrate. For both RpfA and RpfD,
we found that enzymes lacking the LysM domain had 65-70% the activity of the full
length variants (Fig. 3.1A). This suggested that peptidoglycan targeting by the LysM
domain may help position the Rpfs on their substrate and enhance their cleavage
capabilities. We observed that removal of the LytM domain from RpfD led to a further
decrease in activity; RpfD lacking both LysM and LytM domains had only ~30% the
activity of the full length enzyme (Fig. 3.1A).

The contribution of the LytM domain to RpfD activity may be enzymatic, as this domain
typically has metallopeptidase activity, or it could provide an additional substrate
specificity determinant. LytM peptidase activity requires a Zn** co-factor, and thus we
tested the activity of all RpfD variants in the presence and absence of EDTA, which
would be expected to chelate any associated Zn* ions. Unexpectedly, we found that
EDTA had no effect on RpfD activity, irrespective of whether the LytM domain was
present or not (Fig. 3.1B). This suggested that the RpfD-associated LytM domain may
not function as an enzyme, and may instead provide additional targeting specificity for
RpfD. We checked to see whether the LytM domain was lacking any of the key Zn*-
binding or active site residues, as is the case for EnvC and NIpD in E. coli. However, all
critical residues appeared to be present (Fig. 3.2), suggesting that the lack of enzyme
activity is not due to the inability to bind the Zn** co-factor, nor to a degenerate active
site.
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Figure 3.1: LysM and LytM domains contribute to Rpf activity. A fluorescence-based
assay was used to quantify the activity of Rpf proteins. Purified protein was mixed with
fluorescein-labelled cell walls and incubated at 37°C for 1 h. Cleavage of the substrate
allows for release of fluorescein, which can be detected by measuring the emission at
521 nm. (A) One nanomole of each protein (or 1 pmol of lysozyme) was mixed with
fluorescein labelled M. luteus cell wall material. (B) As described for (A), only purified
protein was incubated in storage buffer with or without 10 mM EDTA for 1 h at room
temperature prior to setting up the peptidoglycan cleavage assays. For both (A) and (B),
bars represent the average emission at 521 nm for of three independent biological
replicates (two for RpfA), each of which is the average of three technical replicates,
standard error. Statistical significance was assessed using the Student’s t-test (* denotes
p < 0.01; ns denotes not significant).
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Figure 3.2: Catalytic residues in the LytM domain of S. aureus LytM are conserved in
RpfD. Alignment of the amino acid sequence of LytM domains from E. coli NlpD, S.
aureus LytM and RpfD from Clustal Omega. LytM catalytic residues are highlighted in
grey. Asterisks denote residues that are conserved, colon denotes conservation of
residues with strongly similar properties, and period denotes conservation of residues
with weakly similar properties at a specific position.

3.4.3 Rpf domain functions as an endo-lytic transglycosylase

Having established that the LysM and LytM domains impact Rpf activities in vitro, we
next set out to investigate the mechanistic basis underlying peptidoglycan cleavage by
the various Rpf enzymes. We opted to study all five Rpfs from S. coelicolor (RpfA-E), as
these enzymes represented four different structural classes (Rpf alone, RpfB, Rpf+LysM
and Rpf+LysM+LytM). For this, we used the assay of Herlihey et al. (Herlihey et al., 2014)
taking advantage of the fact that hydrolases require water to break their cognate
glycosidic bonds. Thus, in the presence of water labelled with the stable isotope 50,
hydrolase products would have an [**0]JOH" incorporated at the C-1 position, altering the
isotopic distribution of products detected using mass spectrometry, relative to those
produced in the presence of unlabelled water. In contrast, lytic transglycosylases do not
use water in breaking the glycosidic bond in the peptidoglycan backbone, and as a result
their muroglycan products would have an unaltered isotopic distribution.

M. luteus peptidoglycan, suspended in 80 -labelled water, was thus used as a substrate
for RpfA-E, and for the control hydrolytic enzyme mutanolysin. Being a highly active and
efficient hydrolase, mutanolysin completely solubilized the peptidoglycan and we
detected a variety of muroglycans by LC/MS analysis (Fig. 3.3). As expected, a number
of these muroglycans were enriched with 80, Subsequent MS/MS analysis confirmed
the association of this 20 with only muramoyl residues (Fig. 3.4). In contrast, we
detected very few soluble muroglycan products from each of the reactions involving
RpfA, RpfB, RpfC and RpfE, while none were produced by RpfD (Fig. 3.3A). MS analyses
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indicated that the few soluble muroglycans released did not contain 0. These data
suggested that the Rpfs did not function as either muramidases or B-N-
acetylglucosaminidases. Instead, tandem MS analysis revealed that the released soluble
muroglycans contained GlcNAc-1,6-anhydroMurNAc (peptides) (Table 3.5), indicating
that each of RpfA/B/C/E function as lytic transglycosylases.

We wondered if the lack of soluble product in reactions with RpfD, and the minimal
amount produced by the other Rpf proteins, was due to a predominant endo-type lytic
activity associated with each, where reaction products would remain crosslinked to the
insoluble peptidoglycan sacculus. To analyze the insoluble fraction for any evidence of
lysis, we washed the recovered insoluble peptidoglycan products and digested them
with mutanolysin; any initial hydrolytic products of Rpf activity would retain their o)
enrichment, if present, following this secondary digestion. As seen in Fig. 3.3B, the
muroglycan profiles of peptidoglycan incubated with each of the Rpfs, including RpfD,
followed by mutanolysin digestion (traces b-f), were distinct from the control reaction
with mutanolysin alone (trace a). Tandem MS analysis of the unique muroglycan
fractions revealed that none were enriched with 20 and that the majority were linear
oligomers terminating with an anhydromuramoyl residue (Table 3.5). These data thus
suggested that each of the Rpfs function as endo-acting lytic transglycosylases.

Unexpectedly, the muroglycan profiles for each of the five Rpfs were similar, and any
specificity for glycan chain length, peptide stem composition or cross-linking was not
observed in the soluble or insoluble fractions. This suggested that the different domains
associated with the Rpf proteins did not confer any obvious substrate specificity with
respect to PG cleavage. However, it is important to note that the peptidoglycan
compositions, specifically the variation of the third amino acid and interpeptide bridge,
of S. coelicolor and M. luteus are different (Schleifer and Kandler, 1972).

Given the potential peptidase activity associated with the LytM domain of RpfD, we also
closely examined the cleavage products for any hydrolytic activity not associated with
the muroglycan backbone, but none were detected. These results were consistent with
our in vitro analyses, suggesting that the LytM domain promoted RpfD functioning in
ways that did not require peptidase activity.
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Figure 3.3: Characterization of RpfA-E as endo-lytic transglycosylases by LC-Q-TOF MS
analysis of their reaction products. Samples of M. luteus peptidoglycan suspended in
[*®0]H,0 to a final concentration of 1.4 mg-mL " were incubated separately with 1 nM
Rpf or 1.1 uM mutanolysin (positive control). After incubation at 37°C for 9.5 h, soluble
reaction products were separated from insoluble material by centrifugation. The
insoluble peptidoglycan pellets from the Rpf digestions were washed with water and
then resuspended in 0.1 mM potassium phosphate buffer, pH 6.2 for solubilization by
1.1 uM mutanolysin. Soluble muropeptides from this secondary digestion were
recovered by centrifugation. Each soluble and secondary-soluble fraction was subjected
to LC-Q-TOF MS analysis. (A) Analysis of soluble fraction from peptidoglycan alone (PG),
and reactions with 1 nM of RpfA-E, as indicated. (B) Analysis of insoluble products
following secondary mutanolysin digestion from reaction with 1.1 uM mutanolysin (Mut;
positive control); or 1 nM of RpfA-E, as indicated. The identities of the numbered
muropeptide fractions are listed in Table 3.4. The solid vertical bar to the left denotes
10,000 and 200,000 intensity units, for panel A and B, respectively.
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Figure 3.4: Tandem Q-TOF MS analysis of select muropeptides. Example MS analysis of
parent ions for muropeptides recovered from (A) mutanolysin (positive control) and (B)
soluble RpfA digests of M. luteus peptidoglycan by LC-MS as described in the legend of
Figure 2. (C) and (D), Tandem Q-TOF MS analysis of denoted parent ions from
corresponding panels (A) and (B). The blue spectral line in the MS spectrum of panel (A)
denotes the *®0-containing isotope of the respective muropeptide. The monoisotopic
masses (M+2H)*" are presented for each of the identified fragments.
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Table 3.5: ESI MS analysis of select muropeptides released from insoluble PG by RpfA-E

m/z Observed

Fraction® Annotation’ m/z RpfA RpfB RpfC RpfD RpfE z
No. Expected
Rpf soluble reaction products
1 G-annM(Penta) 468.2050 468.2131 468.2112 468.2103 - 468.2121 2
2 G-annM(Penta- 503.7250 503.7322 503.7326 503.7330 - 503.7309 2
Ala)
Rpf insoluble reaction products
3 G-anM(Penta) 468.2050 468.2118 468.2117 468.2120 468.2137 468.2123 2
4 G-annM(Penta- 503.7250 503.7300 503.7309 503.7300 503.7320 503.7306 2
Ala)
5 G-M*-G- 616.6200 616.9644 616.6293 616.9655 616.6328 616.6308 3
M(Penta)-G-pnM
6 G-M-G- 782.0300 782.0290 782.0266 782.0266 782.0297 782.0269 3
M(Penta)-G-
anhM(Penta)
7 G-M-G-M-G- 979.9350 979.9418 979.9393 979.9386 979.9434 979.9394 2

anhM(Penta-Ala)

1. The muropeptide fractions correspond to those of the RP-HPLC separation presented in Fig. 3.1.
2. Identification of each muropeptide was made by tandem Q-TOF-MS analysis of each parent ion
G, GIcNAc; M, MurNAc; annM, 1,6-anhydroMurNAc; Penta, |-Ala-p-Glu-(Gly)- -Lys-p-Ala; *, O-acetylation

3.4.4 PASTA domain-containing Ser/Thr kinases in S. coelicolor inhibit germination and
vegetative outgrowth

One hypothesis put forward to explain the role of Rpfs in cell resuscitation involves the
release of muropeptide signals, which activate a regulatory cascade leading to the
reactivation of metabolism. Such a model would be most consistent with exo-activity of
the Rpfs, as this would promote the release of muropeptides; however, our results
indicated that the Rpfs were endo-acting lytic transglycosylases.

In Bacillus, and to a lesser extent in Mycobacterium, the resuscitation-promoting
signaling cascade is mediated through PASTA domain-containing Ser/Thr kinases (Mir et
al., 2011; Shah et al., 2008). We considered two possibilities that could accommodate
both the endo-activity of the Rpfs, and a role for Ser/Thr kinase signaling. In the first, the
PASTA domain-containing kinases in S. coelicolor may recognize the ends of cleaved
peptidoglycan rather than a defined muropeptide. The second involved Rpf-cleaved
products serving as a substrate for other cell wall lytic enzymes, resulting in the release
of germination-stimulating muropeptides that are recognized by these kinases.

S. coelicolor encodes three PASTA domain-containing protein kinases, and we obtained a
triple mutant strain, here dubbed the 3xAPASTA strain (Table 3.1) (Hempel et al., 2012).
We expected that this strain would have similar germination rates to that of an rpf null
mutant if the Rpfs were involved in generating appropriate peptidoglycan ends or
germination-promoting muropeptides that were recognized by these kinases. We
measured germination rates of the triple mutant strain, and compared these to the wild
type and rpf null strains. We found that germination of the 3xAPASTA strain was
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consistently more rapid than either the wild type or the rpf null strain (Fig. 3.5A). This
suggested that that the three PASTA domain-containing Ser/Thr kinases in S. coelicolor
were not involved in recognizing a product produced directly or indirectly by the Rpfs.
Instead, the rapid germination of these strains implied that the activity of these kinases
may inhibit germination. We also assessed the growth of the 3xAPASTA strain in liquid
minimal medium, to determine if it exhibited defects in vegetative growth compared to
wild type and the rpf null strain. Consistent with our germination results, growth of the
3xAPASTA strain was faster than either comparator strain (Fig. 3.5B). These results
suggested that these Ser/Thr kinases may function to delay germination/growth, given
the enhanced rates of both processes in the absence of these enzymes, and further
indicated that Rpf-dependent muropeptide signaling did not promote germination or
impact the rate of vegetative growth of S. coelicolor, at least through the PASTA domain-
containing Ser/Thr kinases.
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Figure 3.5: PASTA domain Ser/Thr protein kinases function independently of the Rpfs
to affect spore germination and growth. (A) Wild type (WT), rpf null (5xArpf) and PASTA
Ser/Thr kinase null (3xAPASTA) spores were monitored for germination using light
microscopy over the course of 8 h. Data are representative of three independent
replicates (n = 200 spores per strain per time point). (B) Growth profiles of the wild type,
rpf null and Ser/Thr PASTA kinase null strains in NMMP liquid medium. Data presented
are the average of three independent replicates + standard error.

3.4.5 Rpf activity is required for germination with alternative germinants

An alternative hypothesis to explain how Rpf enzymes promote germination is that their
cell wall cleavage activities provide cells with an opportunity to insert new
peptidoglycan, thus permitting cell expansion and growth. We predicted that if the role
of the Rpfs was a physical one, we should be able to stimulate germination of the wild
type strain — but not an rpf mutant — by adding a known germinant. To test this, we
incubated spores on minimal medium in the presence or absence of germination-
promoting calcium chloride (Eaton and Ensign, 1980). We followed germination over an
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8 h time course, and found that calcium chloride effectively stimulated wild type spore
germination but had little effect on the rpf null strain (Fig. 3.6). This supported the
proposal that germination is inhibited at the outgrowth step in the rpf null strain.
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Figure 3.6: Germination of the rpf null strain cannot be stimulated by a known
germinant. Germination of the wild type (WT) and rpf null (5xArpf) strains on minimal
medium with and without 10 mM calcium chloride was monitored over the course of 7 h
using light microscopy. Data presented are representative of three independent
replicates. (n > 200 spores per strain per time point).

3.5 DISCUSSION

Here, we demonstrated that Rpfs were endo-acting lytic transglycosylases, and their
function was enhanced by a variety of associated domains. In the streptomycetes, we
found Rpf function was not tied to an obvious signaling cascade. Instead our data were
most consistent with a physical mechanism, structurally altering the germinating spore
wall.

3.5.1 Role of LysM and LytM domains in Rpf activity

LysM-containing Rpfs represent one of the largest Rpf protein configurations in the
actinobacteria, but the role of LysM domains in cell wall lytic enzymes is not universally
conserved: some enzymes require these domains for activity, while others do not
(Eckert et al., 2006; Mukamolova et al., 2002a; Steen et al., 2005; Wong et al., 2014). In
the case of RpfA and RpfD, deleting the LysM domains decreased their cell wall lytic
activity in vitro. LysM domains do not have catalytic activity of their own, and thus we
suggest that the LysM domain, through its GIcNAc binding, increases the affinity of Rpf
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proteins for peptidoglycan, thereby enhancing enzyme activity. In their natural
environments, LysM domains may further serve to anchor the Rpf proteins to the cell
wall, thereby preventing indiscriminate peptidoglycan cleavage by these enzymes, and
ensuring that the Rpfs remain a ‘private good’ rather than a shared product in mixed
microbial communities. LysM domains have reduced affinity for peptidoglycan with
longer peptide stems, which are common in spore peptidoglycan (van der Aart et al.,
2018; Mesnage et al., 2014). Longer peptide stems in spore peptidoglycan could be a
mechanism to reduce the activity of cell wall lytic enzymes, by reducing the affinity of
the enzymes for their substrate. It remains to be seen if the Rpfs require the action of an
endopeptidase or amidase to reduce peptide stem length to increase their activity
during germination. Intriguingly, other peptidoglycan modifications that are commonly
used to regulate the activity of cell wall lytic enzymes, such as deacetylation and O-
acetylation, are not common in Streptomyces spore peptidoglycan (van der Aart et al.,
2018; Vollmer, 2008).

In contrast to the LysM domains, LytM domains are expected to have catalytic activity,
and function in cleaving stem/cross-bridge peptides. Intriguing, the RpfD-associated
LytM domain does not appear to have peptidoglycan cleavage capabilities, at least in the
assays conducted here. Despite the lack of LytM enzyme activity, removing the LytM
domain, in conjunction with the LysM domain, significantly reduced the activity of RpfD
beyond what had been observed by simply deleting the LysM domain. This implies that
the LytM domain must contribute to RpfD function in some other way. It is possible that
the LytM domain further enhances the affinity of RpfD for peptidoglycan through its
peptide binding. Alternatively, it may serve to increase Rpf enzyme activity through
allosteric activation, similar to the activation of AmiA, AmiB and AmiC by EnvC and NIpD
in E. coli (Uehara et al., 2010).

Unlike EnvC and NlpD, however, the RpfD LytM domain has retained all active site and
Zn*"-binding residues, suggesting that it may still be enzymatically competent. Some
LytM metallopeptidases require additional processing for activation (Firczuk et al., 2005;
Odintsov et al., 2004). It is conceivable that such processing may occur upon secretion of
RpfD to the Streptomyces cell surface, where the LytM domain then makes an enzymatic
contribution to RpfD activity. Alternatively, this domain may be functionally silent when
in the context of the RpfD polypeptide, but may be processed in such a way that it acts
independently of RpfD. RpfD is unusual amongst the Rpfs in S. coelicolor, in that its
expression peaks later in development, as opposed to during germination as is the case
for all other Rpfs with detectable transcript levels (Sexton et al., 2015). It is therefore
possible that its function, and that of its LytM domain, is more important at later stages
of development than the other Rpfs in S. coelicolor. This would be consistent with the
observation that LytM-containing Rpf proteins are found exclusively in the
streptomycetes, and thus may function in aspects of development unique to these
bacteria.
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3.5.2 Revising the model of Rpf function during germination

How Rpfs promote resuscitation/germination is still being debated, 20 years after the
discovery of these proteins. Do they function to liberate a signaling molecule that acts as
a germinant? Or is their role more structural, where they permit cell expansion and new
peptidoglycan incorporation through their cell wall cleavage activities?

Three lines of evidence support a peptidoglycan remodeling role for the Streptomyces
Rpfs. One, we demonstrated that peptidoglycan-binding kinases, known to influence
germination through a muropeptide-mediated signal transduction cascade in Bacillus
(Shah et al., 2008), and to a lesser extent in Mycobacterium (Mir et al., 2011), are not
associated with Rpf function in S. coelicolor. Instead, these kinases appear to negatively
influence germination, based on the rapid germ tube outgrowth observed in their
absence. Two, the endo-acting lytic transglycosylase activity of the Rpfs is more
compatible with an architectural role than with a signaling role. Finally, a known
germinant for Streptomyces (calcium chloride) stimulated germination of wild type
spores, but had no effect on the germination of an rpf null strain. The fact that
alternative germinants could not substitute for the lack of Rpfs, suggests that the Rpfs
may be universally required for efficient germination. Notably, in M. tuberculosis, the
equivalent experiment (treating dormant cells with both an Rpf inhibitor and oleic acid -
a known germinant) led to metabolic reactivation (based on uracil uptake from the
environment) but delayed cellular outgrowth (Demina et al., 2009; Shleeva et al., 2013),
again suggesting that the Rpf role may be more structural. Taken together, the simplest
explanation for these results would be that the Rpfs function to remodel the cell wall
and promote cell expansion and growth after metabolic reactivation.

Our findings do not, however, definitively rule out an additional signaling role for the
Rpfs. Indeed, a wide variety of muropeptides clearly enhance the resuscitation of
Mycobacterium (Nikitushkin et al., 2013, 2015; Turapov et al., 2015). In M. tuberculosis,
RpfB acts synergistically in association with the endopeptidase RipA (10), and a product
of their activity (a peptidoglycan-derived disaccharide-dipeptide) has been proposed to
promote mycobacterial resuscitation (Nikitushkin et al., 2015). It would seem, however,
that additional glycosidic enzymes must be required, as the endo-lytic activity of the
Rpfs would not allow for the generation of a disaccharide molecule. We suggest that
muropeptide release may be a secondary effect of Rpf activity, and this could be
accomplished either directly through the cleavage activity of Rpfs and any associated
enzymes, or indirectly through cell growth and the associated peptidoglycan shedding
that accompanies this process.
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Chapter 4

Streptomyces explorers are biofilms

Danielle L. Sexton, Stephanie E. Jones, David A. Crisante, Matt Zambri and Marie A. Elliot

Chapter 4 contains unpublished work. Aside from the exceptions below, | performed all
experiments, analyzed all data, and wrote the manuscript. David Crisante constructed
the 5xAchp strain. Stephanie Jones constructed the Acs/A strain and made the mcherry
overexpression plasmids. Matt Zambri constructed the Aeps mutant. Marie A. Elliot and |
contributed to experimental design, data interpretation, and editing the manuscript.

4.1 ABSTRACT

Under low glucose, high amino acid conditions, Streptomyces venezuelae forms rapidly
expanding hydrophilic colonies that are dramatically different from the classical S.
venezuelae growth seen under standard laboratory conditions. Based on phenotypic
similarity to biofilms produced by other bacteria, we hypothesized that S. venezuelae
forms biofilms under these alternative growth conditions. We identified putative
components of the extracellular matrix and demonstrated that deleting the genes
involved in the production of these components alters the phenotype of these ‘explorer’
colonies. Based on matrix composition and colony behaviour, we propose that explorer
colonies are biofilms.

4.2 INTRODUCTION

Under normal laboratory conditions, Streptomyces venezuelae forms hydrophobic,
sporulating green colonies. However, under low glucose, high amino acid conditions, S.
venezuelae enters into a non-branching, rapidly expanding mode of growth termed
‘exploratory growth’(Jones et al., 2017). These colonies are dramatically different from
‘classically’ growing S. venezuelae. The colonies do not become hydrophobic, and
feature an extremely wrinkled morphology. In addition, the rate of expansion of these
colonies is much faster than for those grown under classical conditions. This is appears
to be due to a passive, growth driven mode of motility analogous to sliding motility,
where sliding motility is a passive means of traversing a substratum, and is facilitated by
growth at the colony centre and the use of a surfactant to reduce surface tension
(Kearns, 2010). Rather than growth occurring exclusively at the leading edge of explorer
colonies, it appears as though growth occurs predominantly in the colony centre, where
this serves to push the leading colony edge outward (Jones and Elliot, unpublished). We
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hypothesize that a surfactant is secreted from explorer cells and coats the colony-
substrate interface, reducing surface tension and increasing motility.

Based on visual similarities to biofilms, we hypothesized that S. venezuelae formed a
biofilm during exploratory growth. Biofilms are arguably the most common type of
microbial growth in the wild. One of the defining features of biofilms produced by
bacteria and fungi is the biofilm matrix (Flemming and Wingender, 2010; Mitchell et al.,
2016). The matrix promotes cell-cell and cell-surface adhesion, and for pathogenic
microbes, may promote host invasion during infection (Flemming and Wingender, 2010;
Mitchell et al., 2016). Biofilms are also extremely resistant to antimicrobial compounds.
Decreased susceptibility is multifactorial, and includes reduced diffusion of compounds
through the biofilm, sequestration of antibiotics by the biofilm matrix, the presence of
antimicrobial compound modifying enzymes in the matrix, metabolic quiescence or
dormancy of the biofilm cells, increased expression of efflux pumps, modification of the
cell surface to reduce drug penetrance, and genomic heterogeneity (reviewed in Hall
and Mah, 2017). Biofilm matrices produced by both bacteria and fungi are often
composed of four main components: lipids, extracellular DNA (eDNA), extracellular
proteins, and polysaccharides (reviewed in Hobley et al., 2015; Mitchell et al., 2016).

Of the major biofilm macromolecules, the least-studied of these are lipids. In fungal
biofilms, matrix lipids have similar composition to that of the cell membrane, but feature
an increase in the relative amount of polar lipids (Lattif et al., 2011). In bacterial biofilms,
the role of lipids in the extracellular matrix remains poorly understood; however, they
may play a role in the release of eDNA via membrane vesicles (Schooling and Beveridge,
2006; Schooling et al., 2009). eDNA has also been proposed to be released through cell
death, resulting from the lateral pressure exerted on cells within the densely populated
regions of the biofilm (Asally et al., 2012). Within the biofilm, eDNA is thought to
function in promoting cell-cell adhesion (Flemming and Wingender, 2010).

Biofilm-associated polysaccharides vary considerably in bacteria, both with respect to
composition and function. For example, in Escherichia coli, cellulose is a major
component of the biofilm, whereas in Bacillus subtilis, the composition of the
extracellular polysaccharide has not been well-characterized, however it has a role in the
formation of the wrinkled biofilm architecture (Branda et al., 2004). In contrast, fungal
biofilms incorporate polysaccharides that are similar in composition to the fungal cell
wall; they are synthesized using similar sugars (Mitchell et al., 2016), but differ in
branching patterns and precise composition relative to those used in cell wall synthesis
(Mitchell et al., 2016).

In many bacterial biofilms, the major protein components in the matrix are organized
into amyoid fibres. Amyloids are self-assembling polymers of proteins with a distinctive
cross-P structure once assembled into the polymer. The initial polymerization of
proteins into amyloid fibres is slow, until a threshold concentration of protein oligomers
is reached, at which point rapid protein polymerization occurs. eDNA is proposed to
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function as a nucleator for amyloid fibre assembly, promoting more rapid formation of
amyloid aggregates. Amyloid fibres maintain the wrinkled morphology of the biofilm,
which is thought to also be affected by cell death within the biofilm (Asally et al., 2012;
Romero et al., 2010) Other protein components contribute to biofilm formation,
however these are not uniform across model species. Surface appendages, such as pili
and flagella, can promote biofilm formation and architecture in a wide variety of
organisms (revied in Hobley et al., 2015).

In E. coli, curli amyloid fibrils comprise the major protein component of the biofilm, and
they help to promote biofilm formation (Chapman et al., 2002; Serra et al., 2013b). Curli
facilitate cell-cell adhesion, cell-surface attachment, and host invasion. E. coli also
produce flagella in biofilms, where the flagella contribute to biofilm architecture (Serra
et al., 2013b). Notably, curli and flagella are produced in distinct regions of the biofilm,
with curli produced by cells localized to the top and the centre of the biofilm, while
flagella are assembled by cells at the bottom and leading edge of the biofilm (Serra et
al., 2013b). The middle zone, between the amyloid-rich top and flagellar-focused bottom
of the colony, comprises a cellulose rich region (Serra et al., 2013b). Mutational analyses
have suggested that each of these components impact the overall biofilm colony
architecture (Serra et al., 2013b). For example, curli promote a wrinkled colony
morphology, where deletion of the transcriptional activator for the curli operon (csgD)
resulting in a smooth colony morphology (Serra et al., 2013a). Inactivating the flagellar
motor or deleting the main component of the flagellum results in the loss of the ring
architecture between the wrinkled core and the periphery of the biofilm (Serra et al.,
2013a). eDNA has also been implicated in promoting curli fibre polymerization within
the biofilms of Salmonella enterica serovar Typhimurium (Gallo et al., 2015).

Within a B. subtilis biofilm, the major protein components are amyloid fibrils composed
of the TapA and TasA proteins. Wild type B. subtilis biofilms have a wrinkled appearance
that is due to the presence of these amyloid proteins, alongside an extracellular
polysaccharide (Branda et al., 2006). Deleting the gene cluster responsible for the
production of either polymer results in a smooth colony phenotype (Branda et al., 2006).
Biofilm formation also requires the assembly of a hydrophobic layer on the surface of
the biofilm (Hobley et al., 2013). Without this layer, the biofilms are flat (Ostrowski et
al., 2011). While eDNA is important during the initial stage of Bacillus cereus biofilm
formation (Vilain et al., 2009), the role of eDNA in B. subtilis biofilms remains undefined.
The matrix of the B. subtilis biofilm is thought to be uniform throughout, aside from the
hydrophobic coating on the surface of the biofilm, in contrast to the stratified nature of
the E. coli biofilm.

When considering bacterial and fungal biofilms, some common themes emerge. Biofilms
are assembled on a substratum, where cells are aggregated into clumps, in the case of
single celled organisms, or into multilayered, tightly associated bundles of hyphae, for
filamentous organisms (Beauvais et al., 2007; Costa-Orlandi et al., 2017; Harding et al.,
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2009). All biofilms have an extracellular matrix, is composed of polysaccharides,
proteins, eDNA, and often lipids. The polysaccharide component often includes
cellulose, while the protein component often features amyloid fibrils. The matrix as a
whole promotes cell-cell and cell-substrate adhesion, and affects colony architecture.
Finally, biofilm formation offers protection against antimicrobial compounds or other
environmental stresses (reviewed in Hall and Mah, 2017). We unexpectedly discovered
that S. venezuelae explorer colonies appeared to be encased in a biofilm-like matrix. In
following up this initial observation, we sought to determine the composition and
general properties of this apparent matrix. Our results raise the intriguing possibility that
explorer colonies form motile biofilms.

4.3 MATERIALS AND METHODS
4.3.1 Bacterial strains and culture conditions

Bacterial strains created or used in this work are outlined in Table 4.1. S. venezuelae and
its derivatives were grown on or in maltose, yeast extract, malt extract (MYM) agar or
broth; mannitol, soya flour agar (MS), Difco nutrient agar (NA); Lysogeny Broth (LB) agar
or broth; or yeast extract, peptone (YP) agar at 30°C, supplemented with antibiotics
(kanamycin, hygromycin, and apramycin at 50 pg/mL, and viomycin at 30 ug/mL) where
appropriate for selection. All E. coli strains were grown at 37°C, with the exception of
BW25113 which was grown at 30°C, on LB agar or NA plates, or in LB or super optimal
broth (SOB) liquid medium supplemented with antibiotics as above to maintain plasmid
selection where appropriate.

4.3.2 Cryogenic scanning electron microscopy

Seven day old colonies of wild type S. venezuelae were mounted on the surface of an
aluminum stub with optimal cutting temperature compound (Agar Scientific Ltd., UK),
before being plunged into liquid nitrogen slush at -210°C. Samples were then transferred
to the cryostage of an Alto 2500 cryotransfer system (Gatan, England) attached to a
Zeiss Supra 55 VP field emission gun scanning electron microscope (Carl Zeiss Ltd.,
Germany). Surface frost was sublimated at -95°C for 3 min before sputter coating with
platinum for 5 min at 10 mA at below -110°C. The sample was then moved to the
cryostage held at -130°C in the main chamber of the microscope. Samples were viewed
at 3.0 kv.

4.3.2 Deletion of the rodlin genes

The three rodlin genes (SVEN_4628, SVEN_4631, SVEN_4632) and two intervening genes
(SVEN_4629, SVEN_4630) were deleted using ReDirect technology (Gust et al., 2004).
Cosmid Sv-5-A10 was checked via digestion with Kpnl to ensure cosmid integrity. All five
genes were replaced with a viomycin resistance cassette (vph) on cosmid Sv-5-10 (see
Table 4.1 for plasmids and Table 4.2 for primers). The mutant cosmid was screened
using a diagnostic primer pair located up and downstream of the replaced region (rd/ KO
check fwd and rd/ KO check rev), which allowed for confirmation that the region was
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replaced. Mutant cosmids were introduced into E. coli ET12567/pUZ8002 prior to
conjugation into S. venezuelae. Exconjugants were screened for double crossover
recombinants and disruption was confirmed using diagnostic PCR with the same set of
primers, ensuring that the wild type gene cluster was no longer present. The phenotype
was not dramatically different compared to the wild type, and consequently the
mutation was not complemented.

4.3.4 ebosin cluster deletion and complementation

The ebosin gene cluster was deleted using ReDirect technology (Gust et al., 2004). The
twenty genes in the predicted cluster (SVEN_7180-7200) were first replaced with a
viomycin resistance cassette (vph) on cosmid Sv-4-G09 (see Table 4.1 for plasmid
information and Table 4.2 for primer information). The cosmid was initially checked via
digestion with EcoRI to ensure integrity. The mutant cosmid was screened by PCR using
two diagnostic primer combinations, one set flanking the replaced region, and the
second with one primer located outside the replaced region and the second located
within SVEN_7200 in the replaced region, which allowed for confirmation that the
cassette replaced the desired gene cluster. Mutant cosmids were introduced into E. coli
ET12567/pUZ8002 prior to conjugation into S. venezuelae. Exconjugants were screened
for double crossover recombinants and disruption was confirmed using diagnostic PCR
with the same two sets of primers as before, ensuring that the wild type gene cluster
was no longer present. The phenotype was not dramatically different compared to the
wild type, and as for the rd/ mutants, was not complemented.

4.3.5 Colony surface area determination

1 uL of spore stock was spotted into the middle of a YP agar plate and allowed to air dry.
Plates were incubated for 7 days at 30°C. After 7 days, images of the plates were
collected and the area tool in ImageJ (Schneider et al., 2012) was used to trace and
calculate the surface area. The diameter of the plate, 10 cm, was used to scale images.
Surface area was measured for three independent colonies for wild type and each
mutant.

4.3.6 Lectin staining

Wild type S. venezuelae or matrix mutants containing the integrating plasmid pMS82
expressing mcherry constitutively from the ermE* promoter, were spotted onto YP agar
and grown for 7 days, or streaked onto MYM agar and grown for 24 h at 30°C.
Vegetatively growing colonies were excised from the MYM agar plate and washed onto
coverslips using sterile Nanopure water. Explorer colonies were floated off the agar
surface and onto coverslips using an excess of Nanopure water. Colonies were stained
with 20 pg/mL of lectin fluorescein conjugates (Vector Labs, Canada) in phosphate
buffered saline (PBS) pH 7.4 for 20 min. Colonies were washed ten times with PBS, after
which they were mounted for imaging in 100 pL PBS.
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4.3.7 TOTO-3 staining for extracellular DNA and DNase treatment

Wild type S. venezuelae containing pMS82 expressing mcherry constitutively from the
ermE* promoter was spotted onto YP agar and grown for 7 days at 30°C. To assess the
eDNA composition of the apparent explorer colony matrix, colonies were either treated
with DNase, or with DNase buffer (negative control). For the DNase treatment, 20 pL of
2 U/uL of Turbo DNase (Ambion, United States of America) were applied to the colony
surface (40 U in total) after 7 days growth, and incubated at 30°C for 3 h. To examine
eDNA composition during classical development, wild type S. venezuelae was grown on
MYM for 24 hrs. Explorer and classically growing colonies were then transferred to
coverslips using an excess of Nanopure water and stained with 20 ug/mL TOTO-3
(Molecular Probes, United States of America) in PBS for 20 min at room temperature.
Colonies were washed ten times with 1 mL PBS prior to mounting for imaging in 100 pL
PBS.

4.3.8 Chaplin cysteine labelling and maleimide staining

To visualize chaplin amyloids, and the location of specific chaplin proteins/fibres within
the explorer colonies, we created cysteine-labelled variants of multiple chaplins, which
would be amenable for staining with a maleimide-based dye (Kim et al., 2008). Control
constructs were first generated, by cloning PCR amplified sequences for chpE, chpG, and
chpH, including their promoter and terminator regions, into the EcoRV site of the
integrating plasmid pMS82 (Table 4.1 for plasmids and Table 4.2 for primers). To create
cysteine-labelled chaplin variants, overlap extension PCR was used to mutagenize the
last codon before the stop codon to TGC (Cys), and the resulting product was cloned into
the EcoRV site of pMS82. Plasmids were then conjugated into wild type S. venezuelae
containing the integrating plasmid pSET152 carrying ther ermE* promoter driving the
expression of mcherry.

Spores were spotted onto YP agar plates and grown for 7 days at 30°C prior to staining.
Colonies were floated off the agar surface using an excess of sterile Nanopure water and
transferred to glass coverslips. Colonies were washed three times with PBS to neutralize
pH, after which they were coated with 20 pug/mL maleimide-Alexa647 (Molecular
Probes, United States of America) in PBS. The labelling reaction occurred for 2 h at room
temperature in a humidity chamber in the dark. Colonies were then washed ten times
with 1 mL of PBS and mounted in 100 uL PBS prior to imaging (see below).

4.3.9 Fluorescence microscopy

All samples for fluorescence microscopy were imaged on a Leica SP5 confocal
microscope at 100x total magnification for samples stained with fluorescein conjugated
lectins or TOTO-3, and 630x total magnification for samples stained with maleimide-
Alexa 647 using LAS Advanced Fluorescence software. For fluorescein conjugated lectin
probes, the argon laser line was set to 2.5% power and the photon multiplier tube
captured 494-588 nm, gain set to 1000. For mCherry (cell imaging), the 561 nm laser was

83



Ph.D. Thesis — Danielle L. Sexton McMaster University — Biology

set to 69% power and the photon multiplier tube captured 578-626 nm, with the gain
set to 1100. Finally, for Alexa647 (chaplin protein imaging) and TOTO-3 (eDNA imaging),
the 633 nm laser was set to 27%, gain to 1000 and the photon multiplier tube collected
640-700 nm. The pinhole was set to 1 Airy unit (96.44 um at 100x, and 102.91 at 630x).
For Z stacks, the minimum section thickness was used for sectioning at 100x (20.01 um)
and 630x (0.89 um). Samples were imaged sequentially for dual coloured images. Z
stacks were processed using the Sum Stacks function in ImageJ (Schneider et al., 2012).

4.3.10 Antibiotic sensitivity assays

Sterile 6 mm filter disks were saturated with the indicated amount of antibiotics or
sodium dodecyl sulphate (SDS) in water and left to dry. To measure resistance during
classical development, 5 uL of wild type S. venezuelae spores were dispersed evenly over
the surface of MYM agar plates. Once dry, disks were either immediately placed on top
of inoculated spores, to measure resistance during germination, or after 24 h growth at
30°C, to measure resistance during sporulation. Plates were incubated for a total of 48 h
at 30°C. To measure resistance during exploratory growth, 2 uL of a spore stock at 2x10’
cfu/mL was spotted into the middle of a YP agar plate. Disks were either immediately
added 1.5 cm from the spot or added onto the surface of the colony after seven days
incubation at 30°C. Colonies were incubated at 30°C for a total of 14 days.

Table 4.1: Strains and plasmids used in this study

Strain or plasmid  Genotype, characteristic(s), and/or use Reference or
source

Streptomyces venezuelae ATCC 10712 strains

5xAchp chpB::scar; chpC::scar; chpD::scar; chpF::scar; D.A. Crisante

chpG::scar and M.A. Elliot,

unpublished

AcslA cslA::acc(3)IV S.E. Jones and
M.A. Elliot,
unpublished

Aebosin ebosin::vph This study

Aeps eps::acc(3)IV M. Zambri and
M.A. Elliot,
unpublished

ArdIABC rdIABC::vph This study

Escherichia coli stains

DH5a Used for routine cloning

ET12567/pUZ8002 dam dcm; with transmobilizing plasmid (MacNeil et al.,

pUZ8002 1992; Paget et

al., 1999)

BW25113 Construction of cosmid-based knockouts (Datsenko and
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Plasmids
Sv-4-G09

Sv-5-A10
pSET152

PSET152+PermE*-
mcherry

pli82

pll82+PermeE*-
mcherry

pMS82

pMS82+chpE
pMS82+chpE
G81C
pMS82+chpG
pMS82+chpG
G91C
pMS82+chpH
pMS82+chpH
A77C

Cosmid used for deletion of ebosin gene

cluster

Cosmid used for rodlin deletion
Apramycin resistant integrative plasmid int

$C31

McMaster University — Biology

Wanner, 2000)

(Bierman et al.,
1992)

Constitutive expression of mcherry from erme* S.E. Jones and

promoter, apramycin resistant integrative

plasmid int ¢C31

Hygromycin resistant integrative plasmid int

$C31

M.A. Elliot,
unpublished
Gift from H.
Kieser

Constitutive expression of mcherry from erme* S.E. Jones and

promoter, hygromycin resistant integrative

plasmid int $C31

Hygromycin resistant integrative plasmid int

OBT1

Control for reactive cysteine labelling
Cysteine reactive labelling of ChpE

Control for reactive cysteine labelling
Cysteine reactive labelling of ChpG

Control for reactive cysteine labelling
Cysteine reactive labelling of ChpH

M.A. Elliot,
unpublished
(Gregory et al.,
2003)

This work

This work

This work
This work

This work
This work

Table 4.2: Oligonucleotides used in this study

Use

Primer Primer Sequence (5'—3’)

Name

Ebosin KO CGGCCGACGCGGCCGGGCGGGCCCGCGGCTGACGLCLCGGG
fwd ATTCCGGGGATCGTCGACC

Ebosin KO AGGTATGGAGCGCCGCAACAACCGGTACGTCATCGCGGGT
rev GTAGGCTGGAGCTGCTTC

Ebosin KO ACCTGGTGGGACGCAC

check up

fwd

Ebosin KO CGATGGAAACGGGCTGACTA

check int

fwd

Ebosin KO GGGGGAGGTACGGTTAGC

check rev
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ebosin cluster deletion
(SVEN_7180-7200)
ebosin cluster deletion
(SVEN_7180-7200)

Check for ebosin deletion -
upstream of SVEN_7180

Check for ebosin deletion —
in SVEN_ 7200

Check for ebosin deletion —
downstream of SVEN 7200
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rdIABC KO GCCCCTGACGTGTGAACGTCGTCGCGCGGAGGCGGAACG  deletion of rdIABC; —

fwd ATTCCGGGGATCGTCGACC upstream of rdIC
rdIABC KO CGTGGATGTTCCCTCCGGCCCTGGCGTGCGCGACGCGGA  deletion of rdIABC;

rev TGTAGGCTGGAGCTGCTTC downstream of rdIA
rdIABC GCGACCTTCTTGCAGTTCAT downstream of rdlA
check fwd

rdIABC TGAAGTGACGGCACACGTA upstream of rdIC
check rev

rdIABC CAGGGTTCCCTGAACAAGCC internal to rdIC

check int

fwd

chpE fwd CGAGAACCTAGGATCCAAGCACCGGGAGATCGCCC ChpE cysteine labelling
chpE G81C AGCAGTTGAGGGCGTGGTT ChpE cysteine labelling
rev

chpE G81C ACCACGCCCTCAACTGCTGA ChpE cysteine labelling
fwd

chpE rev GCTCACTGGTACCATGCATAAGGTGGCCGCGTACAACG ChpE cysteine labelling
chpG fwd CGAGAACCTAGGATCCAAGCACACCCCCCGCCTTCCGCT  ChpG cysteine labelling

CG
chpG G91c  TCAGCAGCCGTAGCCG ChpG cysteine labelling
rev
chpG G91¢  CGGCTACGGCTGCTGATCCCCCGCACC ChpG cysteine labelling

fwd
chpG rev GCTCACTGGTACCATGCATAGACGCCCAGTACCGCAAG ChpG cysteine labelling

chpH fwd CGAGAACCTAGGATCCAAGCCCGACGCCAAGTCCTTC ChpH cysteine labelling

chpH A77C AGCAGTTGACGCAGGTGTT ChpH cysteine labelling
rev
chpH A77C GGCAACACCTGCGTCAACTGCTGACGTTGAACCTCGCC ChpH cysteine labelling
fwd

chpH rev GCTCACTGGTACCATGCATAGGCGAGAACGCCTCCG ChpH cysteine labelling
pMS82 TTTTTGGCCTTGAAATCGTT PCR screening for cloning
EcoRV fwd

pMS82 GCTTGGATCCTAGGTTCTCG PCR screening for cloning
EcoRV rev

4.4 RESULTS

4.4.1 Explorer cells are surrounded by an extracellular matrix

The wrinkled architecture of exploring cells was reminiscent of biofilms formed by other
bacteria and fungi. As a first step to probing the biofilm potential of exploring cultures,
we used cryogenic scanning electron microscopy (cryo SEM) to assess whether explorer
cells were encased in an extracellular matrix. We found that explorer cells at the colony
centre, where the colony was extremely wrinkly, and at the periphery, where the colony
was flatter, were surrounded by what appeared to be an abundant extracellular matrix,
when compared with sporulating growing Streptomyces cells (Fig 4.1A and B). Air space
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was visible around the aerial hyphae and spore chains, and this was not observed for
exploring hyphae, suggesting the presence of additional extracellular substances. A
better control for this experiment would be to compare explorers to vegetatively
growing cells from classical development, however this was not possible due to
instrument limitations.

Figure 4.1: Explorer cells are encased in a thick extracellular matrix. (A) Cryo scanning
electron micrograph of classically growing S venezuelae during sporulation. (B) Cryo-
scanning electron micrograph of 7 day old S. venezuelae explorer cells from the middle
of the colony. Scale bar = 25 um.

4.1.2 Bioinformatic screen for potential matrix components

We next sought to identify components that may contribute to the apparent
extracellular matrix. Using previously acquired RNA-seq data (Jones et al., 2017), we
focused our attention on genes whose products could contribute to matrix formation,
and examined their relative transcript levels during exploration versus static culture
growth. Notably, the expression of the chaplin (chp) and rodlin (rd/) families of
functional amyloid-encoding genes were up-regulated during exploratory growth (Fig.
4.2). This is suggestive of a potential role for these proteins in matrix formation. In
classical development, the chaplin proteins form a hydrophobic sheath that coats the
surface of aerial hyphae and spores (Claessen et al., 2003; Elliot et al., 2003).
Interestingly, explorer colonies are not hydrophobic, apart from when they are
associated with yeast, under specific growth conditions (and the RNA used for the
analyses here was not harvested from these sporulating cells).

The polysaccharide component of the matrix was not immediately obvious from the
RNA-seq data, with no polysaccharide biosynthetic clusters being upregulated in
exploring cultures. So instead we turned to genomic searches, alongside information
available for other biofilm-associated polysaccharides. We hypothesized that cellulose
may be a component of the S. venezuelae biofilm matrix, due to the importance of
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cellulose in static liquid culture and in biofilms produced by other bacteria. The cellulose
synthase-encoding gene cslA is expressed at low levels in static and exploring colonies,
although it is worth noting that its expression increases during exploratory growth.

To identify additional polysaccharide components, the S. venezuelae genome was
searched on the Streptomyces annotation server StrepDB
(http://strepdb.streptomyces.org.uk/) for genes annotated as glycosyltransferases. The
resulting 16 hits were screened for the presence of adjacent genes annotated as being
involved in production, modification, secretion or degradation of polysaccharides,
alongside increased transcript levels in exploring S. venezuelae compared to static S.
venezuelae (Jones et al., 2017). Two additional polysaccharide clusters of interest were
identified using this method. The first, an eps cluster (SVEN4634-4644) was annotated as
a capsular polysaccharide biosynthesis gene cluster (Fig. 4.3A, Table 4.3). This cluster
was located immediately upstream of several chp and rd/ genes, which made it of
particular interest. The eps cluster included a putative B-mannosidase-encoding gene
(Table 4.3), suggesting that the resulting polysaccharide may be mannose-rich, as gene
clusters encoding polysaccharides often contain enzymes for degrading their product.
This second cluster, the ebosin biosynthesis gene cluster (SVEN_7180-7200) (Fig. 4.3B,
Table 4.4), was first characterized in Streptomyces sp. 139, where it directed the
production of a complex extracellular polysaccharide composed of rhamnose, xylose,
glucose, mannose, arabinose, fucose, and galactose (Jing et al., 2003). Both the eps and
ebosin gene clusters were not expressed under static growth conditions, and were
expressed at low levels in mature, 14 day old explorer colonies. Both clusters contain
several putative glycosyltransferases, in addition to genes predicted to be involved in
polysaccharide biosynthesis and modification, degradation, and secretion (Fig. 4.3).

800
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N W b~ 01 O
o O O O o
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Figure 4.2: Expression of chaplin and rodlin genes during exploration and static
culture. RNA abundance for the four annotated chaplin (chp) and three rodlin (rd/l) genes
in S. venezuelae ATCC 10712 were compared for cells grown under static (blue) and
exploratory (orange) conditions. RNA abundance was measured using reads per kilobase
per million mapped reads (RPKM). chpD is not annotated in the S. venezuelae ATCC
10712 genome, and thus no reads were assigned to it. Raw data were analyzed using the
RNA-seq data generated by Jones et al., 2017.
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Figure 4.3: eps and ebosin gene clusters feature enzymes involved in all steps of
exopolysaccharide biosynthesis. The (A) eps gene cluster and (B) ebosin gene cluster
contain several predicted glycosyltransferases (light blue) in addition to other genes
involved in tailoring or modifying polysaccharides (dark blue). These clusters also contain
genes for putative secretory enzymes (yellow) and degradation enzymes (red). Genes of
unknown function are marked in grey.

Table 4.3: eps gene cluster functional annotation

Gene Predicted function Classification
SVEN_4634  Putative B-mannosidase Degradation
SVEN 4636  Acetyltransferase Synthesis
SVEN_4637 Capsular polysaccharide biosynthesis Synthesis
protein
SVEN 4638 Glycosyltransferase Glycosyltransferase
SVEN_4639 Carbohydrate esterase Degradation
SVEN_4640 Murl like protein Secretion
SVEN_4641 Homologous to O-antigen ligase Synthesis
SVEN_4642 Capsular polysaccharide biosynthesis Glycosyltransferase
protein — sugar transferase
SVEN_4643 Glycosyltransferase Glycosyltransferase
SVEN_4644  Unknown function Unknown function

Table 4.4: ebosin gene cluster functional annotation

Gene

Predicted function

Classification

SVEN_7180

Glutamate-1-semialdehyde 2,1-
aminomutase
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SVEN_7181 Isomerization of dTDP-4-dehydro-6-deoxy  Synthesis
-D-glucose with dTDP-4-dehydro-6-deoxy-
L-mannose
SVEN_7182 Glycosyltransferase Glycosyltransferase
SVEN_7183 Glycosyltransferase Glycosyltransferase
SVEN_7184 Similarities to translocase for O-antigen Secretion
SVEN_7185 Zinc peptidase Amino peptidase
SVEN_7186 Extended short chain Synthesis
dehydrogenase/reductase
SVEN_7187 GIcNAc-PI de-N-acetylase (GPI Synthesis
biosynthesis)
SVEN_7188 Glycosyltransferase Glycosyltransferase
SVEN_7189 Methyltransferase Synthesis
SVEN_7190 Glycosyltransferase Glycosyltransferase
SVEN_7191 Weak similarity to O-antigen ligase Synthesis
SVEN_7192 Pectate lyase Degradation
SVEN_7193 Heparinase IlI/11l —like/alginate lyase Degradation
SVEN_7194 Sugar dehydrogenase Synthesis
SVEN_7195 Glucosamine 6-phosphate synthetase Synthesis
SVEN_7196 Hypothetical protein; Wzz superfmily Synthesis
domain — chain length determinate in O-
antigen biosynthesis
SVEN_7197 Hypothetical protein; Wzz superfmily Synthesis
domain — chain length determinate in O-
antigen biosynthesis
SVEN_7198 Glycosyltransferase Glycosyltransferase
SVEN_7199 UDP-glucose or GDP-mannose Synthesis
dehydrogenase
SVEN_7200 Undecaprenyl- Secretion

phosphategalactosephosphotransferase;
EPS sugar transferase domain

4.4.3 Deletion of putative matrix components affects explorer colony morphology

Different members of the lab focused on deleting the cellulose synthase-encoding gene
(cslA; SVEN_5061), and the eps cluster (SVEN_4634-4644), while | deleted the ebosin
biosynthesis cluster (SVEN_7180-7200). All twenty genes in the ebosin cluster were
replaced with a viomycin resistance cassette. Another colleague has focused on deleting
the chaplin genes from S. venezuelae. To determine if the products of these
genes/clusters impacted exploratory growth, we examined these mutants under
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exploration-promoting growth conditions, and tested to see whether they exhibited
defects in exploration, colony formation or wrinkling patterns.

Compared to the wild type strain (Fig. 4.4A), the 5xAchp mutant explorer colonies were
smaller and featured extremely pronounced wrinkles at the centre, with few wrinkles at
the colony periphery (Fig. 4.4B and 4.5). The ArdIABC mutant was slightly smaller than
wild type, but has a similar wrinkling pattern (Fig. 4.4C and 4.5) The AcsIA mutant was
also smaller than wild type, and the centre of the colony was white and very
hydrophobic, reminiscent of aerial hyphae production during classical development (Fig.
4.4D and 4.5). In addition, the wrinkles at the colony periphery were taller and more
pronounced than the wild type. By contrast, the Aebosin explorer colonies looked similar
to wild type, although they may have had slightly reduced wrinkling in the centre (Fig.
4.4E and 4.5). Finally, the Aeps explorers were much larger than wild type and featured a
dramatically different wrinkling pattern (Fig. 4.4F and 4.5). The wrinkled core at the
centre was almost non-existent, with large, tall wrinkles extending outward from the
centre. Aeps explorer colonies could be readily lifted off the agar surface for imaging;
however, this led to release of the larger wrinkles, suggesting that these wrinkles were
due to tissue buckling, as opposed to matrix-directed biofilm architecture.
Complementation and cryo SEM imaging of these mutant strains are currently
underway.

Figure 4.4: Deleting components of the extracellular matrix changes the biofilm
phenotype. Images of 7 day old (A) wild type, (B) 5xAchp, (C) ArdIABC, (D) AcslA, (E)
Aebosin, and (F) Aeps explorer colonies grown on YP agar. Images are representative of
three independent replicates. WT, wild type.
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Figure 4.5: Colony surface area of mutant explorers compared to wild type. Colony
surface area of mutant and wild type explorers was measured after 7 days growth. Data
are average surface area of mutants divided by the wild type from three independent
replicates + one standard deviation. * denotes p < 0.05 using Student’s t test. WT, wild

type.
4.4.4 Chaplins coat hyphae on the exposed surface of explorer colonies

When working to image explorer colonies, we discovered that wild type biofilms lift off
the plate readily when water is applied to the agar surface. Notably, however, 5xAchp
explorer colonies failed to lift off the colony surface. This implied that the chaplins could
coat the colony-substratum interface, and raised the tantalizing possibility that they
functioned as motility-promoting surfactants.

To begin to localize the chaplin proteins within the explorer colonies, we used a reactive
cysteine labelling approach coupled with confocal laser scanning microscopy. The
carboxy termini of the chaplin proteins were predicted to be surface-exposed based on
their predicted protein structure in amyloid fibrils (Capstick et al., 2011). Therefore, we
substituted the terminal amino acid of ChpE, ChpH and ChpG (either a glycine or
alanine), with a cysteine. These reactive cysteine-labeled chaplins were then expressed
under their native regulatory elements in trans on an integrating plasmid in wild type S.
venezuelae. To control for the addition of the second copy of these modified chaplin
genes, a wild type (non-modified) version of each gene was also expressed using the
same strategy. Explorer colonies constitutively producing mCherry, were then
engineered to express ChpE G81C, ChpG G91C or ChpH A77C (or their wild type
counterpart). After 7 days growth, the exploring cultures were stained with maleimide-
Alexab47, a dye that reacts with free thiol groups (Fig. 4.6). Staining was not observed at
lower magnification, so images were taken at 630x magnification to permit visualization
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of individual hyphae, and at the periphery of the colony, where the colony was thinner.
The hyphae were still densely packed, however, which made it difficult to distinguish
individual hyphae in the brightfield images. For all three labeled chaplins examined in
this study, fluorescence was associated strongly with hyphae on the surface of the
colony. It was surprising to find that the ChpE G81C and ChpG G91C fluorescence signals
were more intense than ChpH A77C, as our RNA-sequencing data had suggested that
chpH was more highly expressed during exploratory growth (Fig 4.2).
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Figure 4.6: Chaplins are associated with hyphae during exploratory growth. Seven day
old explorer colonies constitutively producing mCherry were stained with maleimide-
Alexab647 and imaged at 630x magnification. Images are representative of three
independent replicates.
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4.4.5 The polysaccharide composition of explorer colony surfaces is different than that
of classic vegetatively growing cells

In an effort to determine the composition of the matrix carbohydrates, and assess their
localization, we used a series of fluorescein conjugated lectin probes that were specific
for different carbohydrate modules. These probes were applied to both vegetative
(classically growing) cells and explorer colonies, and these were imaged using confocal
laser scanning microscopy. Each of the strains used for these analyses were
constitutively producing mCherry, to facilitate co-localization of lectin staining with cells
within the putative biofilm. Calcofluor white, used to visualize cellulose, was not used as
this stain was not compatible with the laser lines on the microscope we had been using
for these experiments.

We started by probing for conventional polymers associated with Gram- positive
bacterial cell walls — specifically, the polysaccharides associated with the glycan strands
of peptidoglycan, and those associated with teichoic acids. Concanavalin A (ConA)
recognizes internal and nonreducing terminal a-D-glucosyl and a-D-mannosyl groups;
these polysaccharides were expected to be found in teichoic acids, and possibly in the
polysaccharides produced by the eps and ebosin clusters. Interestingly, we found that
ConA did not bind to explorer colonies; however, it reacted strongly with the periphery
of classic vegetatively growing colonies (Figs. 4.7 and 4.8, Table 4.5). Similarly, wheat
germ agglutinin (WGA), which binds N-acetylglucosamine associated with bacterial
peptidoglycan, strongly bound to the periphery of vegetatively growing S. venezuelae
colonies, but bound with less affinity to explorer colonies (Figs. 4.7 and 4.8, Table 4.5).
These results suggested that either explorer cultures had a different cell wall
architecture than classically growing vegetative cells, or that their cell wall was simply
not accessible to ConA and WGA stains in the same way as classically growing cells. It
also raised the question of whether the products of the ebosin and eps clusters
contributed to explorer colony architecture, or whether the associated polymers simply
did not contain D-glucosyl or D-mannosyl groups.

We also tested a range of fluorescent lectins that recognized different sugars, including
lectins with the potential to bind components of the predicted ebosin product (e.g.
galactose). Soybean agglutinin (SBA) recognizes N-acetylgalactosamine and galactose,
and could be seen binding strongly throughout vegetatively growing colonies, while
weak binding was seen for explorer colonies (Fig. 4.7 and 4.8, Table 4.5). Other lectins,
including Dolichos biflorus agglutinin (DBA), which also recognizes N-
acetylgalactosamine; peanut agglutinin (PNA), which recognizes -galactose-1,3-N-
acetylgalactosamine; Ricinus communis agglutinin 120 (RCA120), which recognizes a
non-reducing terminal B-D-galactose or N-acetylgalactosamine sugar, all failed to bind to
either exploring or vegetatively growing colonies.

Collectively, our results suggested that there were significant differences between
classic vegetatively growing cells and explorer cultures, with respect to their
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polysaccharide profiles, although the reasons underlying these differences remain to be
elucidated.
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Figure 4.7: S. venezuelae explorers feature very little lectin binding. Seven day old wild
type S. venezuelae explorer colonies constitutively producing mCherry were stained with
the indicated lectins for polysaccharides. Images were taken at 10x total magnification,
and are 1.5 mm x 1.5 mm in size. Experiments were conducted in biological triplicate,
and representative images are shown. ConA, Concanavalin A; DBA, Dolichos biflorus
agglutinin; PNA, Peanut agglutinin; RCA120, Ricinus communis agglutinin 120; SBA,
Soybean agglutinin; WGA, Wheat germ agglutinin.
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Figure 4.8: S. venezuelae vegetatively growing cells are bound by lectins specific for
the bacterial cell wall. Twenty four hour old wild type S. venezuelae colonies (at the
vegetative growth stage of their classical developmental cycle) were stained with the
indicated lectins to assess surface polysaccharide composition. Cells were constitutively
producing the mCherry fluorescent protein. Images were taken at 10x total
magnification, and are 1.5 mm x 1.5 mm in size. Experiments were conducted in
biological triplicate, and representative images are shown ConA, Concanavalin A; DBA,
Dolichos biflorus agglutinin; PNA, Peanut agglutinin; RCA120, Ricinus communis
agglutinin 120; SBA, Soybean agglutinin; WGA, Wheat germ agglutinin.
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Table 4.5 Affinity of lectin probes for S. venezuelae cells

Lectin Probe Recognition motif Affinity for Affinity for
vegetative cells' explorer
cells*
Concanavalin A Internal and nonreducing ++ =

terminal o-D-glucosyl and a-
D-mannosyl groups

Dolichos N-acetylgalactosamine - -
biflorus

agglutinin

Peanut [-galactose-1,3-N- - -
agglutinin acetylgalactosamine

Ricinus Non-reducing terminal 3-D- - -
communis galactose or N-

agglutinin acetylgalactosamine

Soybean N-acetylgalactosamine and +++ +
agglutinin galactose

Wheat germ N-acetylglucosamine +++ ++
agglutinin

! High affinity: +++; Medium affinity: ++; Low affinity: +; No affinity: -. Affinity is
determined based on fluorescence intensity.

4.4.6 Extracellular DNA is a component of the matrix surrounding explorer cells

Having examined the effect of chaplin amyloids and three possible polysaccharides on
exploration, and assessed (where possible) their relative position within exploring
cultures, we next turned our attention to eDNA. eDNA is a critical component of many
bacterial and fungal biofilms (Hobley et al., 2015; Mitchell et al., 2016), and we sought to
probe its presence and localization in exploring colonies. To do this, we used TOTO-3, a
cell membrane impermeable dye that intercalates into the minor groove of DNA, and
fluoresces at 647 nm (Milanovich et al., 1996). We found that mature,7 day old cultures
have eDNA distributed throughout the explorer matrix (Fig. 4.9). To ensure this staining
was specific for DNA, we treated cultures with DNase prior to staining, and observed
significantly reduced fluorescence. This suggested that eDNA was an abundant polymer
in exploring cultures. DNase treatment also reduced the cohesion of explorer cells as
they were transferred off the agar plate and onto the slide for imaging, suggesting that
eDNA promoted cohesion within explorer colonies. Very little eDNA was detectable in
association with classically growing vegetative cells, suggesting that copious eDNA
release is a feature specific to exploratory growth.
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Figure 4.9: Extracellular DNA is a component of the explorer colony matrix. Seven day
old explorer colonies constitutively producing mCherry were treated with DNase or
buffer for 3 h prior to washing and staining with TOTO-3 for extracellular DNA.
Vegetative cells from classical development were grown on MYM for 24 h prior to
staining with TOTO-3. Images were taken at 100x magnification and are 1.55 mm x 1.55
mm. Experiments were conducted in biological triplicate, with at least three images take
per replicate. Representative images are shown.
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4.4.7 Mature explorer cells feature increased resistance to antimicrobial compounds

Biofilms provide cells with enhanced resistance to antimicrobial compounds, compared
with their planktonically growing counterparts. To determine if this was a feature of S.
venezuelae explorer colonies, we measured the response of mature and immature
explorer colonies to three antimicrobial compounds: kanamycin, hygromycin and SDS
(Fig. 4.10). To determine if this was a feature of exploratory growth specifically, we also
examined the resistance of classically growing S. venezuelae to the same compounds. S.
venezuelae was found to be more susceptible to antibiotics during germination than
later on in growth, as determined by the zones of clearing surrounding the disks,
particularly for kanamycin (Fig. 4.10A). When disks were applied during the aerial stages

99



Ph.D. Thesis — Danielle L. Sexton McMaster University — Biology

of growth, it appears as though kanamycin and hygromycin led to a developmental
block, as indicated by the white rings surrounding the disks (Fig. 4.10A). The inability to
sporulate was also seen at the growing edge of SDS-exposed cells, although there was
also significant cell death observed, as evidenced by the zone of clearing surrounding
the SDS-saturated disk (Fig. 4.10B).

We expected that the leading edge of an explorer colony would be more susceptible to
environmental insults than the interior of the colony, as we frequently observed
individual hyphae to be extending out from the main body of the colony protected by
the extracellular matrix (Fig. 4.11). In contrast, the centre of the explorer colony appears
to be encased in a thick matrix. To determine if there was a difference in antimicrobial
resistance between these two regions of the biofilm, a number of different approaches
were taken. We initially attempted to overlay early-stage explorer colonies with
antibiotics, but control experiments using static MYM-grown cultures routinely failed
(colonies would simply break up and/or float away), making it challenging to draw
meaningful conclusions. We next employed a disk diffusion assay. Disks were either
placed on the agar surface at the same time spores were spotted, 1.5 cm away from the
spot, or on the exploring colony surface after 7 days of growth. After 14 days of growth,
colony morphology was then examined. The immature colonies that encountered the
antimicrobial compounds with their leading edges appeared to exhibit an avoidance
response when antibiotics were present at high concentrations (Fig. 4.10C). For
hygromycin and kanamycin, growth in the directions of the disks was reduced. Colonies
were longer than they were wide, but, the leading edge of the colony did extend right up
to the disk in most cases. In the region closest to the disks, the colonies appeared
thinner, and the wrinkling pattern was strikingly different from the control. Colonies
were also observed to be producing melanin, a compound that is thought to assist with
adaptation to stressful conditions (Kuznetsov et al., 1984). Together, these phenotypic
changes suggested that the leading edges of the colony were affected by antimicrobial
compounds, but to a lesser extent than classically growing cells. The mature colonies
(exposed to the antimicrobial disks for 7 days) showed no differences in phenotype
compared with the control, indicating that the centre of the colony was more resistant
to antibiotics than aerial cultures grown on MYM (classic growth medium).

In contrast, SDS had a subtler effect than the two antibiotics on the leading edge of the
biofilm (Fig. 4.10C). Growth towards the disks was inhibited to a lesser extent, and the
thinner zone of cells closest to the disk was not observed, unlike when exposed to
antibiotics. For the 4 mg SDS disk, the wrinkles piled up against each other at the edge of
the zone of inhibition, almost as if there was an invisible barrier present. Notably, the
zone of inhibition surrounding the disk was smaller than for classically growing cells (Fig.
4.10B). When the disks were applied to mature explorers, the area surround the disk
appears to have thinned compared to the water only control. In addition, colony
expansion seems to be reduced. Together, these results suggest that explorers are
susceptible to detergents.
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Figure 4.10: Mature biofilms have increases resistance to antimicrobial compounds.
(A) Wild type S. venezuelae was plated on MYM agar to measure resistance to
antimicrobial compounds during the germination and sporulation stages of classical
development. To measure resistance during germination, spores were dispersed evenly
across the surface of the agar and 6 mm disks containing the indicated amount of each
antibiotic/detergent were placed on the surface immediately after drying. Resistance
during sporulation was measured by placing disks containing the indicated amount of
antibiotics/detergent on the surface of the colony once aerial growth commenced (24
h). Images were taken after 48 h growth at 30°C. (B) Wild type S. venezuelae spores were
dispersed as a lawn over the surface of MYM agar plates and disks containing the
indicated amount of SDS were applied immediately for germination and after one day of
growth at 30°C for sporulation. Images were taken after 48 h growth at 30°C and are
representative of three independent replicates. (C) Spores were spotted onto the
surface of YP agar plates and paper disks containing the indicated amount of antibiotics
or SDS were either added immediately, for immature, or after 7 days growth at 30°C, for
mature cultures. Colonies were left to grow for 14 days total at 30°C. Disks with water
were used as a control for all experiments. Images are representative of three
independent replicates.

i = vk . e
Figure 4.11: Hyphae are exposed on the leading edge of the explorer colony. Brightfield
microscopy image of the leading edge of a wild type S. venezuelae explorer colony. The
leading edge of the colony, upper right, has many layers of hyphae on top of each other.
Individual hyphae extend outwards from the leading edge. Image taken at 630x
magnification. Representative of >10 independent replicates.
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4.5 DISCUSSION

Based on visual similarities to biofilms, we were curious if S. venezuelae explorer
colonies had components and characteristics typically associated with biofilms. Biofilms
feature aggregated cells or hyphae that are bundled together using an extracellular
matrix. This matrix promotes cell adherence to the substratum, as well as to each other,
so biofilm formation and motility are thought to be inversely related. Our results suggest
that explorer cultures may constitute a biofilm, but one with properties that are in some
instances distinct from the best-studied examples. We have identified several
components of the matrix surrounding explorer cells, and examined the role of these in
biofilm formation and colony expansion.

4.5.1 Chaplins form a coating on hyphae on the surface of the biofilm

Streptomyces produces two classes of amyloid proteins, rodlins and chaplins. In S.
coelicolor, the chaplins are secreted and polymerize on the surface of the emerging
aerial hyphae. This provides these hyphae with a hydrophobic coating and reduces
surface tension, allowing the hyphae to pass through the air-medium interface
efficiently (Claessen et al., 2003; Elliot et al., 2003). The chaplins also form fimbriae
during standing liquid culturing, and these are predicted to facilitate surface attachment
(de Jong et al., 2009). In contrast, the rodlins are thought to assist with organizing the
chaplin proteins into a paired rodlet ultrastructure on the surface of aerial hyphae and
spores (Claessen et al., 2004). It is not known whether the rodlins contribute to fimbriae
formation, but they are not required for aerial hyphae formation (Claessen et al., 2002).

Here, we focused our attention on the chaplin and rodlin proteins and their contribution
to exploration. In other bacterial biofilm systems, deleting the genes involved in amyloid
formation results in flat colonies, suggesting a key role for amyloid proteins in colony
architecture and wrinkling (Taglialegna et al., 2016). Intriguingly, we found that deleting
five of the seven chaplin genes did not affect colony wrinkling. Instead, this strain
featured smaller, wrinkled colonies that were more tightly associated with the
substratum than wild type explorers. There are still two remaining chaplins in this strain,
chpE, which is known to be conditionally essential in S. coelicolor (Di Berardo et al.,
2008) and may be essential in S. venezuelae, and chpH, the most highly expressed
chaplin gene during exploration (Fig. 4.2). It is possible that the two remaining chaplins
functionally compensate for the deletion of the other five chaplins, with or without the
assistance of the rodlins. Notably, deleting the rodlins did not have a significant effect on
explorer colony phenotype (Fig. 4.4C and 4.5).

Our localization studies suggested that the three chaplins studied here, ChpE, ChpG, and
ChpH, appeared to be associated with hyphae on the top of the exploring colony (Fig.
4.6). This was in contrast to other characterized systems, such as B. subtilis and E. coli,
where amyloids are matrix associated and promote matrix stiffness (Taglialegna et al.,
2016; Zeng et al., 2015), but similar to the localization of hydrophobins in B. subtilis
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biofilms (Hobley et al., 2013). The surface of B. subtilis biofilms is hydrophobic due to the
presence of hydrophobins, while the surface of S. venezuelae explorers is hydrophilic,
suggesting that the chaplins do not function in a hydrophobin capacity. it is possible that
the chaplins promote biofilm matrix integrity through a distinct mechanism than in
these well-characterized systems. It also remains unclear if the chaplins affect colony
expansion through altered matrix stiffness. To address the role of chaplins in biofilm
formation, we will examine the matrix morphology of the 5xAchp mutant using cryo
SEM, and use atomic force microscopy to measure biofilm elasticity.

As an alternative, it is possible that the chaplins function as a surfactant during sliding
motility. This hypothesis is based on the increased adherence of the 5xAchp mutant to
the substratum. The detected ChpE, ChpG, and ChpH were cell associated (Fig. 4.6);
however, it possible that chaplins that are not tightly associated with the cell surface
would be washed away during the staining process or are simply not accessible for
labeling. It is also possible that ChpD and ChpF, not examined in this study, function in
this capacity. Polymerization of ChpF into amyloid fibrils is inhibited at high pH due to
changes protein structure, while amyloid formation by ChpE is enhanced at high pH
(Dokouhaki et al., 2017b, 2017a). It is conceivable that the high pH associated with
exploratory growth separates the chaplins into two classes: one that stays associated
with hyphae and a second that coats the bottom of the colony to form a hydrophobic
film upon which cells can slide across with ease. It is also possible that functional
differentiation of chaplins may occur in response to different levels of oxygen. Assembly
of hlAPP, the amyloid associated with type Il diabetes, is regulated by redox state
(Rodriguez Camargo et al., 2017). The oxidized form of the protein readily assembles
into amyloid structures, while the reduced form does not (Rodriguez Camargo et al.,
2017). A similar mechanism has been proposed for the assembly of the hydrophobin
BslA on the surface of B. subtilis biofilms. BslA forms two distinct structures: one in
reducing (colony-agar interface) and the other in oxidative (colony-air interface)
conditions (Arnaouteli et al., 2017). Further work is required to determine the role of
chaplins within exploratory growth.

It is important to note however that due to a lack of an in vivo functional test for
individual chaplin activity at this time, we have not confirmed that the reactive cysteine-
labeled chaplins are functional. The introduction of an additional cysteine residue may
disrupt disulfide bond formation, which is critical for proper chaplin polymerization into
amyloid fibres (Capstick et al., 2011). As a result, we cannot definitively conclude that
these labeled chaplins function as wild type. To address this, we are working to develop
a chaplin mutant system that will allow us to assess the phenotypes of individual wild
type and mutant chaplins. If this approach is not successful, in vitro polymerization
assays with synthesized chaplins could be used to confirm that the reactive cysteines do
not disrupt amyloid formation.
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When investigating the localization of the different chaplin proteins using maleimide
staining, we noted that the levels of mCherry varied between samples (Fig. 4.6). This did
not seem to be due to biofilm thickness at the edge, based on the brightfield images.
Rather, the pSET152 based reporter used in these experiments was, for reasons
unknown, routinely less intense when compared with the plJ82-based version (which
integrates into the same site, and differs only in its antibiotic resistance gene).

4.5.2 Polysaccharide composition of explorer cells differs from classically growing cells

We found that three lectins, ConA, SBA, and WGA, bound with high affinity to the edges
of vegetatively growing S. venezuelae (Fig. 7, Table 4.5). In contrast, only WGA and SBA
bound weakly to exploring colonies (Fig. 6, Table 4.5). This could be due to increased
production of extracellular matrix surrounding the cells, obscuring the cell wall binding
sites for the lectins. Alternatively, hyphae throughout the explorer colony could be
coated in chaplins, which would also be expected to inhibit lectin binding. Finally, the
cell wall of explorer cells may be completely different than that of vegetatively growing
cells. At this point, we cannot draw any conclusions about whether polysaccharides
comprise a portion of the extracellular matrix, and if so, what the nature of these
molecules are. It interesting to note that the lectins used for analysis in this study bind
with high affinity to a wide variety of biofilms (reviewed in Mlouka et al., 2016). The
absence of strong binding by any lectin probe is suggestive of a very different sort of
extracellular polysaccharide composition in S. venezuelae explorers relative to other
biofilm systems. We note, however, that deleting genes involved in polysaccharide
synthesis, particularly the cs/A gene and the eps cluster, altered explorer colony
phenotypes, which could support a role for polysaccharides in contributing to
exploratory growth. To identify these compounds, we will first work to investigate the
possible localization of cellulose within the biofilm. We have now identified a
microscope that is compatible with the calcafluor white stain used to stain cellulose, and
will compare the staining of wild type and c¢s/A under exploring conditions. In the non-
exploring S. coelicolor strain, cellulose is produced during liquid growth, where it
attaches chaplin fimbriae to the cell surface (de Jong et al., 2009). To identify other
polysaccharides, we will extract them from the biofilm of wild type, cslA and the eps
mutants, and compare their profiles using gas chromatography-mass spectrometry,
similar to what has been used to identify polysaccharides from other microbial
communities (Bales et al., 2013; Jiao et al., 2010; Li et al., 2016; Petruzzi et al., 2017).

4.5.3 Mature explorer colonies are resistant to antibiotics but not to detergents

Application of antibiotics to the leading edge of the explorer colony caused an intriguing
stress response. Colony thickness and expansion were reduced in the region adjacent to
the antimicrobial disk (Fig. 4.10C); however, growth continued right up to the disk,
suggesting an increased tolerance to the antibiotics. Explorer colonies produce
trimethylamine as a volatile signal to stimulate exploratory growth in neighbouring cells
(Jones et al., 2017). This increases the pH of the surrounding media (Jones et al., 2017),
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and this increased pH enhances the potency of aminoglycoside antibiotics (Létoffé et al.,
2014). The increased resistance of exploring cells to aminoglycosides is therefore even
more remarkable. We also observed the activation of melanin production. Melanin is
typically thought to help with neutralizing reactive oxygen species (Nosanchuk and
Casadevall, 2003), and aminoglycoside antibiotics are proposed to induce oxidative
stress in their target organisms (Kohanski et al., 2007; Wang and Zhao, 2009). In
contrast, applying the antimicrobial disks to the surface of mature explorer colonies had
no obvious effect on growth, and did not induce melanin production (Fig. 4.10C). The
increased antimicrobial tolerance of the mature colony, and even the edges of the
exploring colony, therefore supports a similar function for explorer colonies as is seen
for biofilms in other systems. It is unclear at this point what mechanism underlies this
increased resistance/tolerance, whether it be through an altered metabolic state that
reduce susceptibility, or through reduced uptake due to matrix sequestration of these
compounds.

4.5.4 Explorers are a biofilm-like structure

Here, we have shown that explorer hyphal filaments are encased in a complex
extracellular matrix. This matrix appears to comprise eDNA, as well as chaplin proteins,
although the form taken by these proteins remains to be determined. Genetic results
suggest a role for several different polysaccharide components, although this remains to
be validated biochemically. Based on the presence of a complex extracellular matrix and
dramatically different phenotype from classical development, the S. venezuelae explorer
phenotype conforms to many of the features that define a biofilm: hyphae that are
bundled together, an altered phenotype compared to classical development, presence
of an extracellular matrix, and an increased resistance to antibiotics. There do, however,
seem to be some differences, in that loss of individual components does not alter colony
behaviour in expected ways. It will be interesting to see what the matrix of these
mutant strains looks like using cryo SEM. Intriguingly, the expansion of the biofilm seems
to be driven by growth powered motility, where growth in the centre of the biofilm
powers the movement of the leading edge of the colony. This raises the tantalizing
possibility of having a motile biofilm.
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Chapter 5

General conclusions and future directions

Collectively, the work presented in this thesis has emphasized the importance of the cell
surface, and its associated polymers, to Streptomyces growth and development. Our
work on the Rpfs has provided insight into how these proteins function to promote both
the exit from, and entry back into dormancy at the end of the Streptomyces lifecycle.
Previous studies have focused on the transcriptional responses to germination, and on
the signals that stimulate germination, but little work had been done to examine the
mechanism by which the Rpfs stimulate spore germination. We established that the Rpfs
are lytic transglycosylases that promote germination through cell wall remodeling once a
signal has been received to resuscitate.

We have also revealed that explorer colonies formed by S. venezuelae can be classed as
motile biofilms. These studies are reshaping our way of thinking about Streptomyces
growth, and are opening up many new and exciting areas for Streptomyces biology and
microbial community interactions.

5.1 DIRECTIONS FOR FUTURE WORK
5.1.1 Future work on germination in Streptomyces

Cells without the resuscitation promoting factors germinate more slowly than their wild
type counterparts, and would likely be outcompeted in natural environments. A major
outstanding question surrounding resuscitation is what other proteins contribute to cell
wall remodeling during germination. Thus far, we know that SwlA, a secreted
endopeptidase whose gene has the same cyclic di-AMP-sensing riboswitch as that of
rpfA, has a more profound effect on germination rate than RpfA (Haiser et al., 2009).
There are five additional genes — all encoding cell wall cleavage enzymes - that possess
the equivalent riboswitch, and it will also be interesting to see if these enzymes work
together to coordinate cellular resuscitation. Whether any, or all, of these enzymes
physically associate with the Rpfs also remains to be seen. In Mycobacterium, Rpf
binding partners have critical roles in cellular resuscitation, and indeed even in cell
viability (Hett et al., 2007, 2008, 2010). The S. coelicolor chromosome encodes 60
additional cell wall lytic enzymes, and what effect these have on the ability of spores to
germinate remains to be determined. Several of these putative cell wall lytic enzymes
are upregulated during the initial stages of germination (Strakova et al., 2013),
suggesting that they may be involved in cell wall remodeling during germination.

The link between the recognition of a germination signal and the expression/activation
of cell wall lytic enzymes is still not well-understood. Here, we established that the role
of Rpfs during spore germination in the streptomycetes is distinct from cellular
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resuscitation in Mycobacterium and Bacillus species, where peptidoglycan fragments are
predicted to stimulate germination.

We were unable to determine whether the defects in germination seen for the rpf null
strains were due to defects in spore wall formation, due to the lack of lytic
transglycosylase activity during sporulation, or due to a lack of lytic transglycosylase
during germination causing a delay in outgrowth. Creating an inducible rpf expression
strain in an rpf null background would allow us to tease apart whether the defect in
outgrowth is due to the mutant cell walls, whether Rpf activity is required only at the
initial stages of germination, or if it is required throughout development.

5.1.2 Further characterization of biofilms formed by S. venezuelae

Preliminary work is strongly suggestive of biofilm formation during exploratory growth;
however, it remains to be seen how common biofilm characteristics, such as
programmed cell death, division of labour, metabolic states, and social cheaters are
dealt with in S. venezuelae biofilms. In biofilms produced by B. subtilis, programmed cell
death is required for wrinkle formation (Asally et al., 2012). Wrinkle formation in turn
generates channels to transport liquids to the centre of the biofilm (Wilking et al., 2013),
and also allows for proper oxygenation of cells within the biofilm (Dietrich et al., 2013;
Reineke et al., 2013). It would be interesting to see how changes in wrinkling pattern
due to changes in biofilm composition affect nutrient accessibility and cell survival
within the biofilm. Extracellular DNA is a component of the explorer matrix, suggesting
that programmed cell death may be a part of explorer colony formation. However, the
role programmed cell death plays in explorer colony architecture is not known.

In model biofilm systems, cells feature different levels of metabolic activity depending
on their location in the colony, which influences nutrient availability. It is common to see
cells producing different components based on metabolic state of the cells (Serra et al.,
2013a; Serra et al., 2013b; Dragos et al., 2018). There is strong pressure for social
cheaters, cells who do not produce matrix components, to arise as well. These cells are
able to profit from the protective nature of the biofilm without expending energy
towards its production. Presently, it is not known if all hyphae are equally metabolically
active, and if all are producing all matrix components simultaneously within an exploring
colony. Conducting mixed culture experiments with differentially labeled strains (e.g.
mixing GFP-expressing chaplin producers with mCherry-expressing chaplin mutants) and
examining both matrix production, using cryo-SEM, and cell distribution, using
fluorescent microscopy, would allow us to begin to understand the community dynamics
within explorer biofilms.

Explorers represent a unique example of a biofilm that expands using sliding motility.
Typically, biofilm formation and motility are inversely correlated with each other; cells
either form biofilms, or they are motile. The switch between planktonic and biofilm
growth is governed by complex regulatory processes, with cyclic di-GMP (c-di-GMP)
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being a major mediator of this switch. Rising levels of c-di-GMP inhibit the transcription
of new flagellar components, and inhibit flagellum assembly and activity in a wide
variety of bacteria (Baraquet and Harwood, 2013; Boehm et al., 2010; Davis et al., 2013;
Jenal et al,, 2017; Navarro et al., 2010; Russell et al., 2013; Trampari et al., 2015). There
is a concomitant increase in the production of biofilm matrix components in response to
the rising c-di-GMP concentration (Jenal et al., 2017; Park et al., 2015; Pesavento et al.,
2008; Serra et al., 2013a). c-di-GMP does not seem to play a role in coordinating
exploratory behaviour in contrast to other characterized systems (N. Tschowri, personal
communication), highlighting how unique this behaviour is. It would be interesting to
examine the interplay between biofilm formation and sliding motility in S. venezuelae
explorers, to determine if they can occur independently of each other, or if these
behaviours are inextricably linked. Identification of the surfactant that permits gliding
motility will be critical for uncoupling motility from biofilm formation. Generating a
strain that is not capable of producing major biofilm components could facilitate the
separation of biofilm matrix formation from the motility aspect of exploration. Similarly,
examining how the matrix elasticity is altered in mutants with reduced colony expansion
using atomic force microscopy, could provide some additional insight into how the
properties of the biofilm affect motility.

A key question that has yet to be addressed with respect to explorer colonies, is whether
this is an ecologically relevant phenomenon. The concentration of nitrogen required to
initiate exploratory behaviour is several orders of magnitude higher than what it found
in soil (Alden et al., 2001). However, the soil is a heterogeneous environment, and there
is the possibility of encountering conditions conducive to exploratory growth in the soil.
This could be tested by inoculating sterilized soil with S. venezuelae and a strain that
does not explore, such as S. coelicolor and measuring colony expansion using gPCR.
Another possibility would be to measure colony expansion in soil supplemented with
MYM or YP medium. Hopefully these experiments will allow us to determine how S.
venezuelae traverses soil under a variety of environmental conditions.

In their native soil environment, Streptomyces would also be susceptible to a wide range
of biotic and abiotic stresses. Dormant spores formed through classical development
provide a robust mechanism for avoiding abiotic and biotic stresses. However, it will be
interesting to determine whether biofilm formation through exploratory growth allows
for protection against common soil phages, insects, predatory microorganisms, or
environmental stresses, such as high pH or high nitrogen, and how components of the
biofilm matrix contribute to resistance. There are a variety of different tests that could
be used to explore these concepts. Plating classically growing S. venezuelae and
explorers on media buffered to have high pH or high nitrogen concentration and
monitoring their growth in these conditions compared to under standard growth
conditions could be used to measure the robustness of explorers in response to
environmental stress. To test phage susceptibility, we could isolate soil phages and test
the susceptibility of classically growing cells and explorers using a plaque assay. Finally,
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competing explorers and classically growing cells against predatory bacteria, such as
Myxococcus xanthus, could be a method to determine if explorers are more protected
against predation than classically growing Streptomyces.

Streptomyces are incredible bacteria which seem to be primed for survival in a wide
variety of environments. They have evolved two potentially independent mechanisms
for multicellular development, classical growth and exploratory growth, and two
mechanisms for survival under stress conditions, dormancy and biofilm formation. It will
be fascinating to see under which conditions these different growth and survival
strategies are utilized.
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