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LAY ABSTRACT

Streptomyces bacteria produce the majority of naturally-derived antibiotics, and
they have the genetic potential to produce many more antibiotics and antibiotic-like
compounds (‘specialized metabolites’). Specialized metabolism is controlled by multiple
regulatory systems. In Streptomyces venezuelae, we have discovered that the nucleoid-
associated protein, Lsr2, represses the expression of most specialized metabolic clusters,
and manipulating Lsr2 activity can stimulate antibiotic production. To better understand
how Lsr2 exerts its repressive effect, we explored how Lsr2 controlled the production of
a known antibiotic. We ultimately identified multiple regulators that could impact the
expression and/or activity of Lsr2. Building on the regulatory foundation provided by
Lsr2, we then set out to establish a comprehensive regulatory network that governs
biosynthetic gene cluster expression. Collectively, this work improves our understanding
of antibiotic gene regulation in Streptomyces bacteria, and has the potential to guide
novel strategies aimed at stimulating the production of new antibiotics in Streptomyces.



ABSTRACT

In Streptomyces bacteria, the expression of many antibiotic biosynthetic clusters
is controlled by both cluster-specific regulators and more globally-acting regulators;
however, much remains unknown about the factors that govern antibiotic production. In
Streptomyces venezuelae, we have discovered that the broadly-conserved nucleoid-
associated protein Lsr2, plays a major role in repressing specialized metabolic cluster
gene expression.

To understand how Lsr2 exerts its gene silencing effects, we focused our
attention on the well-studied, but transcriptionally silent, chloramphenicol cluster in S.
venezuelae. We established that Lsr2 represses transcription of the chloramphenicol
cluster by binding DNA both within the cluster and at distal positions. CmIR is a known
activator of the chloramphenicol cluster, but expression of its associated gene is not
under Lsr2 control. We discovered that CmIR functions to ‘counter-silence’ Lsr2 activity,
alleviating Lsr2 repression and permitting chloramphenicol production, by recruiting
RNA polymerase.

Lsr2 plays a central role in controlling antibiotic production in Streptomyces;
however, beyond this counter-silencing activity, little is known about how Lsr2 is
regulated. We identified regulators that could control the expression of Isr2, and found
that Lsr2 and LsrL, an Lsr2 homologue that is encoded by all streptomycetes, interact
directly with each other, and that their respective DNA-binding activities are altered by
the presence of the other protein. These data suggest that LsrL may impact Lsr2 activity
in regulating antibiotic production in Streptomyces.

Beyond Lsr2, we wanted to develop a comprehensive understanding of the
regulatory proteins that impact biosynthetic gene cluster expression. To define the
regulatory protein occupancy of antibiotic clusters, we developed ‘in vivo protein
occupancy display-high resolution’ (IPOD-HR) technology for use in Streptomyces. This
work will lay the foundation for establishing a comprehensive regulatory network map
for biosynthetic clusters in Streptomyces, and guide future work aimed at stimulating
the expression of metabolic clusters in any Streptomyces species.
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CHAPTER1: GENERAL INTRODUCTION

1.1 Actinomycetes and Streptomyces

The actinomycetes are a group of free-living, ubiquitous Gram-positive bacteria
with a high genomic G+C (guanine and cytosine) content. They were first observed in the
1870s, and were given the name Actinomyces, meaning “ray fungus” in Greek. Due to
their ability to produce elongated cells and form branched hyphae, the actinomycetes
were originally considered as transitional forms between bacteria and fungi, but they
were eventually characterized as bacteria based on morphology (cell wall) analysis and
cellular chemical composition (Waksman, 1967; Barka et al., 2016). Actinomycetes can
use a wide range of nutrients, and therefore can grow in diverse natural habitats,
including soil, and fresh and salt water. It has been estimated that over one million
actinomycetes are found per gram of soil, with 95% of them being Streptomyces. (Dilip
et al., 2013).

Streptomyces are the largest genus within the phylum Actinobacteria. These
bacteria play a key role in establishing soil ecology, and it is estimated they make up 1-
20% of the culturable soil microbes (Olanrewaju and Babalola, 2019). Streptomyces are
best known for their complex life cycle and their remarkable ability to produce a wide
variety of bioactive compounds, including antibiotics, antifungal agents,
immunosuppressant, and pesticides.

1.1.1 Two model species: Streptomyces coelicolor and Streptomyces venezuelae

Streptomyces coelicolor is the most well-studied species in the Streptomyces
genus and is the model species for most of the fundamental work conducted on
Streptomyces development and specialized metabolism. S. coelicolor encodes 27
biosynthetic clusters (annotated by antiSMASH (Blin et al., 2021)), including two that
produce the pigmented antibiotics actinorhodin and undecylprodigiosin (Bentley et al.,
2002; Rudd and Hopwood, 1979; Hopwood et al., 1995; Chong et al., 1998). Production
of these pigmented specialized metabolites greatly facilitated the genetic study of
metabolic pathways in S. coelicolor. However, the study of development and
differentiation in S. coelicolor has been challenging because it only completes its
development lifecycle on solid medium but not in liquid culture, making it more difficult
to both synchronize development and separate/identify different developmental cell
types (Flardh and Buttner, 2009). In contrast, Streptomyces venezuelae is an excellent
model organism for development studies. On solid medium, S. venezuelae grows
considerably faster than S. coelicolor. Unlike S. coelicolor, S. venezuelae fully
differentiates both on solid medium and in liquid culture, facilitating the study of gene
regulation at each growth stage (Glazebrook et al., 1990). S. venezuelae also has great
specialized metabolic potential, encoding 30 biosynthetic clusters, including those that
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direct the production of two well-characterized antibiotics — chloramphenicol and
jadomycin (Carter et al., 1948; Kim et al., 2020; Ehrlich et al., 1947; Ayer et al., 1991).

1.2 Streptomyces life cycle and development

1.2.1 Classical life cycle overview

Amongst the Actinobacteria, the streptomycetes are the only bacteria whose
development has been studied in detail (Barka et al., 2016). Streptomyces have a
uniquely complex life cycle that encompasses both multicellular differentiation and
specialized metabolite production. On solid media when nutrients are abundant, their
life cycle begins with the germination of a dormant spore and the emergence of germ
tubes. Germ tubes grow into their growth substrate through hyphal tip extension and
branching from lateral walls, leading to the formation of a dense network of hyphae
termed the vegetative mycelium. When essential nutrients become limited, non-
branching and hydrophobic aerial hyphae emerge from the vegetative mycelium and
extend into the air (Zambri et al., 2022; Swiercz and Elliot, 2012). The production of
specialized metabolites generally coincides with the formation of these aerial hyphae,
although these processes are typically spatially segregated (Bibb, 1996). Pre-spore
compartments are then formed within the aerial hyphae, and these pre-spores are then
subject to a series of maturation steps to produce polyketide pigment-coated mature
spores. The life cycle starts anew when a mature dormant spore is released and is
dispersed to a new location (Flardh and Buttner, 2009; Swiercz and Elliot, 2012) (Figure
1.1).

1.2.2 Spore germination and vegetative growth

Spores are dormant cells, and germination requires both initiation of metabolic
activity and morphological changes (Bobek et al., 2017). How germination proceeds,
including the associated signal transduction cascades, is still not fully understood. During
germination, spores go through three distinctive stages: darkening, swelling, and germ
tube emergence (Hardisson et al., 1978; Bobek et al., 2017). An essential next step
involves the emergence of germ tubes through a process mediated by the essential
protein DivIVA. DivIVA localizes to the spore poles and subsequent cell tips (specifically,
areas of negative membrane curvature), where it recruits proteins required for cell wall
synthesis, ultimately forming a complex termed the “polarisome” (Flardh, 2003). DivIVA
activity is regualted by post-translational modification in the form of phosphorylation.
When DivIVA is unphosphorylated, it localizes to the hyphal cell tips to form the
polarisome and drive tip growth, and along the side wall to facilitate branches
formation; when phosphorylated by the serine/threonine kinase AfsK, DivIVA de-
localizes from the tip, leading to growth arrest (Zambri et al., 2022; Hempel et al., 2012).
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Classic Aerial Hyphae Sporulation
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Figure 1.1: Classical life cycle and exploratory growth of S. venezuelae. Top panel:
During classical development, the S. venezuelae life cycle begins with spore germination.
Germ tubes then grow into the substrate by tip extension and branching to form a
network of branching vegetative hyphae. Upon nutrient depletion, non-branching aerial
hyphae grow away from the vegetative mycelium, where they are then subdivided to
form chains of pre-spore compartments. These ultimately develop into mature dormant
spores, which are dispersed into the environment where they can restart the life cycle.
Bottom panel: In response to specific conditions, including interacting with yeast on
glucose-rich medium (YPD-yeast extract, peptone, dextrose) and growing alone on
glucose depleted medium (YP), S. venezuelae transits into exploratory growth, where it
grows as generally unbranched hydrophilic hyphae that rapidly extend across the growth
surface.

1.2.3 Aerial hyphae growth

Upon nutrient depletion, Streptomyces enter into their reproductive growth
phase, where non-branching aerial hyphae emerge from the vegetative mycelium and
grow into the air. The growth of aerial hyphae is controlled by the Bld regulators
(encoded by the bld genes), and like the vegetative hyphae, is driven by DivIVA. The bld
genes were first identified in mutants that were unable to produce fuzzy colonies,
characteristic of those undergoing reproductive growth, and instead have a “bald”
appearance (Merrick, 1976). BIdD is a master regulator of Streptomyces development
(Elliot et al., 2001; Elliot and Leskiw, 1999; Elliot et al., 2003b). Studies have revealed
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that BldD binds to the promoters of ~170 genes, including most of developmental
regulatory genes (den Hengst et al., 2010; Schumacher et al., 2017). Aerial hyphae are
coated in a hydrophobic sheath made of three proteins: the rodlins, SapB, and the
chaplins (encoded by the chp genes). The rodlins exert their function by organizing the
chaplins on the aerial hyphae and spore surface (Claessen et al., 2003). In contrast, SapB
and the chaplins share similar surfactant properties where they reduce surface tension
to facilitate aerial hyphae up-growth (Elliot et al., 2003a; Claessen et al., 2003; Capstick
et al., 2007). However, SapB is only expressed during growth on rich medium, whereas
the chaplins play a role in aerial hyphae formation on both minimal and rich media
(Capstick et al., 2007). The expression of chp genes is regulated by two Bld regulators,
BldD and BIdN (c®'9N) (Zambri et al., 2022; den Hengst et al., 2010). These two regulators
also control the expression of bldM, where BIdM is an orphaned response regulator
lacking an associated histidine kinase, and it is essential for Streptomyces aerial hyphae
development (Molle and Buttner, 2000). BldD functions to repress bldM expression,
while BIdN activates its expression (den Hengst et al., 2010). BIdM functions as an
unusual response regulator, in that it regulates the expression of two sets of target
genes by forming either a BIdM-BIdM homodimer or a BIdM-Whil heterodimer (where
Whil is an orphaned response regulator required for sporulation); these different BldM
oligomers bind different consensus sequences (Al-Bassam et al., 2014).

1.2.4 Sporulation and chromosome segregation

Following aerial growth, the classical Streptomyces life cycle enters its final stage:
sporulation. This process can be divided into two steps: formation of pre-spore
compartments, and maturation of these unicellular compartments (Bush et al., 2022).
The whi (white) genes are indispensable for Streptomyces sporulation. The products of
the whi genes play important roles in both spore formation and maturation processes.
Mutations in the whi genes block sporulation and result in “white” colonies rather than
wild type pigmented colonies (Flardh and Buttner, 2009). The products of whi genes
have significant effects on the initiation of sporulation, spore maturation and expression
of genes involved in chromosome segregation and cell division, including ftsZ, ssgAB and
parAB (McCormick and Flardh, 2012; Chater, 2001; Jakimowicz and van Wezel, 2012).
During sporulation, FtsZ polymerizes to form filaments which then are assembled into Z-
rings that recruit the cell division machinery and direct septation (Willemse et al., 2011;
Adams and Errington, 2009). Localization of FtsZ requires SsgA and SsgB, two SsgA-like
proteins (‘Ssg’ for ‘sporulation of Streptomyces griseus’). SsgA foci form first at the sites
of future cross-wall formation, and are thought to recruit SsgB, which in turn recruits
FtsZ by interacting with both FtsZ and the cell membrane (Zambri et al., 2022; Willemse
et al., 2011) (Figure 1.2). The resulting Z-rings are tethered to the membrane by SepF
family proteins, and stabilized by the dynamin-like proteins DynA and DynB during
sporulation (Schlimpert et al., 2017). A recent study found that SepH, a conserved cell
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division protein in Actinobacteria, positively regulates Z-ring formation by interacting
directly with FtsZ and promoting FtsZ polymerization (Ramos-Leon et al., 2021). This
synchronous round of cell division is coupled to efficient chromosome segregation,
which in Streptomyces is mediated by the ParA and ParB family proteins. ParB
homologues bind chromosome at partitioning sites (parS) and segregate chromosomes
to ensure that each pre-spore compartment contains only one copy of the chromosome;
ParA polymerizes along the chromosome at the hyphal tip and provides energy for ParB
movement through its ATPase activity (Leonard et al., 2005; Pioro and Jakimowicz, 2020;
Kim et al., 2000; Jakimowicz et al., 2005; Jakimowicz et al., 2007) (Figure 1.2).

Figure 1.2: Streptomyces chromosome
segregation and cell division
machinery. Top: During chromosome
segregation, ParA polymerizes along
the chromosome to provide energy for
chromosome segregation driven by
ParB movement. Bottom: SsgA
recruits SsgB, which subsequently
recruits FtsZ to the sites of future
cross-wall formation, where FtsZ
polymerizes to form filaments which
are then assembled into the Z-ring.
The Z-ring formation is regulated by
SepH and SepF, and stabilized by the
dynamins DynA and DynB.

1.2.5 Exploration growth

It was recently discovered that a number of Streptomyces species, including S.
venezuelae, are capable of undergoing another mode of development termed
“exploration” (Jones et al., 2017; Jones and Elliot, 2017). Like classical growth,
exploration begins with spore germination. However, instead of progressing through the
vegetative-aerial hyphae-sporulation development cycle, exploring cells grow as
hydrophilic, vegetative-like hyphae, and rapidly extend over biotic and abiotic surface at
a rate that is ~12.5x faster than classically growing colonies (Jones et al., 2017) (Figure
1.1). Exploration can be promoted by diverse growth conditions. On YPD (yeast extract,
peptone, and D-glucose) medium, exploration can be induced through an interaction
with the yeast Saccharomyces cerevisiae, where S. cerevisiae consumes glucose in the
growth medium; exploration is inhibited in the absence of S. cerevisiae on YPD.
Exploration can also be induced on YP (yeast extract and peptone) medium in the
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absence of both glucose and S. cerevisiae, and colonies appear to grow more rapidly on
YP than on YPD with yeast. Recent work has shown that the addition of glycerol further
accelerates Streptomyces exploratory growth on YP (Shepherdson et al., 2022).

1.3 Specialized metabolism of Streptomyces

1.3.1 Chromosome organization and biosynthetic capacities in Streptomyces

Streptomyces have large and linear chromosomes, ranging from 8 — 12 Mb. Given
their large genome size, streptomycetes have an enormous coding potential, typically in
the range of ~8000 protein-coding genes (Bentley et al., 2002; Ikeda et al., 2003).
Genome sequencing and microarray data suggested that under non-limiting or standard
laboratory conditions, genes corresponding to the core region of Streptomyces linear
chromosome are more highly expressed than genes located in the arms of the
chromosome, and that most of the specialized metabolic genes are present in the
chromosomal arms rather than in the core region (Karoonuthaisiri et al., 2005; Choulet
et al., 2006; Bentley et al., 2002; lkeda et al., 2003; Aigle et al., 2014; Lioy et al., 2021).
Now that many Streptomyces genomes have been sequenced, it has become apparent
that the internal (core) regions are highly conserved, while the more auxiliary (arm-
located) genes show large variation (Thibessard and Leblond, 2014; Kirby, 2011; Ohnishi
et al., 2008).

Streptomyces are the largest natural source of antibiotics, producing over two
thirds of the antibiotics in clinical use today (Procopio et al., 2012; Manteca and Yagle,
2019). Antibiotic synthesis is largely limited to the vegetative mycelium, and their
production typically coincides with the onset of aerial hyphae formation (Bibb, 1996).
Antibiotics produced by Streptomyces could kill or inhibit the growth of other competing
microorganisms. It is possible that organisms killed by these antibiotics could then be
used as a nutrient source by the Streptomyces mycelium (Davies, 2013; Challis and
Hopwood, 2003). Antibiotics also serve as small molecules modulating gene expression
and facilitating cell-cell communication under natural conditions (Romero et al., 2011;
Yim et al., 2007; Davies, 2006). Whole genome sequencing results have revealed that
most streptomycetes encode 20 — 50 specialized metabolites clusters; however, in most
cases, fewer than 10% of their associated molecules have been identified. Many of these
clusters are poorly transcribed and consequently their products have never been
detected under the laboratory conditions. These ‘cryptic clusters’ have the potential to
produce an impressive array of novel antibiotics (Nguyen et al., 2020).

1.3.2 Regulation of antibiotic production

In Streptomyces, antibiotic production is regulated at multiple levels, including
sigma (o) factors, pathway-specific regulators, and other transcriptional factors.
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Initiation of transcription in bacteria requires the addition of a o factor to RNA
polymerase (RNAP), to facilitate the recognition and binding of the promoter by the
resulting RNAP holoenzyme. Most, but not all, specialized metabolic clusters in
Streptomyces contain pathway-specific regulators (Bibb, 2005). Pathway-specific
regulators are located within gene clusters and affect metabolite biosynthesis by directly
binding at promoter regions within clusters. Consequently, overexpressing pathway-
specific activators or deleting pathway-specific repressors generally increases the
production of their corresponding antibiotics. In addition to pathway-specific regulators,
pleiotropic regulators are also involved in regulating metabolite biosynthesis. Instead of
being encoded within a cluster and affecting expression of a specific biosynthetic cluster,
pleiotropic regulators are usually encoded elsewhere in the chromosome, and impact
the production of multiple metabolic pathways (Martin and Liras, 2010). In bacteria,
nucleoid- associated proteins also play important roles as global regulators in controlling
specialized metabolite biosynthesis.

1.4 Transcription regulation in Streptomyces

Transcription in bacteria is tightly controlled by a wide range of factors: cis-acting
elements, including promoters and operator sequences; and trans-acting proteins,
including o factors and transcriptional regulators (Browning and Busby, 2004).

1.4.1 o factors

o factors are divided into two main families: 67° - ‘housekeeping (and
housekeeping-like) o factors’ — are involved in the transcription of essential genes, and
0°*, which recognize promoters that are not associated with members from the ¢”°
family (Wade et al., 2006; Weber et al., 2005). The ¢’° family can be subdivided into 4
groups based on functions and possession of distinct 0 domains: o1 (region 1.1), o2
(region 1.2, 2.1-2.4), o3 (region 3.0-3.2), and o4 (region 4.1-4.2) (Sun et al., 2017; Paget,
2015) (Figure 1.3). Group 1 o factors, also known as ‘housekeeping o factors’, contain all
four 0 domains and a non-conserved region within o, between regions 1.2 and 2.1. In
Streptomyces, 6"'"B belongs to the group 1 o factors, and is involved in morphological
differentiation and specialized metabolism (Sun et al., 2017). Group 2 o factors are
structurally similar to group 1 but lack region 1.1. Streptomyces genomes usually possess
three group 2 o factors: "¢, g"@A and ¢"¥P (Sun et al., 2017). The ¢"'"P-RNAP
holoenzyme promotes the transcription of genes that are involved in specialized
metabolite biosynthesis (e.g. redD in S. coelicolor) and morphological differentiation
(e.g. whiB throughout Streptomyces) (Sun et al., 2017; Paget, 2015). Group 3 o factors
contain o2, 03 and cadomains but lack the non-conserved region. In Streptomyces, in
response to a wide range of intracellular and extracellular signals, group 3 o factors

modulate the transcription of genes involved in morphological differentiation (e.g. cWhS
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modulates differentiation by activating the expression of the whiH and whil genes
essential for spore maturation (Gallagher et al., 2020)) and environmental stress
responses (e.g. o®in S. coelicolor controls the expression of genes involved in responses
of osmotic stress, oxidative stress and cold shock (Sun et al., 2017; Lee et al., 2005;
Martinez et al., 2009)). Group 4 o factors, also known as extracytoplasmic function o
factors, possess 02 and 02 domains. These o factors sense extracytoplasmic signals and
play important roles in stress responses. In Streptomyces, 68N is a widely distributed
extracytoplasmic function o factor, and is responsible for promoting aerial hyphae
formation (Sun et al., 2017; Bibb and Buttner, 2003).

o domains

o, o, O3 o,

Grow 1 (T Hez " aalaafaa et sa)ade

| G2 12] "o " [24]22[23]24}3.0[3.1]32}{41]42
family
Group 3 m@@m mmm mm

Group 4 21]22J23]24] 4]42]

Figure 1.3: Domain organization of the o7° family. The ¢7° family can be divided into
four groups based on domain organization. Group 1 and group 2 are structurally similar
except that group 1 contains o1 domain (green) which is absent in group 2 (grey). Group
3 contains o2 (lacking the non-conserved region), o3 (yellow) and o4 (blue) domains, and
group 4 possess o3 (lacking region 1.2 and the non-conserved region) and o4 domains.

1.4.2 Two-component system and one-component system regulators

Transcriptional regulators are proteins that bind cis-acting elements to repress or
activate the transcription of the downstream genes (Browning and Busby, 2004).
Transcriptional regulators can be broadly classified into two main categories: two-
component system regulators and one-component system regulators. In typical bacterial
two-component systems, a membrane-bound histidine kinase senses an exogenous
environmental signal. It responds to this signal by first auto-phosphorylating on a
conserved histidine residue, then transferring the phosphoryl group to a cognate
response regulator (Romero-Rodriguez et al., 2015). In response to stimuli detected by
the histidine kinase, the phosphorylated response regulator then either activates or
represses the transcription of its downstream target genes (Podgornaia and Laub, 2013).

8
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Most histidine kinases are bifunctional where they phosphorylate their cognate
response regulator in the presence of environmental signal but act as phosphatase in
the absence of stimuli (Hutchings et al., 2006; Gao and Stock, 2013). Additionally, some
kinases function mainly as phosphatase and exogenous environmental signals promote
dephosphorylation, other than dephosphorylation, of their cognate response regulator
(Raivio and Silhavy, 1997; Som et al., 2017b). The number of two-component systems
encoded by an organism roughly correlates with the complexity of its surrounding
environment, with Streptomyces encoding an average of 90 histidine kinases and 80
response regulators (Romero-Rodriguez et al., 2015; Rodriguez et al., 2013). AfsQ1/Q2
and MtrAB are well-studied examples of two-component systems that are broadly
conserved in the Actinobacteria. In response to an illusive signal, AfsQ1 is
phosphorylated by AfsQ2 and then is able to bind the promoter regions of genes
encoding pathway-specific regulators of actinorhodin (act/l-ORF4), undecylprodigiosin
(redz) and calcium dependent antibiotic (cdaR), and further induce the production of
their corresponding antibiotics (Wang et al., 2013). The MtrAB two-component system
also significantly impacts specialized metabolism in Streptomyces In S. coelicolor, MtrA
functions as an activator and binds upstream of act/l-ORF4 and redZ, which encode
pathway-specific regulators of the actinorhodin and undecylprodigiosin clusters,
respectively; and deleting mtrB, the coding gene of sensor kinase, induces production of
actinorhodin and undecylprodigiosin (Som et al., 2017a).

In bacterial transcriptional regulatory networks, one-component systems
dominate. These are systems in which a protein contains a DNA-binding domain and a
ligand-binding or protein-protein interaction domain (Chubukov et al., 2014). In bacterial
transcriptional regulators, a helix-turn-helix is the most common DNA-binding domain
structure, and the ligands bound by transcription regulator are usually metabolites
(Perez-Rueda et al., 2004). Transcriptional regulators can affect transcription in both
positive and negative manners. In general, negative regulators repress transcription by:
i) binding promoter regions to prevent RNAP binding and transcription initiation, ii)
competing with activators for binding sites, and iii) inhibiting transcription elongation by
blocking RNAP progression. In contrast, positive regulators activate transcription by: i)
stabilizing RNAP-promoter complexes during transcription initiation, or ii) promoting
dissociation of repressors and facilitating RNAP promoter binding (Lee et al., 2012).

1.4.3 Transcriptional regulators

Bacterial transcriptional regulators can be divided into specific and pleiotropic
regulators, based on their target genes. Specific regulators are frequently encoded
within clusters and directly regulate the expression of genes located in the same cluster.
In contrast, pleiotropic regulators exert their effects by controlling the transcription of
multiple target genes (Romero-Rodriguez et al., 2015; Bibb, 2005). In S. coelicolor, Actll-
ORF4 is a pathway-specific regulator that controls the production of actinorhodin

9
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(Malpartida et al., 1990), while Crp is a pleiotropic regulator of antibiotic production,
with 393 associated binding sites identified in the S. coelicolor chromosome (Gao et al.,
2012). Transcriptional regulators can also be subdivided into groups base on their
regulatory roles in cellular processes. Regulators involved in primary metabolism are
typically responsible for the transcriptional control of genes involved in cell growth,
nutrient utilization, and reproduction. This group includes GntR, AraC, AsnC, LuxR, IcIR,
Lacl, DeoR and ROK regulator families. A second group includes the TetR, MarR, LysR,
MerR, ArsR, Xre and PadR families, and these are regulators that typically control the
expression of genes involved in stress responses and specialized metabolism (Romero-
Rodriguez et al., 2015; Santos et al., 2009).

In Streptomyces genomes, ~12% of genes encode transcriptional regulators, o
factors and other DNA binding proteins, illustrating how important regulatory control is
for Streptomyces growth, development, metabolism, and stress responses (Bentley et
al., 2002). In Streptomyces, some of the best characterized transcriptional regulators
play roles in primary and specialized metabolism. GntR family regulators are often
involved in central carbon utilization, where they directly repress transcription of
adjacent/nearby target genes, while indirectly activating target genes located elsewhere
on the chromosome (Hoskisson and Rigali, 2009; Kotowska et al., 2019; Finn et al.,
2008). DasR and WhiH are GntR- like regulators that are broadly conserved in the
streptomycetes, and they play roles in N-acetylglucosamine (GIcNAc) utilization and
sporulation, respectively (Rigali et al., 2006; Swiatek-Polatynska et al., 2015; Persson et
al., 2013). DasR represses the expression of genes involved in GIcNAc uptake and
metabolism, and its DNA binding ability can be relieved by binding GIcN-6-phosphate, an
intermediate of GlcNAc metabolism, within its C-terminal domain (Engel et al., 2019;
Fillenberg et al., 2016; Xia et al., 2020). In contrast, WhiH is essential for sporulation in S.
coelicolor and S. venezuelae, and whiH gene expression is confined to the aerial hyphae
and depends on the activity of the 6"/""-RNAP complex and the concentration of c-di-
GMP. Nothing is currently known about WhiH direct gene targets, except that WhiH is
autoregulatory and it represses its own expression by directly binding to the promoter
region (Ryding et al., 1998).

Unlike many of the GntR-like regulators, the majority of AraC family members
positively regulate the expression of their target genes and are often autoregulatory
(Romero-Rodriguez et al., 2015; Brautaset et al., 2009; Ibarra et al., 2008). AdpA (BIdH) is
an AraC-like global transcription regulator that controls the expression of hundreds of
genes involved in development and primary and specialized metabolism (Guyet et al.,
2014; Plachetka et al., 2021; Huang et al., 2022; Kang et al., 2019; Ohnishi et al., 2005).

The TetR family regulators are also often autoregulatory, but are best known for
their control of specialized metabolism (Gou et al., 2017; Zhang et al., 2020; Jiang et al.,
2017). These regulators repress transcription of their target genes, and like DasR, their
repression can be relieved by binding of a ligand to their C-terminal domain

10



Ph.D. Thesis — Xiafei Zhang McMaster University - Biology

(Cuthbertson and Nodwell, 2013; Ramos et al., 2005; Yu et al., 2010; Ray et al., 2017). A
classic example is ActR, a TetR-like regulator from S. coelicolor. ActR is encoded within
the actinorhodin biosynthetic cluster, where it represses the expression of the adjacent
efflux pump-encoding gene actA, whose product is proposed to function in exporting
actinorhodin. ActR binding activity can be modulated by not only actinorhodin but also
by an intermediate product. Ligand binding to the C- terminal domain of ActR changes
the conformation of its DNA-binding domain such that it is no longer able to bind DNA,
and this in turn relieves repression (Xu et al., 2012; Willems et al., 2008).

While the TetR-like regulators are primarily associated with specialized
metabolism, other regulators impact both development and specialized metabolism.
BIdD, a Xre (xenobiotic response element) family regulator, is a global regulator having
~160 direct regulatory targets in S. coelicolor, including genes that are involved in
development and antibiotic production (den Hengst et al., 2010; Elliot et al., 2001).
Structural studies revealed that the assembly of an unusual BldD,-(c-di-GMP)1 complex is
required for BldD to exert its function in controlling development, where dimeric BldD
directly binds promoters, often repressing the expression of its target genes, including
itself (Schumacher et al., 2017; Tschowri et al., 2014; Elliot et al., 1999; Kim et al., 2006).

1.5 Nucleoid-associated proteins

Beyond these traditional transcription factors, there also exist classes of DNA
binding proteins that function to both organize the chromosome and regulate gene
expression. In both eukaryotes and prokaryotes, genomic DNA is wrapped and
compacted by proteins, resulting in the DNA adopting a highly structured configuration.
Unlike in eukaryotes where genomic DNA is wrapped around histone proteins, bacteria
lack histones but have other factors that influence both chromosome organization and
cellular processes such as replication, transcription and chromosome segregation. These
factors include DNA supercoiling and nucleoid-associated proteins. Nucleoid-associated
proteins are typically low molecular weight proteins that not only constrain and
maintain chromosome structure but also regulate gene expression in both positive and
negative manners through bending, bridging, polymerizing and wrapping DNA. Most
nucleoid-associated proteins bind DNA in a sequence-independent way, but with a
preference for AT-rich sequences or specific DNA structures (e.g. curved DNA or single-
stranded DNA) (Holowka and Zakrzewska-Czerwinska, 2020; Flores-Rios et al., 2019;
Badrinarayanan et al., 2015; Song and Loparo, 2015; Dorman, 2014; Browning et al.,
2010).

To date, nucleoid-associated proteins in Gram-negative bacteria have been
better characterized than in Gram-positive bacteria. Some nucleoid-associated proteins
are broadly conserved in both Gram-negative and Gram-positive bacteria (e.g. HU),
while others are unique to one group (e.g. H-NS in the Enterobacteriaceae and Lsr2 in
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actinomycetes) (Dillon and Dorman, 2010). In E. coli, the HU protein has two subunits,
HUa and HUB, and functions as either a homodimer or a heterodimer in vivo (Stojkova
et al., 2019; Claret and Rouviere-Yaniv, 1996; Oberto et al., 2009). HU preferentially
bends and wraps AT-rich and curved DNA in a concentration-dependent manner: at low
concentrations, HU bends DNA and decreases DNA stiffness (by displacing H-NS and
other nucleoid-associated proteins), while at high concentrations, HU binds DNA and
forms rigid filaments (Claret and Rouviere-Yaniv, 1996; Skoko et al., 2004). HupS is a
Streptomyces-specific HU homolog that plays an important role in sporulation
maturation (Salerno et al., 2009). It contains an N-terminal HU-like domain and a C-
terminal histone H1-like domain; both domains are able to bind DNA independently
(Salerno et al., 2009; Pandey et al., 2014).

1.5.1 H-NSinE. coli

The histone-like nucleoid-structuring protein (H-NS) is a well-studied nucleoid-
associated protein, but it is only found in Gram-negative bacteria. Early studies of H-NS
in E. coli demonstrated that mutations in hns lead to increased gene transcription, while
hns overexpression causes chromosome condensation and even cell death (Song and
Loparo, 2015). H-NS is a xenogeneic silencer and global regulator that preferentially
binds and spreads along high AT-content DNA to compact the chromosome and/or
silence gene expression (Navarre et al., 2006). Studies have shown that although H-NS
generally recognizes AT-rich sequences, a high affinity binding motif that is rich in AT
content and contains a centrally-located T-A step has been identified (5’ - tCGtTAaATt -
3’) (Lang et al., 2007; Bouffartigues et al., 2007; Fang and Rimsky, 2008). H-NS is a small
(~15 kDa) protein with an N-terminal oligomerization domain, a central dimer-dimer
interaction domain, and a C-terminal DNA-binding domain, with the dimerization
domain and dimer-dimer interaction domain connected by a long a-helix (Shindo et al.,
1995; Bloch et al., 2003; Arold et al., 2010). Inter-domain interactions of H-NS are
facilitated by the conformation of the a-helix connecting the dimerization domain and
dimer-dimer interaction domain (van der Valk et al., 2017). A recent study revealed that
the dimerization domain of H-NS contains negatively charged regions, whereas the
dimer-dimer interaction domain and DNA-binding domain contain positively charged
patches, with the electrostatic interaction between different domains being subject to
regulation by ionic environments (Qin et al., 2020). H-NS binds DNA through a QGR motif
(residues 112 —114), and its binding effects of polymerizing and bridging DNA are
determined by the structure of H-NS dimer, which is heavily influenced by Mg?* (Dillon
and Dorman, 2010; Liu et al., 2010; Winardhi et al., 2015; van der Valk et al., 2017). In
the absence of Mg?*, H-NS dimers adopt a ‘closed’ conformation where the DNA-binding
domain interacts with the dimerization domain, making one of the QGR motifs
inaccessible. Therefore, H-NS can only bind DNA in cis through one DNA-binding domain
of the H-NS dimer, resulting in H-NS polymerization and formation of a rigid filament
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(van der Valk et al., 2017). In the presence of Mg?*, the ‘closed’ conformation transitions
to an ‘open’ configuration, as Mg?* alters the H-NS structure by binding to glutamate
residues in the dimerization domain and preventing an interaction between the
dimerization domain and DNA-binding domain. Furthermore, Mg?* stabilizes the a-helix
between the dimerization domain and dimer-dimer interaction domain by interacting
with three glutamate residues and one serine residue, resulting in a bridging-capable H-
NS conformation, allowing H- NS to bind DNA in trans and form a bridge structure (van
der Valk et al., 2017).

The DNA-binding activity of H-NS is also affected by temperature, but the two
binding effects, polymerizing and bridging, respond to temperature changes with
different sensitivities. Polymerization of H-NS on DNA (forming rigid filaments) is
disrupted by increasing temperatures from 24°C to 37°C, whereas DNA bridging caused
by H-NS is insensitive to temperature changes (Amit et al., 2003; Liu et al., 2010). DNA
structures formed by H-NS oligomers have the potential to affect gene expression by
trapping RNA polymerase and repressing transcription, excluding RNA polymerase at
promoter regions, or interfering with transcription elongation, thereby repressing
transcription (Shahul Hameed et al., 2019; Amit et al., 2003; Lim et al., 2012; Kotlajich et
al., 2015; Dame et al., 2002).

Although H-NS has been identified as a DNA-binding protein and is best studied
for its ability to repress transcription, studies have shown H-NS can also bind RNA to
regulate RNA stability and facilitate translation (Brescia et al., 2004; Park et al., 2010). In
E. coli, H-NS binds directly to DsrA, a non-coding RNA, and rpoS mRNA, and inhibits their
expression by inducing RNA cleavage by RNase |, a single-strand specific ribonuclease. It
was hypothesized that in the absence of H-NS, DsrA forms tertiary structures, making it
resistant to RNase | cleavage; in the presence of H-NS, DsrA structure is altered by H-NS
binding, thus causing exposure of single-strand RNA to RNase | (Brescia et al., 2004). H-
NS has also been shown to positively regulate the translation of malT mRNA by
facilitating translation initiation. The ma/T mRNA contains a suboptimal Shine-Dalgarno
sequence which interacts weakly with ribosome, resulting low translation level; binding
of H-NS to malT mRNA repositions ribosome binding to a more favourable site
downstream of Shine-Dalgarno sequence, leading to enhanced translation (Park et al.,
2010).

H-NS activity can be modulated by interacting with other proteins. StpA, a H-NS
paralogue, has a similar oligomerization domain as H-NS and can interact with H-NS,
forming heterodimers (Amit et al., 2003; Muller et al., 2006). H-NS can also interact with
the haemolysin expression-modulating (Hha)/YdgT family proteins. Hha lacks a DNA-
binding domain and can only exert its regulatory role by interacting with H-NS or StpA
through their dimerization domain (Ali et al., 2013; Boudreau et al., 2018; Solorzano et
al., 2015; Madrid et al., 2007). In Salmonella, Hha interacts with H-NS and the resulting
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heterodimer preferentially silences horizontally-transferred genes other than core
genome (Banos et al., 2009).

Gene silencing caused by H-NS is weak and can be relieved through a process
known as ‘counter-silencing’. Several studies have described three mechanisms by which
counter-silencing of H-NS can be achieved. In the first, regulatory proteins remodel the
DNA and disrupt the H-NS-DNA complex, facilitating transcription by RNA polymerase
(e.g. HU proteins bend H-NS-coated DNA, effectively displacing H-NS from its binding
sites (Stoebel et al., 2008)). By way of example, VirB alleviates H-NS repression at the
promoters of virulence genes in Shigella flexneri, by inducing DNA bending and
promoting DNA wrapping around VirB oligomers, leading to disruption of the DNA-H-NS-
DNA complex (Gao et al., 2013). Another classic example involves LuxR, an activator of
guorum sensing genes in Vibrio harveyi, which counter-silences H-NS by
displacing/remodeling the H-NS nucleoprotein at promoter regions (Chaparian et al.,
2020). A second mechanism involves DNA binding proteins competing with H-NS for
binding to the DNA, and in doing so, relieving H-NS repression. For example, in Vibrio
cholera, the virulence activator ToxT relieves transcription repression of the toxin
encoding operon ctxAB by displacing H-NS at the ctxAB promoter) (Stone and Withey,
2021). The final mechanism involves transcribing RNA polymerase de-repressing H-NS by
remodelling or disrupting the H-NS complex, ultimately enhancing transcription
(Rangarajan and Schnetz, 2018). H-NS repression can also be alleviated by proteins
encoded by bacteriophages (Patterson-West et al., 2021; Ali et al., 2011; Zhu et al.,
2012; Ho et al., 2014). A recent study showed that MotB, an early protein encoded by
phage T4, antagonizes H-NS repression by interrupting H-NS-DNA interaction, and
overexpressing motB up-regulates one-third of genes repressed by H-NS (Patterson-
West et al., 2021).

In other bacterial systems, H-NS functional analogues, including MvaT in
Pseudomonas and Lsr2 in actinomycetes, play similar roles to H-NS in organizing
chromosome structure and regulating gene expression (Qin et al., 2019).

1.5.2 MvaT in Pseudomonas

MvaT is the first H-NS-related protein identified in Pseudomonas (Tendeng et al.,
2003). In Pseudomonas aeruginosa, MvaT binds over 100 regions throughout the
chromosome and directly or indirectly impacts the expression of ~150 genes, including
genes involved in virulence and biofilm formation (Castang et al., 2008; Vallet et al.,
2004; Westfall et al., 2006). Like H-NS, MvaT contains a N-terminal dimerization domain
and a C-terminal DNA-binding domain connected by a disordered linker (Castang and
Dove, 2010). MvaT preferentially binds AT-rich sequences in a cooperative manner and
represses transcription by forming high-order oligomers (Castang and Dove, 2010; Qin et
al., 2020). Although MvaT belongs to the H-NS family, the two proteins share very low
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sequence similarity, especially in their C-terminal domains (Tendeng et al., 2003).
Specifically, H-NS binds DNA through interaction between a ‘QGR’ AT-hook-like motif
and the DNA minor groove, whereas MvaT lacks a ‘QGR’ motif, and instead binds DNA
by forming hydrogen bonds between an ‘AT-pincer’ motif (R80, G99 and N100) in the C-
terminus and DNA bases in the minor groove of double-stranded DNA (Duan et al.,
2021). Additionally, the C-terminal domain of MvaT contains six highly conserved lysine
residues that form a network that facilitates DNA binding by interacting with DNA
phosphate groups (Ding et al., 2015). This DNA-protein interaction mode provides MvaT
with higher tolerance towards GC-base pair insertions in its binding site (Ding et al.,
2015; Duan et al., 2021). Like H-NS, MvaT contains oppositely charged domains that can
interact with each other, and this electrostatic interaction is sensitive to salt
concentrations, leading to conformation changes of the MvaT dimer (Qin et al., 2020).
Under low salt conditions, one of the DNA-binding domain interacts with the N-terminal
domain, forming a ‘half-open’ structure that polymerizes and forms filaments along the
DNA; the interaction between the N- and C-terminal domains is prevented with
increasing concentrations of salt, transitioning the protein conformation from the ‘half-
open’ to a ‘fully-open’ state, which allows MvaT to bridge DNA (Qin et al., 2020). A
recent study found that bacteriophage proteins can also mediates MvaT protein
conformation changes. The Pseudomonas phage LUZ24 encodes a protein (gp4) that
inhibits MvaT binding to DNA and prevents its repression of LUZ24 genome expression
(Wagemans et al., 2015). Structural studies revealed that gp4 contains a coiled-coil
structure that prevents the formation of a ‘fully-open’ structure by binding the MvaT
dimerization domain and linker region, resulting in inhibition of the DNA-bridging
activity of MvaT (Bdira et al., 2021).

Like H-NS, transcription repression caused by MvaT can be alleviated via counter-
silencing. The P. aeruginosa pathogenicity island 1 (PAPI-1) is an integrative and
conjugative element that can be transferred to a recipient through conjugation
(Bellanger et al., 2014). The conjugative pilus required in horizontal transfer of PAPI-1 is
encoded by the pil2 operon, whose expression is repressed by MvaT binding at a
promoter region (Carter et al., 2010; Dangla-Pelissier et al., 2021). Two positive
regulators of the pil2 operon were identified from transposon mutagenesis: TprA, an
Arc-like protein, and NdpA2, a nucleoid-associated protein. Overexpressing TprA
activates pil2 operon, while NdpA2 functions in synergy with TprA but has no significant
effect when expressed alone (Dangla-Pelissier et al., 2021). Further evidence suggested
that NdpA2 may promote a conformation change of MvaT, which induces reorganization
of the DNA structure and allows TprA binding to the promoter (Dangla-Pelissier et al.,
2021).

1.5.3 Lsr2in actinomycetes
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Lsr2 is a small (~12 kDa) nucleoid-associated protein found in actinomycetes
(Gordon et al., 2010). Lsr2 is functionally equivalent to H-NS, and it was the first H-NS-
like protein to be identified in Gram-positive bacteria. Lsr2 is a global transcriptional
repressor that is organized into two functional domains —an N-terminal
dimerization/oligomerization domain and a C-terminal DNA binding domain (Gordon et
al., 2011; Kriel et al., 2018; Qin et al., 2019; Gehrke et al., 2019; Gordon et al., 2008).
Structural study on Lsr2 in Mycobacterium tuberculosis revealed that the N-terminal
domain of Lsr2 consists of one -strand followed by an anti-parallel -sheet formed by
two B-strands and one a-helix (Gordon et al., 2008; Summers et al., 2012). Two residues,
D28 and R45, are essential for dimerization, where they function to anchor the anti-
parallel B-sheet of one Lsr2 monomer to the a-helix of another monomer, resulting in a
4-stranded anti-parallel B-sheet in the Lsr2 dimer (Summers et al., 2012). Furthermore,
ten conserved residues (D11, D12, F25, Y32, 134, D35, L36, L44, L48 and W51) are
important for dimerization by connecting the B-sheet and a-helix via tertiary
hydrophobic and H-bonding interactions (Summers et al., 2012). The N-terminal domain
is also responsible for oligomerization. Each Lsr2 dimer has two single 3-strands that can
pair with B-strands of adjacent dimers to form oligomer. The formation and stabilization
of oligomers are mediated by polar interaction between Lys4, and the interactions are
prevented when the three N-terminus residues (Met1, Ala2 and Leu3) are present
(Summers et al., 2012). Further work showed that removing the three N-terminus
residues by proteolysis induces the formation of Lsr2 oligomerization and condensation
of DNA, suggesting the regulation of Lsr2 activity by post-translational modifications
(Summers et al., 2012; Kriel et al., 2018). Like H-NS, Lsr2 preferentially binds high AT-
content DNA through an AT-hook-like motif at the C-terminus, and silences gene
expression by bridging DNA or polymerizing along DNA, forming a rigid filament (Chen et
al., 2008; Gordon et al., 2008). The C-terminal domain of Lsr2 has two a-helices
connected by a loop, which contains a group of positively charged residues flanking a
highly conserved RGR motif (AT-hook-like). The RGR motif is responsible for the
electrostatic interaction between Lsr2 and the minor groove of double stranded DNA,
and mutating ‘RGR’ to ‘AGA’ completely abolished Lsr2 binding to DNA (Gordon et al.,
2010; Gordon et al., 2011).

In Mycobacterium, Lsr2 is a global repressor and binds to 21% and 13% of the
genome in M. tuberculosis and Mycobacterium smegmatis, respectively (Gordon et al.,
2010). It was initially believed that Isr2 was an essential gene because it could not be
deleted in M. tuberculosis (Summers et al., 2012). However, Isr2 was later deleted in M.
tuberculosis, suggesting it is only required under certain conditions (Bartek et al., 2014).
Specifically, Lsr2 is critical for adaptation to both high-oxygen and anerobic conditions,
and Lsr2 exerts its function by directly controlling a multitude of genes associated with
growth and survival in fluctuant oxygen environments (Bartek et al., 2014; Galagan et
al., 2013). Studies in M. tuberculosis and other Mycobacterium species revealed that
Lsr2 has pleiotropic effects on cellular processes, including colony morphology, biofilm
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formation, virulence and infection (Le Moigne et al., 2019; Kolodziej et al., 20213;
Kolodziej et al., 2021b; Bartek et al., 2014; Gordon et al., 2010).

Given the central role of Lsr2 in controlling gene expression, it is important to
understand the regulation of Lsr2 activity. A recent study reported that cholesterol
metabolism in M. tuberculosis is controlled by Lsr2 and Rv0081, a transcriptional
regulator (Lata et al., 2022). Lsr2 inhibits transcription of the genes involved in
cholesterol degradation and transport by directly binding to their intragenic regions;
Rv0081 is required for cholesterol utilization when growing on media with cholesterol as
sole carbon source, and Rv0081 facilitates cholesterol metabolism by binding to the
promoter of Isr2 and repressing Isr2 expression (Lata et al., 2022). Like H-NS, Lsr2
repression can be alleviated through counter-silencing, and this has been reported in M.
tuberculosis with respect to regulation of iron metabolism (Kurthkoti et al., 2015). bfrB
encodes a ferritin in M. tuberculosis, and its promoter activity is regulated by Lsr2 and
the Fe-dependent transcriptional regulator IdeR. Lsr2 binds directly to the promoter of
bfrB thereby preventing its transcription. In Fe-rich conditions, IdeR is activated upon
iron binding and alleviates Lsr2 repression by binding directly at the promoter of bfrB.
However, whether this counter-silencing process happens via direct binding competition
or enhancing RNA polymerase activity remains unclear (Kurthkoti et al., 2015).

In Corynebacterium glutamicum, CgpS is a prophage-encoded Lsr2-like protein
which primarily binds horizontally-acquired DNA and plays an essential role in silencing
cryptic prophage elements and repressing prophage activity (Pfeifer et al., 2016).
Consistent with other H-NS-like proteins, CgpS preferentially binds AT-rich sequences
(Pfeifer et al., 2016). Repression caused by CgpS can be alleviated by the GntR regulator
through counter-silencing, where GntR disrupts Cgp$S binding at promoter regions
through binding to engineered operator sites (Wiechert et al., 2020a; Wiechert et al.,
2020b).

In Streptomyces, Lsr2 is a global repressor controlling the production of
antibiotics and other specialized metabolites (Gehrke et al., 2019). Previous work from
our lab has shown that Isr2 is essential to S. coelicolor, but it can be deleted in S.
venezuelae (Gehrke et al., 2019). Deletion of Isr2 does not have a dramatic effect on
growth in S. venezuelae. RNA-seq data from the /sr2 deletion strain has revealed that in
the absence of Isr2, there are significant increases in the expression of six biosynthetic
clusters (>80% of the cluster), where five of these clusters were not expressed in the
wild type. Notably, half of the genes whose expression is affected by Lsr2 are associated
with specialized metabolism (Gehrke et al., 2019). Additionally, antibiotic bioassays
performed with extracts from S. venezuelae wild type and Isr2 deletion strains showed
that deleting Isr2 enhances the production of antibiotics (Gehrke et al., 2019).
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1.6 Post-translational modifications of histone proteins and nucleoid-associated
proteins

1.6.1 Post-translational modifications of histone proteins in eukaryotes

In eukaryotes, DNA is wrapped around histone proteins and is condensed into
chromatin in the nucleus. Nucleosomes are the basic subunit of chromatin, and they
consist of 146-147 bp of DNA wrapped around a histone octamer, which itself is
composed of two copies of each of the core histones H2A, H2B, H3 and H4 (Luger et al.,
1997; Alva et al., 2007). Nucleosomes are separated by 10 — 60 bp of linker DNA, and
ultimately adopt a ‘beads-on-a-string’ arrangement. All four core histones have a highly
conserved ‘helix-turn-helix-turn-helix’ motif that recognizes specific DNA sequences, as
well as a long amino-terminal ‘tail’ domain that promotes histone-histone interaction
and the formation of higher-level structures (Alva et al., 2007). In addition to organizing
DNA, histones play role in cellular processes including gene regulation, DNA repair,
chromosome condensation and spermatogenesis, in response to diverse post-
translational modifications. Post-translational modifications happen predominantly but
not exclusively, within the histone N-terminal domain (Peterson and Laniel, 2004;
Bannister and Kouzarides, 2011).

Histone acetylation occurs on lysine residues, and this is controlled by the
opposing activities of two families of enzymes: histone acetyltransferases and histone
deacetylases (Dawson et al., 2012; Allfrey et al., 1964). Acetylation by histone
acetyltransferases neutralizes the positive charge of lysine and weakens the interaction
between histones and DNA (Bowman et al., 2016; Bannister and Kouzarides, 2011;
Parthun, 2007). Histone deacetylases have the opposite effects, in that they stabilize
DNA binding by histones, and repress transcription by restoring the positive charge to
lysine (Yang and Seto, 2007). In addition to acetylation, histones are also subject to
phosphorylation. Histone phosphorylation on serine, threonine and tyrosine residues is
modulated by dedicated kinases and phosphatases (Bannister and Kouzarides, 2011; Ito,
2007). Histone kinases add negative charges to target residues specifically within the N-
terminal tail of histones. This action has the potential to decrease the binding affinity of
histones for DNA and in doing so, to change chromatin architecture (Bowman et al.,
2016). Histones can also be methylated by methyltransferases and demethylases. These
enzymes target the side chains of lysine and arginine (Bannister and Kouzarides, 2011),
and their methylation is associated with transcriptional regulation and chromosome
condensation (Miller and Grant, 2013).

1.6.2 Post-translational modifications of nucleoid-associated proteins in bacteria

Post-translational modifications of histones have been well-studied for more
than 30 years. In bacteria, however, equivalent processes have only recently started to
be the focus of serious investigation, with the vast majority of studies to date focussing
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on nucleoid-associated proteins from Gram-negative bacteria (H-NS, HU and Fis) (Dilweg
and Dame, 2018). Post-translational modifications of nucleoid-associated proteins can
affect both DNA-protein and protein-protein interactions, depending on the
modification site (Dilweg and Dame, 2018). While post-translational modification of
proteins is common in bacteria, the environmental triggers and the protein-modifying
enzymes remains to be characterized in most cases. Phosphorylation of Ser45, Ser98 and
Tyr99 enhance the interaction of H-NS and Mg?*, leading to the ‘open’ conformation and
DNA bridging being favoured (Dilweg and Dame, 2018; Hansen et al., 2013; Lin et al.,
2015). A study of H-NS in Salmonella revealed that phosphorylation of Thrl3 reduces H-
NS dimerization and moderately relieves H-NS repression of PhoP/PhoQ-dependent
genes (Hu et al., 2019).

Little is known about post-modifications of Lsr2. A phosphoproteomics screen in
S. coelicolor revealed that the main targets of serine/threonine/tyrosine
phosphorylation are proteins involved in sporulation and transcriptional regulation,
including Lsr2, which was phosphorylated on Thr78; however, the mechanisms proteins
involved these processes remain uncharacterized (Manteca et al., 2011). A study in M.
tuberculosis showed that Lsr2 can be phosphorylated at four threonine residues (Thrs,
Thr22, Thr31 and Thr112), and phosphorylation at theses residues decreases the affinity
of Lsr2 for DNA (Algaseer et al., 2019). Furthermore, phosphorylation at Thr112 is
important for M. tuberculosis growth under hypoxia conditions (Alqaseer et al., 2019).
These observations collectively suggest that nucleoid-associated protein modification
represents a new — largely unexplored — level in the control of gene expression in
bacteria.

1.7 Outline of this study

In Streptomyces, the expression of many antibiotic biosynthetic clusters is
controlled by both pathway-specific regulators and more globally-acting regulators;
however, there is much that remains to be discovered about the regulators that govern
antibiotic production. We have established that the histone-like protein Lsr2 represses
antibiotic cluster expression. To understand how this repression is achieved, we
focussed our attention on one gene cluster that directs the production of the antibiotic
chloramphenicol. We established that Lsr2 shuts down cluster expression by binding
DNA at sites both within the cluster and at flanking sites outside of the cluster, and that
this repressive effect can be alleviated by a chloramphenicol-specific regulator. These
findings suggest that manipulating Lsr2 activity has the potential to promote the
expression of antibiotic clusters. This work is described in Chapter 2 and was published
in mBio in 2021 (Zhang et al., 2021). To understand how Lsr2 activity is controlled within
Streptomyces cells, we examined post-translational modification of Lsr2 in S. venezuelae
and identified interacting partners that could impact Lsr2 regulatory activity. This work is
described in Chapter 3. Beyond Lsr2, we wanted to develop a comprehensive
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understanding of those regulatory proteins that impact biosynthetic gene cluster
expression. To define the regulatory protein occupancy of antibiotic clusters (and
chromosome-wide), we used ‘in vivo protein occupancy display-high resolution’ (IPOD-
HR) technology. This work will lay the foundation for establishing a regulatory network
map for biosynthetic clusters in Streptomyces, and guide future work aimed at
stimulating the expression of metabolic clusters of interest in any Streptomyces species.
This work is described in Chapter 4.
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CHAPTER 2: INTERPLAY BETWEEN NUCLEOID-ASSOCIATED PROTEINS AND
TRANSCRIPTION FACTORS IN CONTROLLING SPECIALIZED METABOLISM IN
STREPTOMYCES

Xiafei Zhang, Sara N. Andres, Marie A. Elliot

Preface:

This chapter was published in the mBio in 2021 (Zhang et al., 2021). Dr. Sara N. Andres
(Biochemistry and Biomedical Sciences, McMaster University) assisted with atomic force
microscopy data collection and analyses. | performed all other experiments.
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2.1 Abstract (Chapter Summary)

Lsr2 is a small nucleoid-associated protein found in actinomycetes. Lsr2 functions
similarly to the well-studied H-NS, in that it preferentially binds AT-rich sequences and
represses gene expression. In Streptomyces venezuelae, Lsr2 represses the expression of
many specialized metabolic clusters, including the chloramphenicol antibiotic
biosynthetic gene cluster, and deleting Isr2 leads to significant upregulation of
chloramphenicol cluster expression. We show here that Lsr2 likely exerts its repressive
effects on the chloramphenicol cluster by polymerizing along the chromosome and by
bridging sites within and adjacent to the chloramphenicol cluster. CmIR is a known
activator of the chloramphenicol cluster, but expression of its associated gene is not
upregulated in an Isr2 mutant strain. We demonstrate that CmIR is essential for
chloramphenicol production, and further reveal that CmIR functions to “counter-silence”
Lsr2’s repressive effects by recruiting RNA polymerase and enhancing transcription, with
RNA polymerase effectively clearing bound Lsr2 from the chloramphenicol cluster DNA.
Our results provide insight into the interplay between opposing regulatory proteins that
govern antibiotic production in S. venezuelae, which could be exploited to maximize the
production of bioactive natural products in other systems.

2.2 Introduction

Streptomyces species are renowned for their complex life cycle and their ability
to produce a wide range of medically useful specialized metabolites, including over two-
thirds of the antibiotics in clinical use today. Genome sequencing has revealed that most
Streptomyces spp. encode 25 to 50 specialized metabolic clusters (Lee et al., 2020;
Belknap et al., 2020; Doroghazi and Metcalf, 2013); however, the vast majority of their
associated products have yet to be identified. Many of these clusters’ genes are poorly
transcribed, and consequently, their resulting products have never been detected under
laboratory conditions (Gehrke et al., 2019; Yoon and Nodwell, 2014; Zhang et al., 2019).
These “cryptic” and “silent” clusters have the potential to produce an impressive array
of novel antibiotics (Lee et al., 2020; Xu et al., 2017; Hoshino et al., 2019), and activating
their expression is one of the keys to facilitating new antibiotic discovery.

In Streptomyces, specialized metabolic clusters are controlled by multiple factors.
These include cluster-situated regulators (encoded within their cognate biosynthetic
gene clusters) that govern metabolite synthesis by directly binding promoter regions in
their associated cluster. Pleiotropic regulators have also been implicated in antibiotic
control; these are usually encoded elsewhere on the chromosome and affect the
expression of multiple biosynthetic clusters (Bibb, 2005). In recent years, nucleoid-
associated proteins have also been found to influence the expression of specialized
metabolic clusters (Gehrke et al., 2019; Gao et al., 2012; Swiercz et al., 2013; Yang et al.,
2012).
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Historically, nucleoid-associated proteins function to promote chromosome
organization; however, they can also impact activities like DNA replication, transcription,
and chromosome segregation (Badrinarayanan et al., 2015; Song and Loparo, 2015;
Szafran et al., 2020). H-NS (histone-like nucleoid-structuring protein) is one of the best-
studied nucleoid-associated proteins. It is, however, found in only a subset of Gram-
negative bacteria, where it preferentially binds and spreads along and/or bridges distal
high-AT-content DNA, compacting the chromosome and/or silencing gene expression
(Song and Loparo, 2015; van der Valk et al., 2017; Qin et al., 2020; Qin et al., 2019;
Shahul Hameed et al., 2019). The resulting DNA filaments and/or DNA bridges formed by
H-NS have the potential to affect gene expression by trapping RNA polymerase and
repressing transcription, or by excluding RNA polymerase from promoter regions.

In the streptomycetes, H-NS-like proteins play important roles in regulating
antibiotic production. The H-NS-equivalent protein in these bacteria is termed Lsr2, and
it is conserved in actinomycetes (Szafran et al., 2020; Gordon et al., 2010). Like H-NS,
Lsr2 is a global repressor that preferentially binds high AT-content DNA (Gehrke et al.,
2019; Gordon et al., 2010; Chen et al., 2008) and, based on work with the mycobacterial
protein, is predicted to silence gene transcription by bridging or oligomerizing along the
DNA (van der Valk et al., 2017; Qin et al., 2020; Gordon et al., 2010). Deleting Isr2 in
Streptomyces venezuelae leads to significantly upregulated gene expression in a majority
of specialized metabolic biosynthetic clusters, including many otherwise cryptic clusters
that are not expressed in a wild type background (Gehrke et al., 2019). This suggests that
Lsr2 functions to broadly repress specialized metabolism in Streptomyces species.

To better understand how Lsr2 repression is both exerted and alleviated in the
streptomycetes, we focused our attention on the chloramphenicol biosynthetic cluster.
Previous work revealed that loss of Lsr2 results in a dramatic increase in the expression
of the chloramphenicol biosynthetic genes, and this effect seems to be a direct one, as
an Lsr2 binding site was identified within the gene cluster (Gehrke et al., 2019) (Figure
2.1). The chloramphenicol biosynthetic cluster comprises 16 genes (sven0913 to
sven0928), with sven0913/cmIR encoding a pathway-specific transcriptional activator
(Fernandez-Martinez et al., 2014). Here, we show that Lsr2 binding to the cluster-
internal site, and to an upstream adjacent sequence, leads to Lsr2 polymerization along
the DNA and can promote bridging between these two regions. This binding activity
limits chloramphenicol production, presumably through the repression of cluster
transcription. Lsr2 repression can be relieved through the action of CmIR, which
functions as a counter-silencer of Lsr2 activity and is essential for chloramphenicol
production. CmIR appears to exert its activity not by competing with Lsr2 for binding but
instead by promoting cluster transcription, where the action of RNA polymerase serves
to clear Lsr2 from the DNA, alleviating cluster repression.

2.3 Results
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2.3.1 Antibiotic production is impacted by Lsr2 binding to sites adjacent to the
chloramphenicol cluster

Lsr2 represses the expression of the majority of genes in the chloramphenicol
biosynthetic cluster (Gehrke et al., 2019) (Figure 2.1A). Intriguingly, the only Lsr2 binding
site within the cluster was in the coding sequence of a gene (sven0926) located at the 3’
end of the cluster (Gehrke et al., 2019) (Figure 2.1A). We revisited our chromatin
immunoprecipitation sequencing (ChlP-seq) data (Gehrke et al., 2019) and noted that
there was a second Lsr2 binding site upstream of the cluster, spanning the genes
sven0904 and sven0905 (referred to here as sven0904-0905), where sven0904 is
predicted to encode a solute binding transport lipoprotein and sven0905 is predicted to
encode a short-chain oxidoreductase (Figure 2.1A). We first set out to validate Lsr2
binding to both internal and upstream sites using electrophoretic mobility shifts assays
(EMSAs). We found Lsr2 had a much higher affinity for sven0904-0905 and sven0926
probes than for a negative-control sequence (within sven3556, which was not bound by
Lsr2 in our previous ChIP-seq experiments), confirming the specific binding of Lsr2 to
these sites within and adjacent to the chloramphenicol cluster (Figure 2.1B).

Given the functional similarity shared by Lsr2 and H-NS, we hypothesized that
Lsr2 may exert its repressive effects in a manner analogous to that of H-NS, by
polymerizing along the DNA and/or bridging distant DNA regions. We considered three
mechanisms by which Lsr2 could repress transcription of the chloramphenicol cluster: (i)
Lsr2 could bind within sven0926 and polymerize along the chromosome, repressing
expression of the flanking gene clusters; (ii) Lsr2 could bind to both sven0904-0905 and
sven0926 sites and interact to bridge these sequences and alter the structure of the
intervening DNA,; or (iii) Lsr2 could both polymerize along the DNA and bridge these
disparate sequences. We expected that if Lsr2 repressed transcription of the
chloramphenicol cluster by polymerizing only from the sven0926 binding site, then the
sven0904-0905 binding site would be dispensable for Lsr2 repression, and this region
would have no effect on chloramphenicol production. If, however, Lsr2 repression was
mediated by bridging these two sites (sven0926 and sven0904-0905), or both
polymerizing along the DNA and bridging these two regions, then deleting the
upstream/cluster-adjacent binding site would relieve cluster repression and yield
increased chloramphenicol levels relative to the wild type strain.
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Figure 2.1: Lsr2 binding sites and effect on transcription of the chloramphenicol
biosynthetic cluster. (A) (Top) RNA-seq analysis of gene expression within and upstream
of the chloramphenicol biosynthetic cluster in wild type and /sr2 mutant strains. Blue
reads (and gene arrows) map to the reverse strand, and pink reads (and gene arrows)
map to the forward strand; red arrow indicates cmIR, the pathway-specific regulator-
encoding gene. (Bottom) ChIP-seq analysis of Lsr2 binding sites (using a FLAG-tagged
Lsr2 variant), alongside a negative control (expressing untagged Lsr2). Red asterisks
indicate statistically significant Lsr2 binding sites at sven0904-sven0905 and within
sven0926. (B) EMSAs probing Lsr2 binding to sites within and adjacent to the
chloramphenicol biosynthetic cluster. Increasing concentrations of Lsr2 (0 to 500 nM)
were combined with 1 nM labeled sven0904-0905 (upstream/adjacent), sven0926
(internal), or sven3556 (negative control) probes. The results are representative of two
independent biological replicates.

To probe these different scenarios, we compared chloramphenicol production by
wild type and Alsr2 strains, alongside a A0904-0905 mutant (where the deletion
encompassed the entire coding regions of both sven0904 and sven0905) and a double
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Alsr2A0904-0905 mutant strain using liquid chromatography—mass spectrometry (LC-
MS). LC-MS analyses revealed that, relative to the wild type, deleting sven0904-0905 led
to a significant increase (~4-fold) in chloramphenicol production, while deleting both Isr2
and sven0904-0905 led to an ~13-fold increase in chloramphenicol production, which
was similar to the production levels of the Alsr2 mutant alone (~11-fold) (Figure 2.2).
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Figure 2.2: Deleting sven0904-0905 from the chromosome increased chloramphenicol
production. sven0904-0905 were deleted in wild type and Alsr2 backgrounds, and LC-
MS analyses were performed on the resulting strains after 2 days’ growth in liquid
culture, to quantify changes in chloramphenicol production relative to the wild type.
Error bars represent standard deviations for three independent biological replicates. *,
P<0.05; ***, P<0.005; ns, no significant difference.

These results were consistent with a possible role for the sven0904-0905 site in
repressing chloramphenicol production through Lsr2 bridging between this site and the
internal binding site. It was, however, formally possible that the products of these two
upstream genes negatively influenced chloramphenicol production. To test this second
possibility, we sought to complement the sven0904-0905 mutant strains by cloning the
operon containing wild type sven0904-0905 into the integrating plasmid vector pMS82.
We reasoned that reintroducing these genes on a plasmid vector that integrated at an
independent site in the chromosome should restore wild type levels of chloramphenicol
production if their products were important for antibiotic production, whereas no
complementation of the mutant phenotype was expected if the locus position was
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critical for cluster repression. We introduced the complementation construct into the
mutant strains alongside the empty plasmid as a control (in both mutants and the wild
type) and assessed chloramphenicol production by these different strains.
Complementing the mutants (A0904-0905 and Alsr2A0904-0905) with the sven0904-
0906 operon failed to restore production levels to that of the empty plasmid-containing
wild type and Alsr2 strains (Figure 2.3). This suggested that the position of the sven0904-
0905 locus on the chromosome (and its associated Lsr2-binding site) — and not the
function of the SVEN0904 and SVENQ905 gene products — may be important for
controlling chloramphenicol production.
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Figure 2.3: Complementing sven0904-0905 failed to restore chloramphenicol
production. sven0904-0905 was deleted in wild type and Alsr2 backgrounds, and the
operon was re-introduced into the mutant strains on an integrating plasmid vector
(+0904-05). LC-MS analyses were performed to quantify changes in chloramphenicol
production, relative to empty plasmid-containing wild type and /sr2 mutant strains. Error
bars represent standard deviation for three independent biological replicates, with ns
indicating differences that were not statistically significant (comparisons with other
strains were not statistically assessed).

2.3.2 Lsr2 binding leads to polymerization along the DNA and bridging between sites
upstream and within the chloramphenicol cluster

To explore the potential bridging capabilities of Lsr2, we employed atomic force
microscopy (AFM). The two chloramphenicol cluster-associated Lsr2 binding sites are
separated by 24 kb, which would be larger than ideal for use in AFM experiments. We
initially opted to bring these two binding sites closer together, such that there was ~1 kb
separating the core binding sites (giving a total DNA fragment length of 2,919 bp). Lsr2
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was then added, and the resulting products were visualized. If DNA bridging was the sole
mechanism by which Lsr2 exerted its regulatory activity, we expected to see a loop
formed between the Lsr2 binding sites at either end of the DNA fragment. However, we
failed to detect any loop structures and instead observed only DNA molecules that had
been coated and compacted by Lsr2, suggesting that Lsr2 could polymerize along the
DNA under these in vitro conditions.

To better assess the bridging potential of Lsr2, we added an extra 1 kb of
sequence between the two Lsr2 binding sites, to give a DNA fragment of ~4 kb. Using
AFM, we compared the length of the DNA alone with that of DNA mixed with Lsr2. For
the DNA-alone experiments, we needed to supplement the binding buffer with Ni?* to
facilitate DNA adherence to the mica slide used for the AFM experiments; Ni?* was not
added to the Lsr2-containing samples, as it disrupted DNA binding by Lsr2. For the DNA-
alone controls, we observed linear DNA molecules (Figure 2.4A and B), with an average
length of 1,273.7 nm (n = 71) (Figure 2.4B and C), consistent with the expected length of
1,200 nm for a 4-kb DNA molecule. In the presence of 250 nM Lsr2, looped molecules
were identified alongside linear-appearing DNA-Lsr2 complexes (n = 54) (Figure 2.4A
and B). For the linear-appearing DNA-Lsr2 complexes, Lsr2 polymerization was apparent
at one end of the DNA, but no obvious bridging was observed. In contrast, loop
structures appeared to result from Lsr2 bridging the two distal regions. Notably, Lsr2
polymerization was also typically observed at each bridging site, where the loop
appeared to have been “zipped up” (Figure 2.4A). The lengths of both the looped and
linear DNA-Lsr2 complexes were measured in the presence of 250 nM Lsr2, and the
mean value was found to be 845.7 nm (n = 54) (Figure 2.4B and C). To ensure that these
changes in DNA structure and length stemmed from specific Lsr2 binding and
oligomerization and not simply DNA folding back on itself, the height of the observed
DNA-alone molecules and Lsr2-bound regions were measured; it was expected that Lsr2
binding to DNA would result in a minimum 3-fold increase in height. The mean values of
the height of DNA alone and Lsr2-bound regions were 0.23 nm (n=71) and 1.15 nm
(n=36), respectively (Figure 2.4B and C). To further confirm that these DNA structures
were the result of specific Lsr2 binding, equivalent experiments were performed using a
4.5 kb DNA fragment that lacked Lsr2 binding sites, based on our previous ChlP-seq
analyses (Gehrke et al., 2019). As expected, DNA alone adopted a linear configuration.
However, under the conditions used for Lsr2 binding, we consistently failed to detect
any DNA, suggesting that Lsr2 was unable to specifically associate with this DNA
fragment and tether the DNA to the slide (Figure 2.5). In all, the AFM results suggested
that Lsr2 could polymerize along the DNA and had the capacity to bridge disparately
positioned sites (at least 4 kb apart) and polymerize toward each binding site. These
collective actions may serve to downregulate chloramphenicol production by limiting
RNA polymerase access/activity within the chloramphenicol biosynthetic cluster in S.
venezuelae.
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Figure 2.4: Lsr2 binds specific target sequences and can both form polymers along the
DNA, and bridge binding sites. (A) (Top) AFM images of engineered (target) DNA
molecules with two Lsr2 binding sites on either end. (Bottom) AFM images of 0.5 nM
target DNA plus 250 nM Lsr2. White arrows indicate linear DNA molecules; orange
arrows indicate looped structures. (B) lllustration of how length and height
measurements of DNA alone and Lsr2-bound regions were taken. (C) (Left) Frequency
distribution of length of Lsr2-bound/unbound DNA molecules. n=71 for DNA only and 54
for DNA plus Lsr2. (Right) Frequency distribution of mean height of DNA alone
(frequency axis on the left) and Lsr2-bound regions (frequency axis on the right). n=71
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for DNA alone and 36 for Lsr2-bound regions. Data are means and standard deviations,
calculated from nonlinear Gaussian fit.

Negative control
(non-target)

Lsr2-target DNA
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Figure 2.5: Comparing Lsr2 binding to engineered target DNA (two Lsr2 binding sites)
and negative control (no Lsr2 binding sites) DNA. Top: AFM images of Lsr2 target-
containing DNA (sven0904-0905-0926) and negative control DNA (sven7031) molecules
with nickel added to the buffer. Middle: AFM images of 0.5 nM DNA + 250 nM Lsr2,
without nickel added to the buffer. Bottom: AFM image of 250 nM Lsr2, without nickel
added to the buffer. The figure shows representative images from three independent
experiments.
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2.3.3 The pathway-specific regulator CmiR is essential for chloramphenicol production

We next set out to understand how the cluster-situated regulator CmIR impacted
chloramphenicol production. Our previous RNA sequencing results had revealed that the
expression of most genes in the chloramphenicol biosynthetic cluster was significantly
increased in the absence of Lsr2. A notable exception, however, was cmIR (sven0913),
whose transcript levels were consistent in both wild type and /sr2 mutant strains (Figure
2.1A). Consequently, we wondered whether CmIR might function simply to relieve Lsr2
repression and whether it was dispensable for cluster expression in the absence of Lsr2.

To test this hypothesis, we sought to determine the relative importance of CmIR
in wild type and Isr2 mutant strains of S. venezuelae. We created strains in which cm/R
was deleted from the chromosome and in which it was overexpressed from a strong,
constitutive (ermE*) promoter on an integrating plasmid in both wild type and /sr2
mutant strains. We then tested chloramphenicol production levels in these different
strains using LC-MS analyses. In these experiments, we found that deleting Isr2 led to an
~8-fold increase in chloramphenicol production relative to the wild type and that
deleting cmIR abolished chloramphenicol production in all strains. This suggested that
CmIR was critical for chloramphenicol biosynthesis beyond simply relieving Lsr2
repression. Consistent with this observation, we found that overexpressing cm/R led to a
massive increase in chloramphenicol production in wild type strains (102-fold increase
relative to plasmid-alone controls), while overexpressing CmIR in the absence of Lsr2 led
to even higher chloramphenicol levels (134-fold increase) (Figure 2.6). These results
suggested that CmlIR activity was essential for stimulating chloramphenicol production.
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Figure 2.6: CmIR is required for chloramphenicol production in S. venezuelae. LC-MS
analyses of changes in chloramphenicol production, relative to wild type, are plotted on
a logarithmic graph. Gray, wild type background; black, Alsr2 background. N/D, not
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detected. Error bars represent standard deviations for two independent biological
replicates.

2.3.4 CmIR binds to a divergent promoter region in the chloramphenicol biosynthetic
cluster

To begin to understand how CmIR exerted its regulatory effects within the
chloramphenicol cluster, we examined its DNA binding capabilities. CmIR shares 44%
amino acid sequence identity with StrR (Fernandez-Martinez et al., 2014). which is the
pathway-specific activator of the streptomycin biosynthetic gene cluster in Streptomyces
griseus (Tomono et al., 2005). The StrR target sequence is well-established (5'-
GTTCGACTGN11:CAGTCGAAC-3') (Tomono et al., 2005), and so we searched for similar
sequences in the intergenic/promoter-containing regions of the chloramphenicol
cluster. We identified a potential binding site for CmIR between the sven0924 and
sven0925 promoters, upstream of the Lsr2 binding site within sven0926 (Figure 2.7A). To
test whether CmIR specifically bound this sequence, we conducted EMSAs using the
predicted binding site as a probe. We found that CmIR directly bound the promoter
region with high affinity (Figure 2.7B). We confirmed binding specificity using the
promoter of a gene outside the chloramphenicol cluster (sven5133); there was no
binding to this DNA fragment when equivalent concentrations of CmIR were used
(Figure 2.7B). This implied that CmIR specifically bound a site between the promoters
driving the sven0924- and sven0925-associated operons.

2.3.5 CmIR alleviates Lsr2 repression within the chloramphenicol biosynthetic cluster

Given the relative proximity of the CmIR and Lsr2 binding sites within the
chloramphenicol cluster, and that CmIR overexpression appeared to overcome Lsr2-
mediated repression of cluster expression, we wanted to determine whether CmiIR could
act to counter-silence the repressive effects of Lsr2. To address this possibility, we
tested whether overexpressing CmIR reduced Lsr2 binding within the chloramphenicol
cluster. We introduced our Lsr2-FLAG-tagged expression construct into the Isr2 cmIR
double- mutant strain and into an /sr2 mutant strain overexpressing CmIR. Using ChIP to
capture DNA sequences bound by Lsr2-FLAG, we then used quantitative PCR (qPCR) to
compare the relative amount of target DNA (sven0926) bound by Lsr2 in strains lacking
or overexpressing CmIR. To ensure that any CmIR-mediated effects were specific to Lsr2
binding within the chloramphenicol cluster, we also assessed Lsr2 binding to another
validated Lsr2-binding site positioned outside the chloramphenicol cluster (sven6264),
alongside negative-control sequences not bound by Lsr2 (based on previous ChIP
experiments) (Gehrke et al., 2019).
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Figure 2.7: CmIR binds promoter regions within the chloramphenicol biosynthetic
cluster. (A) (Top) Transcription start sites mapped for the sven0924 and sven0925
operons, as determined using differential RNA sequencing. (Middle) Schematic diagram
showing the predicted CmIR binding site (red bar) within the divergent promoter region
upstream of sven0924 and sven0925 and the Lsr2 binding site (gray bar) within
sven0926. The predicted CmIR binding sequence is shown below, together with the
analogous StrR binding sequence. Blue reads (and blue arrows) map to the reverse
strand; orange reads (and orange arrows) map to the forward strand. (B) EMSA using 1
nM labeled sven0924-0925 or sven5133 (negative control) promoter regions as probes,
together with increasing concentrations (0 to 150 nM) of purified CmIR. Results are
representative of two independent mobility shift assays.

Overexpressing CmIR reduced the levels of sven0926 bound by Lsr2 by 40%,
while deleting cmIR resulted in >100% increase in sven0926 bound by Lsr2, relative to
that bound by Lsr2 in the presence of wild type levels of CmIR (Figure 2.8).
Overexpressing and deleting cmIR had no obvious effects on the abundance of either the
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external Lsr2 target sven6264 or the negative-control sequence. Taken together, these
findings indicated that CmlIR activity could influence Lsr2 binding within the
chloramphenicol biosynthetic cluster and, in doing so, had the potential to counter the
repressive effects of Lsr2.
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Figure 2.8: CmIR levels affect Lsr2 binding. (A) ChIP-qPCR quantification of the relative
abundance of sven0926, sven6264 (Lsr2-binding site positioned outside the
chloramphenicol cluster), and sven4440 (negative control; not bound by Lsr2 in ChIP
experiments) bound by Lsr2, in a strain with and without cmIR (black and gray bars,
respectively). (B) qPCR analysis of ChIP DNA samples, quantifying the relative abundance
of sven0926, sven6264, and sven3885 (negative control; not bound by Lsr2 in ChIP
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experiments) in a strain with wild type cmIR (black bars) versus a cmIR overexpression
(O/E) strain (gray bars). For both panels A and B, error bars represent standard errors of
the means, for technical triplicate and biological duplicate samples.

2.3.6 CmIR alleviates Lsr2 repression by enhancing transcription

How CmIR impacted Lsr2 binding was not immediately obvious. We hypothesized
that CmIR functioned to recruit RNA polymerase and that the act of transcription
disrupted the Lsr2 polymers/bridges, thus relieving Lsr2 repression (the CmIR binding
site is immediately upstream of the 0925 promoter region) (Figure 2.7). To test this
possibility, we assessed whether inhibiting transcription affected Lsr2 binding, taking
advantage of the fact that RNA polymerase (and correspondingly transcript elongation)
could be inhibited by the antibiotic rifampicin (Campbell et al., 2001; Chen et al., 2015).
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Figure 2.9: Inhibiting transcription enhances Lsr2 binding to its sven0926 target site.
The relative abundance (fold change) of Lsr2-targeted sven0926 in rifampicin-treated
(and untreated) cmIR overexpression strains was compared using qPCR, with ChIP-DNA
samples as the template. Error bars represent the standard errors of the means, for
technical triplicates and biological duplicates. **, P<0.01.

Using a strain expressing the FLAG-tagged Lsr2 protein and overexpressing CmIR,
we performed ChIP experiments after a 10-min exposure to rifampicin. In parallel, ChIP
experiments were done using an untreated control strain. We quantified and compared
the levels of sven0926 bound by Lsr2, both with and without rifampicin treatment, using
gPCR. We knew that overexpressing CmIR reduced the levels of sven0926 bound by Lsr2
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(Figure 2.9). Thus, we hypothesized that if CmIR alleviated Lsr2 binding and cluster
repression by recruiting RNA polymerase and enhancing transcription, then inhibiting
RNA polymerase activity would lead to increased Lsr2 binding to sven0926. We found
that adding rifampicin to a CmIR-overexpressing strain led to a >500% increase in the
amount of sven0926 bound by Lsr2, relative to untreated controls. This suggested that
CmiIR relieved Lsr2 silencing by recruiting RNA polymerase, and the resulting increase in
transcription served to remove Lsr2 polymers from the chromosome and/or disrupt Lsr2
bridges.
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Figure 2.10: Enhancing transcription overcomes the repressive effects of Lsr2. (A)
Schematic diagram illustrating the gus reporter construct design. Top: The CmIR binding
site, sven0925 promoter and downstream sven0925-0926 coding sequence was cloned
upstream of the promoterless gusA. Bottom: a constitutive promoter, ermE*, replaced
the CmIR binding site and sven0925 promoter, upstream of the sven0925 0926 coding
sequence in the promoterless gusA reporter construct. (B) The constructs from (A) were
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tested in wild type and Alsr2 backgrounds. As a negative control, the promoterless gusA
construct was introduced into both backgrounds. Error bars represent standard
deviation of the mean, for biological triplicate samples. * indicates p<0.05.

To further test the proposed mechanism of CmIR-mediated counter-silencing of
Lsr2 activity, we explored the effects of CmIR using a simplified system in which Lsr2
repression could be exerted only by polymerizing along the chromosome. We employed
a transcriptional reporter system and fused two distinct promoter constructs to the
gusA (B-glucuronidase-encoding) reporter gene (Figure 2.10A). The first contained the
CmIR binding site and promoter for sven0925 and extended through to the downstream
Lsr2 binding site (within sven0926). The second construct was the same, only with the
CmIR binding site and sven0925 promoter replaced with the constitutive erme*
promoter. These two reporter constructs were introduced into wild type and Isr2
mutant strains on an integrating plasmid vector, in parallel with a promoterless plasmid
control. The active ermE* promoter led to significantly increased B-glucuronidase
activity in the wild type background relative to the CmIR-controlled promoter,
suggesting reduced Lsr2 repression. In contrast, in an Alsr2 background, B-glucuronidase
activity did not differ significantly for the two reporter constructs, although we note that
(for unknown reasons) the activity of the negative control was higher in this background
(Figure 2.10). Collectively, these results, when taken together with the results of the
assays described above, suggested that Lsr2 repression could be alleviated by enhancing
transcription.

2.4 Discussion

Lsr2 plays a pivotal role in repressing specialized metabolism in Streptomyces
species (Gehrke et al., 2019), yet it is assumed that many of these specialized metabolic
clusters must be expressed under specific circumstances. Here, we probed the
mechanistic basis underlying Lsr2 repression of the chloramphenicol biosynthetic cluster
in S. venezuelae and found that it appears to function by polymerizing along the
chromosome and bridging sites within and adjacent to the biosynthetic cluster. We
further explored how Lsr2 repression was alleviated and identified a key counter-
silencing function for the cluster-situated regulator CmIR, which enhances transcription,
leading to RNA polymerase effectively clearing Lsr2 from the chromosome (Figure 2.11).

Unlike most transcription factors, nucleoid-associated proteins typically bind
DNA with low affinity and/or specificity, and this is consistent with our observations,
where we found that CmIR bound its target sequences with far greater affinity than Lsr2.
To date, the counter-silencing of nucleoid-associated protein-mediated repression has
been best studied for H-NS. Three main mechanisms having been reported: (i) regulatory
proteins remodel the DNA and disrupt the H-NS-DNA complex, facilitating transcription
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initiation by RNA polymerase (e.g., VirB alleviates H-NS repression at promoters of
virulence genes in Shigella flexneri) (Stoebel et al., 2008; Beloin and Dorman, 2003); (ii)
DNA-binding proteins compete with H-NS for binding to a given site and in doing so
relieve H-NS repression (e.g., in Vibrio harveyi, the LuxR transcription factor relieves H-
NS repression of bioluminescence by competing with H-NS for binding to the promoter
of quorum sensing genes) (Chaparian et al., 2020); and (iii) transcribing RNA polymerase
derepresses H-NS by remodeling or disrupting the H-NS complex, ultimately enhancing
transcription (e.g., in Salmonella, PhoP reduces H-NS binding to horizontally acquired
genes by competing with H-NS for binding, and enhancing transcription by recruiting
RNA polymerase Rangarajan and Schnetz, 2018; Choi and Groisman, 2020).
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Figure 2.11: Proposed model for Lsr2 repression and CmIR counter-silencing in
chloramphenicol cluster expression. (A) In the wild type, Lsr2 represses expression of
the chloramphenicol cluster by polymerizing along the chromosome and bridging sites
between sven0926 and sven0904-0905. Low levels of CmIR bind the divergently
expressed promoter region between sven0924 and sven0925 and promote baseline
cluster expression and low-level production of chloramphenicol. (B) Deleting cmIR leads
to a complete loss of cluster expression and chloramphenicol production. (C) In the Isr2
mutant, the repressing Lsr2 polymers and bridges are absent, allowing CmIR to recruit
more RNA polymerase to the divergent promoter region, leading to higher cluster
expression and more chloramphenicol production. (D) Overexpressed CmIR
cooperatively binds the promoter, and its strong recruitment of RNA polymerase, and
the associated increase in transcription, serves to remove Lsr2 from the chromosome
and neutralizes its repressive effect, leading to high level chloramphenicol production.
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Counter-silencing of Lsr2 in Mycobacterium tuberculosis has been previously
described in relation to iron metabolism (Kurthkoti et al., 2015). The expression of bfr,
encoding a bacterioferritin, is governed both by Lsr2 and the iron-dependent
transcriptional regulator IdeR. Lsr2 binds directly to the promoter of bfrB, thereby
preventing its transcription. Under iron-replete conditions, IdeR is activated by iron
binding and alleviates Lsr2 repression by directly associating with the bfrB promoter
(Kurthkoti et al., 2015). However, it is not clear whether relief of Lsr2 repression is
accomplished through direct competition between IdeR and Lsr2 for binding or by IdeR
enhancing transcription levels, as appears to be the case for CmIR and Lsr2 in S.
venezuelae. Counter-silencing has also been explored for the Corynebacterium
homologue known as CgpS, using synthetic systems (Wiechert et al., 2020a). These
experiments revealed that counter-silencing of Lsr2 bound to a single site/region (i.e.,
not bridging different sequences) was most effectively achieved through competition for
binding by transcription factors at the CgpS nucleation site, presumably serving to limit
polymerization along the DNA (Wiechert et al., 2020a). While it is possible that CmIR has
a minor role in limiting the bounds of polymerization, our data suggest that its major
function is to promote transcription and in doing so to facilitate Lsr2 removal from the
chromosome. What controls the expression of cmIR remains to be determined, as its
expression is unaffected by Lsr2 activity.

Previous work has revealed that Lsr2 binding sites are found in the majority of
biosynthetic gene clusters in S. venezuelae, including the chloramphenicol cluster
(Gehrke et al., 2019). Our data support a model in which Lsr2 employs both an internal
and external binding site to downregulate the expression of the chloramphenicol
biosynthetic genes (and production of chloramphenicol). We were curious whether such
a binding configuration was associated with other Lsr2-targeted clusters. In examining
the data of Gehrke et al. (Gehrke et al., 2019), we noted that nine clusters contained
more than one Lsr2 binding site, and most of these clusters (7/9) exhibited altered
transcription profiles in an Isr2 mutant. Of the clusters which are associated with a single
Lsr2 binding site and which also have altered transcription patterns (6 clusters), all but
one have a cluster-adjacent Lsr2 binding site (within 12 genes upstream or
downstream), and most of these were oriented such that the binding sites spanned the
majority of the cluster (i.e., the external binding site was usually on the side opposite the
internal binding site). This suggests that the model we propose for control of the
chloramphenicol cluster (polymerization and bridging) may be broadly employed
throughout S. venezuelae for repression of specialized metabolism. Whether any
regulators encoded within these clusters play roles equivalent to that of CmIR in the
chloramphenicol cluster, in helping to relieve Lsr2 repression, remains to be seen.

Understanding the different ways in which Lsr2 can exert its repressive effects is
central to our ability to effectively manipulate its activity and, in doing so, gain access to
the vast cryptic metabolic repertoire of the streptomycetes. Counter-silencing by
cluster-situated activators likely represents one of many approaches employed by
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Streptomyces spp. to modulate the effects of Lsr2. It will be interesting to determine
whether the activity of Lsr2 in the streptomycetes is impacted by environmental factors
like H-NS (e.g., temperature) (Shahul Hameed et al., 2019), alternative binding partners
like H-NS (e.g., StpA) (Muller et al., 2006) and Lsr2 in M. tuberculosis (e.g., HU) (Datta et
al., 2019), or posttranslational modification (Alqaseer et al., 2019; Dilweg and Dame,
2018).

2.5 Methods and materials

2.5.1 Bacterial strains and culture conditions.

S. venezuelae strains were grown at 30°C on MYM (maltose, yeast extract, malt
extract) agar, or in liquid MYM medium. Escherichia coli strains were grown at 37°C on
or in LB (lysogeny broth) medium (Kieser and Bibb, 2004). Streptomyces and E. coli
strains that were constructed and used are summarized in Table 2.1. Where
appropriate, antibiotic selection was used for plasmid maintenance or for
screening/selecting during mutant strain construction. For assessing the importance of
transcription for Lsr2 counter-silencing, S. venezuelae liquid cultures were grown for 16
h, after which they were exposed to the RNA polymerase-targeting antibiotic rifampicin
(500 pg/mL) for 10 min.

2.5.2 Mutant/overexpression strain construction

In-frame deletions of cm/R and sven0904-0905 were created using ReDirect
technology (Gust et al., 2003). The coding sequence of cmIR and the region
encompassing sven0904-0905 in cosmid 4P22 (Table 2.2) was replaced with the
aac(3)IV-oriT apramycin resistance cassette (Table 2.3). Mutant cosmids
4P22AcmliR::aac(3)IV-oriT and 4P22A0904_0905::aac(3)IV-oriT were confirmed by PCR
before being introduced into the non-methylating E. coli strain ET12567/pUZ8002
(MacNeil et al., 1992; Paget et al., 1999) and conjugated into wild type S. venezuelae or
Isr2 mutant strains. The sequences of primers used to create the disruption cassettes
and to check the integrity of the disrupted cosmids and chromosomal mutations can be
found in Table 2.3.

The cmIR overexpression plasmids were made by cloning the cmIR gene and 216
bp of its downstream sequence under the control of the constitutive, highly active
ermE* promoter in the integrating plasmids plJ82 and pRT801 (Table 2.2). For plJ82,
cmIR was amplified using primers cmIRfwd1 and cmlIRrev1 (Table 2.3), digested with
BamHI, and cloned into the BamHI site of plJ82 (Table 2.2). For pRT801, cmIR was
amplified using primers cmIRfwd2 and cmlRrev2 (Table 2.3) before being digested with
Spel and cloned into the same site in pRT801 (Table 2.2). cmIR presence and orientation
in both plasmids were checked by PCR using vector- and insert-specific primers (Table
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2.3), and construct integrity was confirmed by sequencing. The resulting plasmids,
alongside empty plasmid controls, were introduced into S. venezuelae strains via
conjugation from E. coli strain ET12567/pUZ8002 (Table 2.1). Strains used for chromatin
immunoprecipitation (ChIP) were generated by introducing the pRT801-based cm/R
overexpression construct into /sr2 mutant strains complemented with either Isr2 or Isr2-
3xFLAG on the integrating plasmid vector plJ82 and plJ10706, respectively (Table 2.1)
(Gehrke et al., 2019).

A0904-0905 mutants were complemented by cloning the entire sven0904-0906
operon, including 513 bp upstream and 123 bp downstream sequences (using primers
0904_0906CF and 0904_0906CR [Table 2.3]), into the EcoRV-digested integrating
plasmid vector pMS82. The resulting construct was sequenced before being introduced
into E. coli strain ET12567/pUZ8002, alongside empty vector control plasmids, and
conjugated into S. venezuelae A0O904-0905 and Alsr2 AO904-0905 strains.

2.5.3 Protein overexpression and purification and EMSAs

Lsr2 overexpression and purification was performed as described previously
(Gehrke et al., 2019). To overexpress CmIR in E. coli, the cmIR coding sequence was PCR
amplified using primers cmIR O/E fwd and cmIR O/E rev (Table 2.3). The resulting
product was digested with Ndel and BamHI before being ligated into the equivalently
digested pET15b vector (Table 2.2). After sequencing to confirm construct integrity, the
resulting plasmid was introduced into E. coli Rosetta 2 cells (Table 2.1). The resulting
6xHis-CmIR overexpression strain was grown at 37°C until it reached an optical density
at 600 nm (ODsgo) of 0.6, at which point 0.5 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) was added. Cells were then grown at 30°C for 3.5 h before being collected and
lysed. The overexpressed protein was purified from the cell extract using nickel-
nitrilotriacetic acid (Ni-NTA) affinity chromatography and was washed using increasing
concentrations of imidazole (50 mM to 250 mM) before being eluted using 500 mM
imidazole. Finally, purified 6xHis-CmIR was exchanged to storage buffer suitable for both
EMSAs and freezing at -80°C (50 mM NaH2POa., 300 mM NaCl, and 10% glycerol, pH 8).

To test Lsr2-binding specificity, EMSAs were performed using 100- to 222-bp
probes amplified by PCR and 5’ end labeled with [y-32P]dATP (Table 2.3). Lsr2 (0 to 500
nM) was combined with 1 nM probe and binding buffer (10 mM Tris [pH 7.8], 5 mM
MgCl, 60 mM KCl, and 10% glycerol) in 20 uL reaction volumes. Reaction mixtures were
incubated at room temperature for 10 min, followed by 30 min on ice. Any resulting
complexes were then separated on a 10% native polyacrylamide gel.

To test CmIR binding to the divergent promoter region between sven0924 and
sven0925, a 270-bp probe encompassing the predicted binding site (amplified using
primers CmIR binding F and CmIR binding R [Table 2.3]) was used for EMSAs. CmIR (0 to
150 nM) was combined with 1 nM probe and binding buffer, as described above for Lsr2.
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Reaction mixtures were incubated at 30°C for 30 min before being separated on a 10%
native polyacrylamide gel. EMSA gels were exposed to a phosphor screen for 3 h before
being imaged using a phosphorimager.

2.5.4 Atomic force microscopy

Lsr2 binding sites, plus considerable flanking sequences, were amplified using
AFMO0905F and AFMO0905R (Table 2.3) for sven0904-0905 (1,612-bp product) and
AFMO0926F and AFM0926R (Table 2.3) for sven0926 (2,441-bp product). The resulting
DNA products were cloned into pBluescript Il KS(+) at the EcoRV and Smal sites,
respectively. The orientation of each fragment was assessed by PCR using vector- and
insert-specific oligonucleotides (Table 2.3) and confirmed by sequencing. The resulting
hybrid product was then amplified with AFM0905R and AFM0926R (Table 2.3), for use in
AFM. Lsr2 was overexpressed and purified as described above. Negative control DNA
(sequences not bound by Lsr2 in vivo) was amplified from S. venezuelae genomic DNA
using primers 7031F and 7031R (Table 2.3). The DNA-alone samples were prepared in 20
plL reaction volumes and contained 0.5 nM target DNA, 10 mM Tris-HCl (pH 7.6), 5 mM
NiClz, 40 mM HEPES, while the Lsr2+DNA samples, also prepared in 20 pl reaction
volumes, contained 0.5 nM target DNA, 250 nM Lsr2, 10 mM Tris (pH 7.8), 5 mM MgCl,,
60 mM KCl, and 10% glycerol. Different buffer conditions were used for DNA alone and
Lsr2+DNA because Ni** was needed for DNA binding to the mica slide; however, it was
not compatible with Lsr2 binding, so was excluded from protein-containing reactions.
Reaction mixtures were incubated at room temperature for 10 min, followed by 30 min
on ice. The DNA or DNA/Lsr2 was then deposited onto freshly cleaved mica surfaces
(Ted Pella, Inc.) and rinsed with 1 mL nuclease-free water. Water was removed by
blotting with filter paper, after which the mica surface was dried using a stream of
nitrogen. AFM was performed as described by Cannavo et al. (Cannavo et al., 2018).
Images (2 by 2um) were captured in air using a Bruker Bioscope Catalyst atomic force
microscope with ScanAsyst Air probes. Observed molecules were processed (through
plane fit and flattening) and analyzed using Image Metrics version 1.44 (Andres et al.,
2019; Li, 2019).

2.5.5 ChIP-qPCR

ChIP-gqPCR was performed as described previously (Gehrke et al., 2019). Strains
were inoculated in 10 mL of liquid MYM medium and grown overnight, before being
subcultured in duplicate in 50 mL of MYM medium. After incubation for 18 h,
formaldehyde was added to a final concentration of 1% (vol/vol) to cross-link protein to
DNA. The cultures were then incubated for a further 30 min, before glycine was added
to a final concentration of 125 mM. Immunoprecipitation of Lsr2-FLAG (or, as a negative
control, untagged Lsr2) was performed as described previously (Bush et al., 2013) using
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the FLAG M2 antibody (Sigma). To quantify the relative abundance of target genes of
interest in the ChIP DNA samples, 20 pL qPCR mixtures were prepared using the LUNA
Universal gPCR master mix (New England Biolabs), together with 2.5 pL of ChIP DNA
(1:10) as the template. Primer pairs used to amplify the different target DNA sequences
are summarized in Table 2.3. Target gene levels in ChIP DNA were calculated using data
analysis for real-time PCR (DART-PCR) (Peirson et al., 2003) and were normalized to the
abundance of the relevant target gene in total DNA as described previously (St-Onge et
al., 2015).

2.5.6 Secondary metabolite extraction and LC-MS analysis

Metabolite extraction and LC-MS analyses were performed as described
previously (Gehrke et al., 2019), with minor modifications. Strains were grown in
triplicate in 30 mL liquid MYM medium at 30°C for 2 days. Cultures were lyophilized and
the resulting lyophiles were resuspended in 10 mL methanol and shaken overnight on a
rotary shaker at 4°C. After centrifugation to remove particulate matter, the soluble
samples were concentrated using a centrifugal vacuum evaporator (Genevac). The
resulting products were then dissolved in 50% methanol and centrifuged again to
remove residual particulate matter. The resulting soluble extracts were used for LC-MS
analyses. The extracts were analyzed using an Agilent 1200 LC coupled to a Bruker
micrOTOF Il (electrospray ionization-MS [ESI-MS]). One microliter of the injected
extracts was separated on a Zorbax Eclipse XDB Cig column (100 mm by 2.1 mm by 3.5
mm) at a flow rate of 0.4 mL/min for 22 min. Extracted metabolite separation was
achieved using a gradient of 0 to 11 min from 95% to 5% A, 11 to 12 min isocratic 5% A,
a gradient of 12 to 21 min from 5% to 95% A, and 21 to 22 min isocratic 95% A, where A
is water with 0.1% formic acid (FA) and B is acetonitrile with 0.1% FA. Chloramphenicol
was detected using the negative ionization mode, at 321 m/z.

2.5.7 B-Glucuronidase (Gus) reporter assays

To test how promoter activity affected Lsr2 binding, sequences encompassing
the CmIR binding site and sven0925 promoter, through to the Lsr2 binding site in
sven0926, were amplified and cloned into the Kpnl and Spel sites of pGUS (Myronovskyi
et al., 2011) using primers 0925 _26 pGUS F and 0925 _26 pGUS R (Table 2.3). To replace
the native promoter of sven0925 with the constitutive ermE* promoter, the erme*
promoter was amplified from plasmid pGUS-PermE* (Table 2.3) using primers ermEF-X
and ermER-K Table 2.3) and cloned into the Xbal and Kpnl sites of pGUS. Into the
downstream Spel site was then cloned the promoterless sven0925_0926 fragment
amplified using 0925 26 pGUS-E*F and 0925 26 pGUS R (Table 2.3). The resulting
constructs were confirmed by sequencing and were introduced into S. venezuelae wild
type and /sr2 mutant strains by conjugation, alongside a promoterless pGUS control
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plasmid. The resulting pGUS-containing strains were inoculated into 10 mL MYM
medium and grown at 30°C for 18 h, after which 1 mL of culture was removed and
assayed for B-glucuronidase activity. Cell pellets were resuspended in lysis buffer (50
mM phosphate buffer [pH 7.0], 0.27% [vol/vol] B-mercaptoethanol, 0.1% [vol/vol] Triton
X-100, 1 mg/mL lysozyme) and incubated at 37°C for 30 min. After incubation, the cell
lysate was centrifuged, and the resulting supernatant was used in the assay. Fifty
microliters of supernatant were added to a 200 pL (total) reaction mixture, together
with p-nitrophenyl B—D-glucuronide substrate (PNPG; Sigma-Aldrich) at a concentration
of 600 pg/mL. Gus activity was determined by measuring the reaction absorbance at 420
nm and normalizing to the ODeoo Of cultures.

2.6 Tables
Table 2.1 Strains used in this study
Strains Genotype, characteristics, or use Reference or source
Streptomyces
S. venezuelae Wild type Gift from M. Buttner;
NRRL B-65442 Gomez-Escribano et
al., 2021
E327 S. venezuelae Isr2::acc(3)IV Gehrke et al., 2019
E327A S. venezuelae Alsr2 Gehrke et al., 2019
E332 S. venezuelae cmiR::acc(3)IV This work
E333 S. venezuelae Alsr2 cmiR::acc(3)IV This work
E334 S. venezuelae sven0904_0905::acc(3)IV This work
E335 S. venezuelae Alsr2 This work
sven0904_0905::acc(3)IV
E336 S. venezuelae Alsr2 with pl)82 carrying wild | Gehrke et al., 2019
type Isr2
E337 S. venezuelae Alsr2 with plJ10706 carrying Gehrke et al., 2019
Isr2-3xGly-3xFLAG
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Escherichia coli

DH5a Routine cloning Hanahan, 1985

SE DH5a Highly-competent (Subcloning Efficiency™) | Invitrogen
DH5a cells

ET12567 dam, dcm, hsdS, cat tet; carries trans- MacNeil et al., 1992
mobilizing plasmid pUz8002

Rosetta 2 Protein overexpression host with pRARE2 | Novagen
which supplies 'rare' tRNAs

Table 2.2 Plasmids and cosmids used in this study

Cosmid or plasmid

Description

Reference or source

reporter vector for transcriptional
fusions with the gusA gene

Cosmid 4P22 S. venezuelae cosmid carrying cmIR and Gift from M. Buttner
sven0904_0905

pli82 Integrative cloning vector; ori pUC18 hyg | Gift from H. Kieser
oriT RK2 int ®C31 attP ®C31

pRT801 Integrative cloning vector; ori pUC18 Gregory et al., 2003
apra oriT RK2 int ®C31 attP ®C32

pMS82 Integrative cloning vector; hyg oriT int Gregory et al., 2003
®BT1 attP ®BT1

pGUS Integrative Streptomyces-specific Myronovskyi et al.,

2011

pGUS-PermE*

Strong Streptomyces promoter, PermE¥*,
upstream of gusA

R. J. St-Onge
(unpublished)

pBluescript Il KS (+)

Standard cloning vector

Stratagene

pET15b

Overexpression of N-terminally Hise-
tagged proteins

Novagen
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pMC122 c¢miR cloned downstream of ermE* in This study
plig2

pMC123 c¢miR cloned downstream of ermE* in This study
pRT801

pMC124 pPET15b carrying cmIR for overexpression | This study
with an N-terminal Hise-tag

pMC125 pMS82 carrying sven0904_0906 This study

pMC126 pGUS carrying sven0925_0926 This study

pMC127 pGUS-PermE* carrying promoterless This study
sven0925 0926

Table 2.3 Oligonucleotides used in this study
Primer Sequence (5'- 3')* Description

Gene knockout

SVEN_0913 FOR

TCCTGTCATCGATGACGTGCGTTCCTGGAGG
CATTGATGATTCCGGGGATCCGTCGACC

Replace cmIR with
an apramycin

SVEN_0913 REV

CGGGCGCCGCCGCTACGGCGGGGLGGLGEG
TAGGGGATCATGTAGGCTGGAGCTGCTTC

resistance cassette

SVEN_0913 GCTTAGCGTCACATTTCGGC Confirm deletion of

upstream cmiR

SVEN_0913 TGTACAAGGCGTGGTTCCC

downstream

SVEN_0913 TACGTAATATCCGCAGCGCC

internal

0904/0905 internal | CTCCACGGCCTCCTTGAGGG Confirm deletion of
sven0904 0905

0904/0905 TACGTCCCAGAACCTACCCG

downstream
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0904/0905 GGCTTCATCGTGACCGAGAT
upstream
0904/0905 Rev CGCACCGGCCGAAACGGCCGGTGCCGGGA | Replace
GGTCCTGCTATGTAGGCTGGAGCTGCTTC sven0904_0905
with an apramycin
0904/0905 Fwd CAACTGACGACCGGCAGCGAGAGGAGCAC resistance cassette
GGTACCCATGATTCCGGGGATCCGTCGACC
cmIR overexpression
cmlRrevl ATATGGATCCGGGACCTGGCTGGACTTCCG | cmIR
overexpression in
cmlRfwd1l ATATGGATCCCGGAGCCGTACCACCTTTCC plJ82
cmlRrev2 ATATACTAGTGGCGGCGGTAGGGGATC cmIR
overexpression in
cmlRfwd2 ATATACTAGTCGACTCTAGAAGCCCGA pRT801
cmIR O/E rev CATCATGGATCCATCAGGCCGGGCCCGCGTC | cmIR
overexpression in
cmIR O/E fwd CATCATCATATGATGTCCACGATTTCGGATC | pET15b
TACGAC
EMSAs
CmIR binding F AGACAGAACAGATCGCGTCGC Amplify CmIR
binding site
CmIR binding R GGCCCACCCCTTCCTTCACT
sven0926 F TCGTCGATGAACCATTTCAT Amplify Lsr2
binding site at
sven0926 R GGAGACGTTCAGGATCGCGG sven0926
sven0904 F GGATTTTCCTGAACGCCGGA Amplify Lsr2
binding site at
sven0904 R ACTTGAGGCATTCGACGTAT sven0904._0905
sven3556 F ATATCCTCTAGAGGAGCGACTGGATGTGGA | Amplify sven3556
C as negative control
sven3556 R ATATCCGGTACCCCAAGGAAGAGAACAGCT
TCCC
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sven5133 F

GGTGGATTCCGTAGTCATGG

sven5133 R

CGAGAATTCGAGAAACAACG

Amplify sven5133
as negative control

Gene complementation

sven0904_0906CF

ATATGGATCCCCGGTGTGGTCGTCTACTG

sven0904_0906CR

ATATGGATCCGGTCACGGTGAACAACCTCC

sven0904_0905
complementation
in pMS82

qPCR
0926 qPCR Fwd CAGGCGATATCCCGTCAGTG
0926 gPCR Rev GTGCACACCCCCTAGAAAGA
4440 gPCR Fwd ACGACGGATCGACCTGG

4440 gPCR Rev

AGATCTCACGGGGTTAACTGTC

6264 gPCR Fwd GTGATGACATCGACTCCGGG

6264 gPCR Rev GGTAGCCGGCCGAGTTGTA

3885 gPCR Fwd GGATAACTCCCATCCGCCTG

3885 gPCR Rev GATGATCGTACGGAGCAGGG

AFM

AFMO905F GAGCACGGTACCCATGACCAC Clone
sven0904_0905

AFMO905R CCCTTGTAGGTGGGGTTCT into pBlueScript

AFMO0926F GTGGTCATGGGTACCGTGCTCCGGCGAGGA | Clone

AGCTGTGGATGT sven0924_0926

into pBlueScript

AFMO0926R CCTCGAACCTTCGCAGCAGT

7032F CTGCACCACTGGGTCGG Amplify negative
control DNA

7032R CCGAGCGCTACGCGG
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gus constructs

0925 26 pGUSF ATATGGTACCGGATTTCTCGTCCGTGTGGT Amplify 0925 26 to
clone into pGUS

0925_26 pGUSR ATATACTAGTAACCTTCGCAGCAGTTCGTC

0925 26 pGUS-E*F | ATATACTAGTGTGCTGGACGGAGGCCTTAA | Amplify 0925 26 to
clone into pGUS-
PermE*

*Underlined: restriction enzyme site; Bold and italics: cassette-specific sequence
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CHAPTER 3: IDENTIFICATION OF FACTORS AFFECTING LSR2
ACTIVITY

Xiafei Zhang, Marie A. Elliot

Preface:

This chapter represents unpublished work. Mass spectrometry was performed by the
Center for Advanced Proteomics Analyses (Université de Montréal). | performed all the
other experiments.
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3.1 Abstract (Chapter summary)

In bacteria, nucleoid-associated proteins can function as global regulators and
play important roles in a wide range of biological processes, including organizing
chromosomes and regulating specialized metabolite biosynthesis. The histone-like
nucleoid-structuring protein (H-NS) is a well-studied nucleoid-associated protein but it is
only found in a subset of Gram-negative bacteria. Early studies of H-NS in Escherichia coli
showed that H-NS represses transcription, and its expression and activity are regulated
at multiple levels, including post-translational modification, transcriptional regulation,
and protein-protein interactions. The first H-NS-like protein to be identified in the Gram-
positive bacteria was Lsr2, and it is largely confined to the actinomycetes. In
Streptomyces, recent work has revealed an important role for Lsr2 in repressing
specialized metabolic clusters and has suggested that manipulating Lsr2 activity has the
potential to stimulate specialized metabolite production in Streptomyces. Unlike H-NS,
very little is known about the regulation of Lsr2, except that it represses its own gene
transcription. Here, we characterize factors impacting Isr2 expression and protein
activity. Our results suggest that in Streptomyces venezuelae, Lsr2 may be subject to
multi-level transcriptional regulation, in addition to post-translational control by LsrL, an
Lsr2 homologue.

3.2 Introduction

In Streptomyces and other actinomycetes, the Lsr2 nucleoid-associated protein
appears to be functionally similar to the well-studied H-NS (histone-like nucleoid-
structuring) protein in Escherichia coli. H-NS is a xenogeneic silencer and global regulator
that preferentially binds and spreads along high AT-content DNA to compact the
chromosome and/or silence gene expression (Song and Loparo, 2015; Szafran et al.,
2020; van der Valk et al., 2017). Like H-NS, Lsr2 preferentially binds high AT-content
DNA, and is predicted to silence gene transcription by bridging or oligomerizing along
the DNA (Gehrke et al., 2019; Gordon et al., 2010). Deleting Isr2 in Streptomyces
venezuelae results in significantly upregulated gene expression in ~2/3 of all biosynthetic
clusters, with six clusters showing >80% of their genes to be upregulated. Notably, five
of these clusters are transcriptionally silent under laboratory conditions in the wild type
strain (Gehrke et al., 2019). In probing the mechanism underlying Lsr2 repression of
these clusters, we found that Lsr2 inhibits transcription of the chloramphenicol cluster
by binding DNA both within the chloramphenicol biosynthetic cluster, and at flanking
sites. We further showed that Lsr2 repression can be relieved by CmIR, the pathway-
specific regulator of the chloramphenicol cluster; CmIR functions to recruit RNA
polymerase, which in turn effectively clears bound Lsr2 from the chloramphenicol
cluster DNA (Zhang et al., 2021). Collectively, these findings provided new insight into
biosynthetic gene cluster regulatory networks in the Streptomyces, and suggested that
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manipulating Lsr2 activity in Streptomyces has the potential to impact biosynthetic gene
cluster expression.

How Lsr2 activity is controlled more broadly remains unclear. In the case of H-NS,
its activity is modulated by post-translational modification. The H-NS binding effects of
polymerizing and bridging DNA are heavily influenced by Mg?* (Dillon and Dorman,
2010; Winardhi et al., 2015). In the absence of Mg?*, the DNA-binding domains of H-NS
dimers interact with the dimerization domain to form a ‘closed’ conformation, where H-
NS can only bind DNA in cis, resulting in H-NS polymerization and formation of a rigid
filament. In the presence of Mg?*, the ‘closed’ conformation transitions to an ‘open’
conformation, as Mg?* alters H-NS structure and prevents interaction between the
dimerization domains and one of the DNA-binding domains. This allows H-NS to bind
DNA in trans and form a bridge structure (van der Valk et al., 2017). Studies have shown
that phosphorylation of Ser45, Ser98 and Tyr99 enhances the interaction of H-NS and
Mg?*, promoting the formation of bridge structures (Dilweg and Dame, 2018; Hansen et
al., 2013; Lin et al., 2015). in Mycobacterium tuberculosis, Lsr2 has been reported to be
phosphorylated by PknB at four threonine residues, with phosphorylation decreasing the
affinity of Lsr2 for DNA (Alqgaseer et al., 2019). Therefore, we were interested in
determining whether and how Lsr2 is modified at the post-translational level in S.
venezuelae.

The regulatory activity of H-NS is also modulated by other proteins. In
enteroaggregative E. coli, Aar, a virulence regulator, both down-regulates the expression
of H-NS and modulates H-NS regulatory properties by binding H-NS (Santiago et al.,
2017). StpA, an H-NS paralogue, has a similar oligomerization domain as H-NS and can
interact with H-NS to form heterodimers (Muller et al., 2006). Lsr2 functions similarly to
H-NS, but little is known about how Isr2 expression is regulated outside of its auto-
regulatory nature. Therefore, we were interested in further defining the regulators of
Isr2 expression and protein activity.

Here, we show that Lsr2 in S. venezuelae does not appear to be subject to post-
translational modifications under the tested conditions. To probe the regulation of Isr2,
we developed a plasmid pulldown system and identified multiple candidate regulators of
Isr2 expression in wild type and Isr2 mutant S. venezuelae strains. Furthermore, we
found that in S. venezuelae, Lsr2 and LsrL, an Lsr2 homologue, interact directly with each
other, and that their respective DNA-binding activities are impacted by the presence of
the other protein.

3.3 Results
3.3.1 Post-translational modification of Lsr2 in S. venezuelae

Given that H-NS is subject to post-translational modification, and Lsr2 has been
reported to be phosphorylated in Mycobacterium tuberculosis (Alqaseer et al., 2019), we
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wanted to determine whether Lsr2 in S. venezuelae was also subject to post-
translational modification. To probe Lsr2 phosphorylation, and to identify conditions
under which phosphorylation had occurred, we employed both Zn?*-Phos-tag SDS- PAGE
and mass spectrometry post-translational modification analyses using
immunoprecipitated Lsr2 samples. The Zn?*-Phos-tag SDS- PAGE method is based on the
mobility shift of phosphorylated proteins during SDS-PAGE with polyacrylamide-bound
Zn?*-Phos-tag, relative to their mobility during conventional SDS-PAGE (Kinoshita et al.,
2006). Zn?** traps the phosphorylated protein during migration, and therefore the
phosphorylated proteins run slower in the gel compared with their corresponding non-
phosphorylated counterparts (Kinoshita et al., 2006; Kinoshita et al., 2012) (Figure 3.1A).
S. venezuelae strains expressing either Lsr2-FLAG or untagged Lsr2 (negative control)
were grown to early (12 hours), mid (16 hours) and late (20 hours) growth stages. Cells
were then lysed in phosphatase inhibitor-containing buffer and Lsr2-FLAG (and any
cross-reacting proteins) were immunoprecipitated using anti-FLAG agarose beads.
Eluted immunoprecipitation samples were separated on both traditional and Zn?*-Phos-
tag SDS-PAG, followed by western blotting using anti-FLAG antibodies to visualize
phosphorylated and non-phosphorylated Lsr2. If Lsr2 was phosphorylated under the
tested conditions, we expected to see a single band corresponding to Lsr2-FLAG in the
traditional SDS-PAG and multiple Lsr2-FLAG bands in the Zn?*-Phos-tag SDS- PAG
(corresponding to phosphorylated and unphosphorylated proteins). However, the
western blot results were identical for both samples, where a single Lsr2-FLAG band was
seen in all samples (Figure 3.1B). While it was possible that all products were
equivalently phosphorylated at all time points, this seemed unlikely relative to what had
been observed in other systems (Liu et al., 2021). A more likely interpretation of these
results was that Lsr2 was not phosphorylated under the tested conditions.

To complement these studies, mass spectrometry analysis of Lsr2 was also
performed to identify any post-translational modifications of Lsr2. Immunoprecipitated
Lsr2-FLAG samples from early, mid and late growth stages were run on a 12% SDS-PAG
following immunoprecipitation, and the bands corresponding to Lsr2-FLAG were excised
and subjected to mass spectrometry analysis to identify any post-translational
modifications. These experiments would allow us to determine if Lsr2 was post-
translationally modified, as well as which residue(s) of the protein were modified. We
did not identify phosphorylated residues in any of the samples, and the only identified
Lsr2 modification was deamidation of multiple Asn residues, which was likely caused
during sample processing (Figure 3.2). Taken together, the Zn?*-Phos-tag SDS- PAGE
experiment and mass spectrometry analyses suggested Lsr2 was not phosphorylated —
or otherwise modified —in S. venezuelae under the tested conditions.
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Figure 3.1: Detecting phosphorylation of Lsr2 using Zn?**-Phos-tag SDS-PAGE. (A)
Principle underlying the detection of protein phosphorylation using Zn?*-Phos-tag SDS-
PAGE. (B) Left: Lsr2-FLAG pulldown samples and control pulldown samples run using Zn?*-
Phos-tag SDS-PAGE. Right: Lsr2-FLAG pulldown samples and control pulldown samples
run using traditional SDS-PAGE. Protein separation by PAGE was followed by western
blotting using the anti-FLAG antibodies. Lsr2-FLAG pulldown samples were prepared in
biological duplicate. Lsr2-FLAG bands are indicated by red arrows. The upper band seen
in all samples is a non-specific band.
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Figure 3.2: Lsr2 protein sequence coverage in mass spectrometry analyses. Protein
sequence coverage of Lsr2 isolated from early (top panel), mid (middle panel) and late
(bottom panel) time points. Residues covered in mass spectrometry analyses are
highlighted in yellow. Residues modified by deamidation are in red text. The conserved
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Thr78 residue that has been reported to be phosphorylated in S. coelicolor is indicated
by green triangles.

3.3.2 Identification of regulators of Isr2 expression in S. venezuelae

To identify regulators of /sr2 expression beyond Lsr2 itself, we sought to create a
plasmid construct in which the promoter region of Isr2 was represented at high(er) copy.
We modified the backbone of a non-integrating plasmid vector, such that it could be
both conjugated into and replicate in Streptomyces species. We further engineered in
features that facilitated plasmid capture and isolation of any proteins associated with
the plasmid. Specifically, we introduced into the vector a Streptomyces-compatible
origin of replication, alongside a tandem array of lacO binding sites, a constitutively
expressed lacl-FLAG fusion, and an origin of transfer, together with an apramycin
resistance gene. After modifying the backbone, we cloned a dominant allele of Isr2
(R82A mutant — which is incapable of binding DNA (Gehrke et al., 2019)), together with
its native promoter into the plasmid. The modified plasmid without an /sr2 gene served
as a negative control to allow us to differentiate proteins that bound the /sr2
gene/promoter region, from those that bound the modified plasmid (Figure 3.3). These
two plasmid constructs (R82A pulldown and control pulldown plasmids) were
conjugated into wild type and Alsr2 strains. By comparing the results obtained from the
wild type and Alsr2 strains, we could identify regulators of Isr2 other than itself.
Additionally, a plasmid bearing a wild type lacl (untagged) was generated and
introduced into wild type S. venezuelae as a control to identify (and exclude) proteins
that non-specifically bound the anti-FLAG resin beads.

For the plasmid pulldown experiment, five strains (wild type+R82A pulldown,
wild type+control pulldown, Alsr2+R82A pulldown, Alsr2+control pulldown, and wild
type+no FLAG control) were grown to mid growth stage (14 hours) in liquid MYM with
apramycin to maintain the plasmid in the cell. Regulatory proteins were crosslinked to
their target DNA sequences. Following cell lysis, the modified plasmids were isolated
using immunoprecipitation, and their associated proteins separated (following cross-
linking reversal) and analyzed by mass spectrometry analysis (Figure 3.4).
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Figure 3.3: Strain construction for R82A plasmid pulldown experiments. To identify
direct regulators of Isr2, we modified the backbone of a non-integrating plasmid by
introducing a Streptomyces-compatible origin of replication, a tandem array of lacO
binding sites, a constitutively expressed lacl-FLAG fusion, oriT, and an apramycin
resistance gene (aac(3)IV). R82A, a dominant allele of Isr2, with its native promoter was
cloned into the experimental plasmid. The modified plasmid without R82A served as a
negative control.

By comparing the proteins isolated from the R82A plasmid pulldown, control
plasmid pulldown and no FLAG control, we identified proteins that specifically
associated with the Isr2 promoter and/or coding sequences. These experiments were
done in quadruplicate, and we focussed our attention on proteins identified in all four
experimental replicates but not in any of the controls. Fifteen proteins were associated
with Isr2 in the Isr2 mutant strain while only two were pulled out in the wild type strain,
with one protein (BIdM) identified in both conditions. Candidate regulators of Isr2
identified from the plasmid pulldown experiments are summarized in Table 3.1. Notably,
this list does not include Lsr2, which is known to bind to its own promoter, as it was
identified in the control samples as well. Fourteen out of 16 (all but SVEN_3801 and
SVEN_5591) of the identified proteins were conserved in sequenced Streptomyces.
Importantly, three of the identified proteins, SVEN_4453 (BldM), SVEN_3078 (DNA-
binding protein) and SVEN_4914 (Crp family transcriptional regulator), are transcription
regulators or contain a DNA binding domain, and thus they have the potential to control
Isr2 expression directly by binding at the promoter region/within Isr2. Our result
suggested Isr2 expression may be subject to regulation by a variety of regulators.

56



Ph.D. Thesis — Xiafei Zhang McMaster University - Biology

& 4

= &
- - o 0
OQQO
A B C

Experimental Control

Intensity

i
m/z

D

Figure 3.4: Workflow of identification of Isr2-binding proteins. (A) Regulatory proteins
and Lacl-FLAG were crosslinked to DNA using formaldehyde. (B) Cells were lysed and anti-
FLAG resin beads were added to bind Lacl-3xFLAG and selectively isolate the plasmids
with its associated regulatory proteins bound. (C) and (D) Plasmid-bound proteins eluted
from experimental and control plasmids were separated on an SDS-PAG and then
identified using mass spectrometry analyses.

Table 3.1 Regulators of Isr2 identified in R82A plasmid pulldown experiments

Isr2-associated proteins identified from wild type

Gene number Annotation
SVEN_3801 NAD(P)H:quinone oxidoreductase
SVEN_4453 BIdM (DNA-binding response regulator)

Isr2-associated proteins identified from Alsr2

Gene number Annotation

SVEN_0020 Uncharacterized protein
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SVEN_0495 Enoyl-CoA hydratase or isomerase

SVEN_1195 InfC - Translation initiation factor

SVEN_1509 Cysteine desulfurase

SVEN_2364 Peptidase_M48 domain-containing protein
SVEN_2576 GImS - Glutamine--fructose-6-phosphate aminotransferase
SVEN_3078 Putative DNA-binding protein

SVEN_3682 RpsF

SVEN_4283 Gram-pos-anchoring domain-containing protein
SVEN_4453 BldM

SVEN_4826 Putative reductase

SVEN_4914 cAMP-binding protein

SVEN_5591 Uncharacterized protein

SVEN_6165 Putative aminotransferase

SVEN_6166 D-hydantoinase

3.3.3 Lsr2 interacts directly with LsrL in S. venezuelae

McMaster University - Biology

In parallel, we wanted to determine if Lsr2 activity was impacted by other
regulators at a protein level. Given that H-NS activity is controlled by its paralogue StpA,
we wondered if Lsr2 activity could be impacted in a similar way. Every streptomycete
encodes at least two Lsr2 homologues — Lsr2 and LsrL, and previous work from our lab
found that in addition to being autoregulatory, Lsr2 also represses the expression of /srL
by binding at its promoter region (Gehrke et al., 2019).

Previous works on Lsr2 in M. tuberculosis revealed that the N-terminal domain of
Lsr2mib consists of three 3-strands (green arrows in Figure 3.5) and one a-helix (purple
rectangles in Figure 3.5) (Gordon et al., 2008). Within the N-terminal domain, Asp28 and
Arg45 play critical roles in dimerization, functioning to anchor the anti-parallel -sheet
of one monomer and the a-helix of another monomer. Additionally, ten conserved
residues are important for dimerization by providing tertiary hydrophobic and H-
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bonding interactions (Summers et al., 2012). Following a flexible linker, the C-terminal
domain of Lsr2mw contains two a-helices connected by a long loop, and the RGR motif
(contributing to the ‘AT hook’) is responsible for DNA binding (Gordon et al., 2010;
Gordon et al., 2011; Summers et al., 2012). In S. venezuelae, Lsr2 and LsrL share 47%
end-to-end amino acid identity, and 60% amino acid similarity. Alignment of Lsr2 from
M. tuberculosis, and Lsr2 and LsrL from S. venezuelae revealed that at the C-terminus,
the RGR motif was conserved in Lsr2 and LsrL, while within the N-terminus, the two
critical residues (Asp28 and Arg45, corresponding to Asp27 and Arg44 in Lsr2 and LsrL in
S. venezuelae), alongside nine out of the other 10 residues involved in dimerization were
conserved in Lsr2 and LsrL. (Figure 3.5). This suggested that LsrL had the potential to
interact with Lsr2 via its N-terminal dimerization domain, and possibly function in
controlling Lsr2 activity.

N-terminal dimerization domain

— - ) N
M. tuberculosis Lsr2 MAKKVTVTLVDDFDGSGAADETVEFGLDGVTYEIDLSTKNATKLRGDLKQWVAAGRRVGGR 61
Lsr2 VAQKVQVLLVDDLDG-VEADETVTFALDGKTYEIDLTTANAEKLRGLLEPYTKSGRRTGGR 60

S. venezuelae
LsrL VAQRVVVTLSDDMDG-GEAAETVAFGLDGKMYEIDLNAANAKKLRKALAPYLAAGRKLPAK 60

ek e ok kK kKo kK * Kkkk K Kkkk *kkkkk o Kk Kk*k * . e KKk .

Linker C-terminal DNA-binding domain
L I o
M. tuberculosis Lsr2 RRGRS---GSGRGRGAIDREQSAAIREWARRNGHNVSTRGRIPADVIDAYHAAT-
Lsr2 TTGGR---GKGRAVAAGSPD-TAKIRAWAKDNGYNVNDRGRVPADIKAAYEDANR 111

S. venezuelae

LsrL AAAGRSPAAESYTHTSLAPD-PAAVRAWAQSNKMEVPARGRIPKRVYEAFRAAS- 113

* ek KKk e K .k Kk Kk ek . * . *

Figure 3.5: Dimerization residues and the RGR AT-hook are conserved in Lsr2 and LsrL.
Alignment of Lsr2 from M. tuberculosis, and Lsr2 and LsrL from S. venezuelae. The green
arrows represent 3-strands, and the purple rectangles represent a-helices. The two
residues implicated in dimerization are highlighted in red text; the residues (ten in Lsr2
in M. tuberculosis and nine in Lsr2 and LsrL in S. venezuelae) involved in Lsr2 N-terminal
dimerization are shaded in grey; the RGR ‘AT-hook’ residues are bolded and underlined.
Asterisks indicate residues that are conserved; colons indicate conservation of residues
with strongly similar properties; and periods indicate conservation of residues with
weakly similar properties.

Based on these results, we wondered if LsrL interacted with Lsr2 and affected
Lsr2 activity, and/or impacted gene expression in S. venezuelae. To test these
hypotheses, we first tested whether Lsr2 and LsrL could interact using the bacterial
adenylate cyclase two-hybrid system. The coding sequences of Isr2 and IsrL were cloned
into the four bacterial two-hybrid vectors (pKT25, pKNT25, pUT18, and pUT18C) and the
resulting constructs were introduced in pairwise combinations into an E. coli reporter
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strain. Interactions were assessed on solid medium and using quantitative liquid culture
assays, measuring [3-galactosidase activity. Lsr2-Lsr2 and Lsr2-T25 plasmid interactions
were included as positive and negative controls, respectively. We found that Lsr2
interacted directly with LsrL, based on the blue colonies observed on solid medium and
high B-galactosidase activities measured in the quantitative liquid culture assay (Figure
3.6).
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Figure 3.6: Pairwise direct interactions between Lsr2 and LsrL. All interaction
orientations between Lsr2 and LsrL were tested. Lsr2-Lsr2 plasmids were included as a
positive control and Lsr2-T25 constructs were included as a negative control. Statistical
significances between the negative control and other interactions were determined
using a Student’s t test (* indicates p<0.05; ** indicates p<0.01; *** indicates p<0.005).
The error bars represent standard error of mean between three biological replicates
(two biological replicates for T25-Lsr2+T18-LsrL and NT25-Lsr2+T18C-LsrL).

To further test the interaction between Lsr2 and LsrL, we co-expressed
differentially tagged variants of Lsr2 and LsrL (His-tagged or S-tagged) in E. coli. The His-
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tagged proteins were then purified, and co-purification of the S-tagged protein was
assessed using western blotting. Overexpression and purification of His-tagged Lsr2 only,
followed by western blotting using anti-S antibodies was also tested as a negative
control to ensure there was no cross-reactivity of the His-tagged Lsr2 with the anti-S
antibodies. We found that S-tagged LsrL and S-tagged Lsr2 were effectively co-purified
with His-tagged Lsr2 and His-tagged LsrL, respectively (Figure 3.7). When co-expressing
His-tagged LsrL and S-tagged Lsr2, we observed a strong band of S-tagged Lsr2 in the no
induction sample (Figure 3.7, left); this was likely due to the leaky expression of S-
tagged protein from the T7 promoter. However, the strong band of S-tagged LsrL was
absent in the uninduced sample when expressing His-tagged Lsr2 and S-tagged LsrL
(Figure 3.7, middle). This could be explained by the protein structure of S-tagged Lsr2
and S-tagged LsrL, where upon protein folding, the S-tag fused to Lsr2 might be more
accessible to anti-S antibodies compared to the S-tag fused to LsrL. Taken together, our
bacterial two-hybrid results and heterologous co-purification observations suggested
that Lsr2 and LsrL interact directly with each other when expressed in E. coli.

His-LsrL + Lsr2-S His-Lsr2 + LsrL-S His-Lsr2
Induction Induction Induction
Co-P Co-P Co-P
kDa + kDa - + kDa - +
25 — 25 — 25 — '
20 — 20 — I .
15 — - g, 15 — . - i(s) — -~

Western blots using anti-S-tag antibodies

Figure 3.7: Direct interaction of Lsr2 and LsrL through heterologous co-purification.
Left: Western blot using anti-S-tag antibodies, for S-tagged Lsr2 following co-purification
with His-tagged LsrL (Co-P), and cell lysates of uninduced (-) and induced (+) cultures.
Middle: western blot using anti-S-tag antibodies, for S-tagged LsrL following
copurification with His-tagged Lsr2 (Co-P), alongside cell lysates of uninduced (-) and
induced (+) cultures. Right: western blot using anti-S-tag antibodies, for purified His-
tagged Lsr2 (Co-P), and cell lysates of uninduced (-) and induced (+) cultures (negative
control, where no-S-tagged protein in present).

To test if Lsr2 and LsrL interacted with each other in S. venezuelae, we used an in
vivo approach to look for proteins that directly interacted with Lsr2 by co-
immunoprecipitating Lsr2-FLAG, followed by mass spectrometry analysis of all
associated proteins (summarized in Table 3.2). We focused on those proteins that were
identified in both replicates of Lsr2-FLAG co-immunoprecipitation samples but not in the
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Lsr2 (non-tagged) co-immunoprecipitation samples (negative control). And an internal
control, we expected to identify Lsr2 (native, untagged) from the Lsr2-FLAG co-
immunoprecipitation samples, as Lsr2 oligomerizes with itself. Lsr2 was indeed
identified as being abundant in both replicates of Lsr2-FLAG samples; however, it was
ultimately excluded from our final list as it was also pulled out from our Lsr2 control
samples, but at much lower levels compared to the Lsr2-FLAG samples.

We also identified LsrL, which was reproducibly co-purified with Lsr2-FLAG, and
not with the untagged control. These results confirmed our findings from E. coli and
suggested that Lsr2 and LsrL could interact directly with each other in S. venezuelae.
SVEN_1508, a MarR (multiple antibiotic resistance repressor) family regulator, was also
identified as a candidate interacting protein of interest, alongside three other
enzymes/proteins.

Table 3.2: Lsr2 interacting partners identified from in vivo co-immunoprecipitation

Gene number Annotation

SVEN_1508 MarR regulator protein

SVEN_2243 Phospholipase C (membrane associated)
SVEN_3020 Uncharacterized protein

SVEN_3832 LsrL

SVEN_5797 Ornithine carbamoyltransferase

3.3.4 Lsr2 DNA-binding activity is impacted by LsrL

Research in M. tuberculosis has revealed that Lsr2 binds DNA specifically in the
minor groove via an AT-hook (RGR motif) (Gordon et al., 2011), which is conserved in
Lsr2 and LsrLin S. venezuelae. Subsequent studies showed that M tuberculosis Lsr2
cooperatively binds DNA to form rigid filaments or mediates DNA bridge structure
formation. Lsr2 binding causes DNA stiffening, and this change in conformation attracts
more Lsr2 for further binding (Qu et al., 2013). In contrast, little is known about the
DNA-binding activity of LsrL. To probe this, we overexpressed and purified LsrL, and
compared its ability — relative to that of Lsr2 — to bind to two Lsr2 targets identified in
previous ChIP-seq and EMSAs: sven0926 (Figure 3.8A) and sven0904_0905 (Figure 3.8B).
We determined that both Lsr2 and LsrL bound these target sequences, however, LsrL
bound the probes in a different manner compared with Lsr2. Lsr2 bound probes
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gradually in a cooperative way that generated multiple shifted bands in EMSAs, whereas
LsrL bound DNA in a way that led to one high molecular weight shifted band in EMSAs
(Figure 3.8).

A 44 4

Lsr2 (pM) 0005 0102041 15 2 LsrL(uM) 0005010204 1 15 2
Free probe 2> - - e e -
sven0926 (1 nM) sven0926 (1 nM)
Lsr2 (uM) 0005010204 1 15 2 LsrL (uM) 00050102041 15 2
e — —
Free probe = & B B W & -

sven0904_0905 (1 nM) sven0904_0905 (1 nM)

Figure 3.8: Lsr2 and LsrL bind DNA targets differently. EMSAs comparing Lsr2 and LsrL
binding to the same probes, (A) sven0926 and (B) sven0904_0905. 1 nM 32P-labeled
sven0926 and sven0904_0905 DNA probes were combined with increasing
concentrations (0 to 2 uM) of Lsr2 (left) and LsrL (right). Images are representatives of
two independent replicates.

Given that i) Lsr2 and LsrL interact with other, ii) both Lsr2 and LsrL have DNA-
binding capabilities, and iii) LsrL binds the tested DNA probes in a different way than
Lsr2, we wondered if the DNA binding of Lsr2 might be impacted by LsrL. To test this
hypothesis, we pre-incubated purified Lsr2 and LsrL together (Lsr2+LsrL) and performed
EMSAs to test the DNA-binding ability of these proteins. We observed that Lsr2+LsrL
bound target DNA probes in a way that was more similar to that of Lsr2 than to LsrL
(Figure 3.8 and 3.9). To examine the affinities of Lsr2, LsrL and Lsr2+LsrL for tested
probes, we quantified the intensity of labeled free probes from EMSAs shown in Figure
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3.8 and 3.9A. We found that the proteins (Lsr2 only, LsrL only and Lsr2+LsrL) had
different affinities for the two tested probes (sven0926 and sven0904_0905).
Specifically, Lsr2 and LsrL had similar affinity for sven0926 at high protein concentrations
(0.4 — 2 uM); however, Lsr2 bound sven0926 better than LsrL at low protein
concentrations (0.05 — 0.2 uM). In contrast, LsrL had much higher affinity for

sven0904 0905 than Lsr2 at all tested protein concentrations, and Lsr2+LsrL bound
sven0904_0905 probe with an affinity more similar to LsrL than to Lsr2, although the
band shifting characteristics were more similar to those of Lsr2. These results suggest
that Lsr2 and LsrL interact with DNA differently and their DNA-binding activities may be
impacted by each other, where LsrL changes the affinity of Lsr2 for DNA and Lsr2 alters
the pattern of LsrL binding to DNA.
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Figure 3.9: Lsr2 and LsrL DNA-binding activities are impacted by each other. EMSAs
probing Lsr2+LsrL binding to (A) sven0926 and (B) sven0904_0905. 1 nM of labeled
sven0926 and sven0904_0905 DNA probes were combined with increasing
concentrations (0 to 2 uM) of pre-incubated Lsr2+LsrL. (C) Quantification of labeled free
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probe remaining following incubation with increasing concentrations of Lsr2 only (blue),
LsrL only (orange) or Lsr2+LsrL (grey) from EMSAs shown in Figure 3.8 and 3.9A.

3.4 Discussion

Lsr2 represses specialized metabolite production in Streptomyces spp. and
manipulating Lsr2 activity has the potential to stimulate the expression of otherwise
‘silent’ and ‘cryptic’ specialized metabolic gene clusters (Gehrke et al., 2019; Zhang et
al., 2021). Here, we sought to understand the different factors with the potential to
directly impact Lsr2 activity in S. venezuelae, including post-translational modification,
transcriptional regulation, and activity modulation by interacting partners. Our results
suggest that Lsr2 is not post-translationally modified under the growth conditions tested
here; however, Isr2 expression and Lsr2 activity may be controlled by a variety of
factors.

Previous work in M. tuberculosis revealed that Lsr2mw, can be phosphorylated by
the protein kinase PknB at four threonine residues, with phosphorylation decreasing the
affinity of Lsr2 for DNA (Alqaseer et al., 2019). Importantly, phosphorylation of one
(Thr112) of the four threonine residues appears to be essential for growth under hypoxic
conditions (Algaseer et al., 2019). Lsr2 in S. venezuelae lacks Thr112 but has four
serine/threonine residues within its C-terminal DNA-binding domain. Furthermore, S.
venezuelae encodes a serine/threonine protein kinase (SVEN_3632) that shares 54%
amino acid identity with PknB in M. tuberculosis. Additionally, a phosphoproteomics
screen of S. coelicolor grown on solid GYM medium (glucose, yeast extract, malt extract)
showed that many transcriptional factors were post-translationally modified. One of the
phosphorylation targets identified was Lsr2, which was phosphorylated on Thr78, a
residue conserved in Lsr2 in S. venezuelae; however, no further investigation was
undertaken to identify the enzyme responsible, conditions under which phosphorylation
occurred, or the downstream effects of this modification. (Parker et al., 2010; Manteca
et al., 2011). These results suggest that Lsr2 has the potential to be phosphorylated, and
that phosphorylation of Lsr2 may impact the expression of biosynthetic clusters in S.
venezuelae. However, no phosphorylation was detected in our Zn?*-Phos-tag SDS-PAGE
experiments, and no post-translational modifications other than Lsr2 deamidation were
identified from our mass spectrometry analyses when S. venezuelae was grown in liquid
MYM (maltose, yeast extract, malt extract). It is worth noting that not all residues were
detected following mass spectrometry, as some of the peptides resulting from trypsin
cleavage were too small for analysis and/or were not detected. Notably, Thr78 was
covered in our mass spectrometry analysis; however, no phosphorylation was detected
(Figure 3.2). Our results suggested that under the classical growth conditions (in liquid
MYM medium), Lsr2 is not post-translationally modified. It would be interesting to grow
S. venezuelae under different conditions and assess its post-translational modifications
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under these conditions, to better understand how Lsr2 activity is regulated, and to
identify any environmental cues that may impact Lsr2 modification.

Lsr2 functions similarly to H-NS, but little is known about the regulatory factors
governing Lsr2 activity and gene expression. At a gene expression level, like H-NS, Lsr2 is
autoregulatory (Gehrke et al., 2019; Gordon et al., 2010); we were interested in
identifying other regulators that might impact Isr2 expression. We identified multiple
proteins associated with the Isr2 promoter/gene in wild type and Alsr2 mutant strains.
Three proteins, SVEN_4453 (BldM), SVEN_3078 (DNA-binding protein) and SVEN_4914
(Crp family transcriptional regulator), were of particular interest as they have
known/likely DNA-binding capabilities and may play direct roles in controlling Isr2
expression.

BldM is an orphaned response regulator containing a ligand binding domain and
a helix-turn-helix DNA-binding domain, and has been best studied as a regulator for
colony development, with a b/dM mutant failing to raise aerial hyphae (Molle and
Buttner, 2000). BIdM is known to exert its regulatory activity by forming either a
homodimer or a heterodimer with Whil (Al-Bassam et al., 2014). Accordingly, ChIP-seq
analyses revealed that with BIdM binding targets could be divided into two groups
(Group I and Group Il) based on their Whil dependencies (Al-Bassam et al., 2014). Group
| target promoters are regulated by BldM homodimers and possess a 16 bp palindromic
consensus sequence (5’-TCACcCgnncGgGTGA-3'), while Group |l target promoters are
bound by a BIdM-Whil heterodimer at a non-palindromic sequence (5'-
TGnnCCGNnCGGGTGA-3'). Isr2 was not identified as a binding target in the BIdM ChlP-
seq experiments, however, by analyzing the Isr2 promoter and coding sequences, we
found a potential BIdM-Whil binding site within the Isr2 promoter where it overlaps with
Lsr2 binding site (Figure 3.10). This discrepancy could be explained by the fact that the
BIdM ChIP-seq experiments were conducted in a wild type strain, where Lsr2 binds its
own promoter and effectively prevents the binding of other regulators to the promoter.
The plasmid pulldown experiments conducted here were done in both wild type and /sr2
mutant strains, using /sr2R82A (DNA-binding defective variant) with its promoter cloned
into a high copy number plasmid. Therefore, regulators with low binding affinity or
needing to compete with Lsr2 for binding sites had a higher chance of binding the
promoter and were more likely to be identified in our plasmid pulldown experiments
than ChlIP-seq. Our result suggested that BlIdM may control Isr2 expression directly by
forming heterodimer with Whil; however, Whil was not identified from any of the
plasmid pulldown samples. To better understand the regulatory role of BldM, and
possibly Whil, on Isr2 expression, we will co-overexpress and -purify BldM and Whil, and
perform EMSAs to test the binding of BIdM+Whil (and BIdM on its own) to candidate
sites within /sr2. Given that Lsr2 is a major repressor in controlling specialized
metabolism in Streptomyces, we are interested in understanding if manipulating activity
of BIdM has the potential to stimulate specialized metabolites through its effect on /sr2
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expression. Previous work has revealed that deleting b/dM increases transcription of the
chloramphenicol biosynthetic cluster in S. venezuelae; however, no sequence motif
corresponding to BIdM-Whil binding was found within the chloramphenicol gene cluster,
suggesting that BIdM regulates the chloramphenicol gene cluster indirectly by activating
the expression of a repressor (Fernandez-Martinez et al., 2014). We have shown that
Lsr2 directly represses transcription of the chloramphenicol biosynthetic cluster by
binding DNA both within the cluster (Gehrke et al., 2019; Zhang et al., 2021); therefore,
it is tempting speculate that /sr2 could be the target of BIdM in regulating transcription
of the chloramphenicol gene cluster. To gain better insights into the impact of BIdM on
Isr2 expression and specialized metabolic in S. venezuelae, we will delete and
overexpress bldM in wild type and the Isr2 mutant strains, and measure
chloramphenicol production in each strain. If BIdM indeed regulates Isr2 expression, and
further has an indirect effect on chloramphenicol production, this would uncover a new
level of specialized metabolic control in Streptomyces through modulating the activity of
nucleoid-associated proteins.

Lsr2 binding site

Potential BIdM-Whil binding site 5’— GGTCTCGAACGAGTGA -3’

| RN
Consensus sequence of Group Il promoters 5'- TGnnCCGnnCGGGTGA -3’

Figure 3.10: BIdM-Whil may regulate Isr2 expression. Schematic diagram showing the
predicted BIdM-Whil binding site and Lsr2 binding site identified from previous ChIP-seq
at the promoter region of Isr2.

SVEN_3078 is a XRE (xenobiotic response element) family regulator with a helix-
turn-helix DNA-binding domain. Studies on its ortholog Scrl in S. coelicolor found that
Scrl and Scr2, a protein encoded by the downstream gene, play important roles in
regulating antibiotic production (Santamaria et al., 2018). Overexpression of Scr1/Scr2
induced pigmented antibiotic production in S. coelicolor, and Scr2 was needed Scrl to
induce antibiotic production. However, how Scrl exerts its function remains unknown
(Santamaria et al., 2018). Based on our results, a possible mechanism for Scrl
(SVEN_3078 in S. venezuelae) in regulating antibiotic production could be through the
control of Isr2.
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Finally, SVEN_4914 is a Crp-like transcription regulator with a well-conserved
cAMP-binding domain but a poorly characterized DNA-binding domain. In S. coelicolor,
Crp is a pleiotropic regulator of antibiotic production with hundreds of associated
binding sites identified in the chromosome (Gao et al., 2012). SVEN_4914 could control
Isr2 expression directly by binding its promoter region. Neither SVEN_3078 nor
SVEN_4914 have been well characterized compared to BldM, therefore, as a first step
towards understanding the impact of SVEN_3078 and SVEN_4914 on Isr2, we will
overexpress and purify the two proteins, and perform EMSAs to test their binding to the
Isr2 promoter/gene.

Beyond these three DNA-binding proteins, two proteins with links to translation
(SVEN_1195 and SVEN_3682) were also pulled out from the Isr2 mutant strain. In the
Isr2 mutant strain, transcription of /sr2R82A in the pulldown plasmid was increased due
to the lack of auto-repression, resulting in high mRNA levels. When crosslinking protein
to DNA using formaldehyde, mRNA could also be anchored to the plasmid via
interactions between DNA and RNA polymerase. Because of coupled transcription-
translation in bacteria, translation-associated proteins loaded onto /sr2R82A mRNA
before transcription was terminated, therefore, translation-associated proteins bound
to mRNA could be pulled out with the plasmid during the pulldown process.

At the protein level, our data suggested that Lsr2 and LsrL, a paralogous Lsr2-like
protein encoded in all Streptomyces genomes (Gehrke et al., 2019), interact directly with
each other, suggesting they could form hetero-oligomers. Our EMSA results suggested
that Lsr2 and LsrL can bind the same DNA with different affinities and in distinct
manners. Lsr2 bound target DNA in a way that yielded multiple shifted bands in EMSAs,
while LsrL seemed to bind DNA in a different manner, leading to the formation of large
DNA-protein complexes that could not migrate into the gel (Figure 3.8). Alignment of
Lsr2 and LsrL revealed that these two proteins have the same domain organization, and
most of the dimerization/oligomerization residues identified in the protein structure
from M. tuberculosis (the two implicated residues, Asp27 and Arg44, and nine out of 10
residues involved in dimerization) as well as the RGR motif responsible for DNA-binding,
are conserved in both proteins; however, the linker region joining the two domains
differed between the proteins, where the Lsr2 linker (TTGGRGKGRAVAA) was more Gly-
rich compared with the LsrL linker (AAAGRSPAAESYTHTS), which was more Ala-rich
(Figure 3.5). Gly-rich linkers are generally flexible and provide good solubility while Ala-
rich linkers are more rigid due to restricted conformations and can increase protein
stability (Robinson and Sauer, 1998; Chen et al., 2013; Grawe and Stein, 2021). A study
using linker libraries showed that altering the composition of Gly/Ala in the linker region
can change protein folding rates (Robinson and Sauer, 1998). Specifically, Ala-rich linkers
(eight or more Ala in a 19-residue linker) can accelerate protein folding, and can cause
protein aggregation during protein purification (Robinson and Sauer, 1998). Therefore,
the different DNA-binding activities of Lsr2 and LsrL could be explained by their different
linkers: the Gly-rich flexible linker in Lsr2 may promote protein dimerization and
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cooperative binding to DNA (Figure 3.11 top panel), while the Ala-rich linker in LsrL may
facilitate formation of high molecular weight protein oligomers, either before or after
DNA binding, to form large DNA-protein complexes (Figure 3.11 bottom panel). To test
our model for Lsr2 and LsrL DNA-binding activities, we will perform AFM using purified
Lsr2 and LsrL, and PCR amplified DNA probes to visualize and compare how Lsr2 and LsrL
interact with DNA.

o et et
f >>M
oo

O—O /w
Lsr2 LsrL DNA

Lsr2+DNA

LsrL+DNA

Figure 3.11: Proposed model for the DNA-binding of Lsr2 and LsrL. Top panel: DNA
binding of Lsr2 to DNA. At low protein concentration, Lsr2 stiffens bound DNA and this
changes the DNA conformation is favored by Lsr2 for further binding. As protein
concentrations increase, Lsr2 preferentially oligomerizes on previously bound DNA and
also binds free DNA, resulting in DNA-protein complexes having different molecular
weights. Bottom panel: Due to its more rigid linker, LsrL may preferentially form protein
oligomers, which then bind DNA to form large molecular weight DNA-protein complexes.

Additionally, we found that the DNA-binding activities of Lsr2 and LsrL were
altered by the presence of the other protein. We considered two main possibilities that
could explain these observations: i) LsrL oligomerization was prevented when interacting
with Lsr2, and as a result, the Lsr2-LsrL heterodimer bound DNA in a way similar to that
of Lsr2; or ii) Lsr2 and LsrL competed for binding to the DNA probes, and since the DNA
probes used in the EMSAs were Lsr2 targets previously identified from ChiIP-seq, LsrL
was outcompeted by Lsr2. To differentiate between these two possibilities, we will
perform ChlP-seq to identify LsrL targets and then do EMSAs to test Lsr2, LsrL and
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Lsr2+LsrL binding to LsrL targets. We are also interested in examining the impact of
potential Lsr2-LsrL interactions in vivo. In previous work, we showed that deleting /sr2
leads to delayed growth and development and altered expression of many biosynthetic
clusters. In contrast, deleting IsrL had no obvious effect on development and led to
minor changes in metabolism. We have previously done ChlP-seq experiments to
identify Lsr2-associated DNA. To understand both the direct LsrL regulon, as well as the
reciprocal effect of Lsr2 on LsrL and vice versa, in addition to ChIP-seq to identify LsrL-
associated DNA, we will also do ChlIP-seq to (i) characterize Lsr2 binding in the absence
of LsrL, and (ii) identify LsrL binding sites in the absence of Lsr2. This will provide us with
key information needed to understand the regulatory interplay between these two
proteins.

In addition to LsrL, SVEN_1508, a MarR family regulator, was also identified as a
candidate interacting protein of Lsr2. MarR regulators contain a conserved winged helix-
turn-helix DNA binding domain and a ligand-binding domain (Guo et al., 2018). MarR
regulators typically act as homodimers and bind palindromic sequences within
promoters to repress (mostly) or activate transcription. The DNA-binding activity of
MarR regulators is impacted by binding of ligands, including small molecules and
peptide, however, the natural ligands for MarR regulators are often unknown (Guo et
al., 2018; Beggs et al., 2020). It is possible that interaction between Lsr2 and SVEN_1508
can reciprocally impact the DNA binding/regulatory capabilities of each protein.

Taken together, our data show that Lsr2 has the potential to be regulated at
different levels by multiple factors. Understanding how Lsr2 is controlled will provide us
with important insight into strategies to manipulate Lsr2 expression/activity, so as to
access otherwise repressed specialized metabolites in Streptomyces.

3.5 Materials and methods

3.5.1 Bacterial strains and culture conditions

S. venezuelae strains were grown at 30°C on MYM (maltose, yeast extract, malt
extract) agar, or in liquid MYM medium. E. coli strains were grown at 37°C on or in LB
medium. Streptomyces strains, E. coli strains and plasmids that were constructed and
used are summarized in Table 3.3. Where appropriate, antibiotic selection was used for
plasmid maintenance.

3.5.2 Construction of plasmids for bacterial two-hybrid, protein overexpression and
plasmid pulldown

To investigate the potential for Lsr2-LsrL protein interaction, Isr2 and IsrL were
amplified using primers Isr2B2HF and Isr2B2HR, and IsrIB2HF and IsrIB2HR, respectively
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(Table 3.4). The resulting products were digested with BamHI and Kpnl, and were cloned
into the BamHI and Kpnl sites in pKT25, pKNT25, pUT18 and pUT18C (Table 3.3).

Lsr2 overexpression and purification were performed as described previously
(Gehrke et al., 2019). To overexpress LsrL in E. coli, the IsrL coding sequence was PCR
amplified using primers IsrlF_pET15b and IsrIR_pET15b (Table 3.4). The resulting product
was digested with Ndel and BamHI and was ligated into the equivalently digested
pPET15b vector. To co-overexpress and -purify 6xHis-Lsr2 and LsrL-S, the Isr2 coding
sequence was PCR amplified using primers Isr2F_MCS1 and Isr2R_MCS1 (Table 3.4),
after which the resulting product was digested with EcoRl and Hindlll and cloned into
the same sites in pCOLADuet-1. IsrL was amplified using primers IsrlF_pET15b and
IsrIR_Xhol (Table 3.4); the product was then digested with Ndel and Xhol, and was
cloned into the Ndel and Xhol site in pCOLADuet-1_6xHis-Isr2 (Table 3.3). To co-
overexpress and purify 6xHis-LsrL and Lsr2-S, IsrL was PCR amplified using primers
IsrIB2HF and IsrIR_Xhol. The PCR product was then digested with Xhol and BamHI, and
was cloned into the Sall (overhangs compatible with Xhol) and BamH] sites in the
pCOLADuet-1 vector (Table 3.3). The coding sequence of Isr2 was PCR amplified using
primers Isr2F_MCS2 and Isr2R_MCS2. The resulting product was digested with Ndel and
Kpnl before being cloned into the equivalently digested pCOLADuet-1_6xHis-/srL (Table
3.3).

To create an appropriate construct for the plasmid pulldown experiments, we
modified the backbone of pBlueScript, a non-integrating plasmid vector, to allow it to be
conjugated into Streptomyces and replicate once introduced. We further engineered in
features that facilitated plasmid capture and isolation of the associated proteins.
Specifically, a Streptomyces-compatible origin of replication was PCR amplified from
pKOSi (a plasmid vector containing the pSGS5 replicon; Table 3.3) using primers
oriT_pSG5ori2 and pSG5ori_pBlueScript (Table 3.4); a synthetic fragment consisting of a
constitutively expressed lacl-FLAG fusion and a tandem array of /acO binding sites was
generated and served as template for PCR amplification using primers
pBlueScript_lacl_lacOF and lacl_lacO_oriT1 (Table 3.4); the aac(3)IV-oriT resistance
cassette was amplified from plJ773 using primers lacl_lacO_oriT2 and oriT_pSG5oril
(Table 3.4). The three fragments were then joined together using overlap extension PCR.
The product was then phosphorylated and cloned into the EcoRV site of pBlueScript
(Table 3.3). After modifying the backbone, a dominant allele of /sr2 (R82A mutant —
which is incapable of binding DNA) with its native promoter was cloned into the plasmid:
Isr2R82A and its promoter were PCR amplified from pMC132 (an integrating plasmid
vector carrying the mutant /sr2 allele) using primers R82AF and R82AR (Table 3.4), after
which the resulting product was then phosphorylated and cloned into the EcoRV site of
the modified plasmid.
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3.5.3 Plasmid pulldown

S. venezuelae strains containing the plasmid pulldown constructs were grown to
mid growth stage (14 hours) in liquid MYM with apramycin to maintain the plasmid.
Regulatory proteins were crosslinked to their target DNAs by adding formaldehyde to a
final concentration of 1% (vol/vol) and incubating for 30 min. Crosslinking reactions
were then stopped by adding glycine to a final concentration of 125 mM. Cells were
lysed by adding lysozyme [10 mM Tris-HCI pH 8.0, 50 mM NaCl, 14 mg/ml lysozyme,
0.8% Triton X-100, and 1x protease inhibitor (Roche Complete Mini)] and incubating at
37°C for 4 hours. After removing cell debris, the cell lysates were incubated with anti-
FLAG resin beads overnight at 4°C to capture the plasmids and bound proteins through
binding of anti-FLAG antibodies to Lacl-FLAG. Anti-FLAG resin beads with bound
plasmids were collected by centrifugation. Plasmid-associated proteins were eluted in
1xSDS loading dye (2% SDS, 10% glycerol, 100 mM DTT, 0.005% bromophenol blue and
50 mM Tris-HCI, pH 6.8) and heated at 95°C for 15 min. The eluted proteins were
separated on a 12% SDS-PAG and each sample lane was excised and subjected to mass
spectrometry analyses.

3.5.4 Mass spectrometry (MS) analyses

MS analyses were performed by the Center for Advanced Proteomics Analyses
(Université de Montréal). To prepare samples for MS, protein samples were
reconstituted in 50 mM ammonium bicarbonate with 10 mM TCEP [Tris(2-carboxyethyl)
phosphine hydrochloride; Thermo Fisher Scientific], and vortexed for 1 h at 37°C.
Samples were then vortexed for another hour at 37°C, together with 55 mM
chloroacetamide (Sigma-Aldrich) for alkylation. One microgram of trypsin was added,
and protein digestion was performed by incubating samples at 37°C for 8 h. Following
trypsin digestion, samples were dried down and solubilized in 4% formic acid (FA).

After sample preparation, peptides were loaded and separated on a home-made
reversed-phase column (200 mm long with 150 um of internal diameter) with a 56-min
gradient from 10 to 30% acetonitrile with 0.2% FA at a 600 nL/min flow rate on an Easy
nLC-1000 connected to an Orbitrap Fusion (Thermo Fisher Scientific). Each full MS
spectrum acquired at a resolution of 120,000 was followed by tandem-MS spectra (MS-
MS) acquisition on the most abundant multiply charged precursor ions for a maximum
of 3 s. MS-MS experiments were performed using collision-induced dissociation at a
collision energy of 30%. The data were processed using PEAKS X Pro (Bioinformatics
Solutions, Waterloo, ON) and a Uniprot S. venezuelae database (7451 entries). Mass
tolerances on precursor and fragment ions were 10 ppm and 0.3 Da, respectively. To
analyse post-translational modifications, the following modifications were included in
data analyses: carbamidomethyl, oxidation, deamidation, phosphorylation, and
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acetylation. The data were visualized using Scaffold 5.0 (99% protein threshold, with at
least 2 peptides identified and a false-discovery rate of 1% for peptides).

3.5.5 Western blotting and Zn?*-Phos-tag SDS-PAGE

To check the presence and stability of Lacl-3xFLAG, cell lysates were prepared
from 10 mL S. venezuelae liquid cultures. The protein extracts were separated using 10%
SDS-PAGE and were stained with Coomassie Brilliant Blue R-250. Equivalent amounts of
total protein were loaded onto a second 10% SDS-PAG and transferred to PVDF
membranes. Membranes were blocked for an hour at room temperature with Tris-
buffered saline with added Tween 20 (TBS-T, 10 mM Tris, pH 8.0, 100 mM NaCl and 0.1%
Tween 20) containing 6% fat-free skim milk. Membranes were then incubated at 4°C
overnight in TBS-T containing 6% skim milk with anti-FLAG antibodies (1:6000; Sigma).
The membranes were washed six times with TBS-T and incubated in TBS-T containing 6%
skim milk with anti-rabbit IgG horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:3,000; Cell Signaling) at room temperature for an hour. Blots were
developed using an enhanced chemiluminescence system (Bio-Rad).

To probe interactions between Lsr2 and LsrL when expressed in E. coli, the His-
tagged protein (either Lsr2 or LsrL) was purified, and it and all co-purifying proteins were
loaded onto a 10% tricine-SDS-PAG (Haider et al., 2012). Western blotting was then
done as described above, only anti-S antibodies (1:10000; Thermo) were used as the
primary antibody for immunoblotting.

To detect protein phosphorylation, protein samples were loaded onto a 10%
SDS-PAG made with 75.5 uM of phos-tag acrylamide (Fujifilm) and 151 uM of ZnCl,
(Kinoshita et al., 2012). Gel electrophoresis was achieved by running gels in ice-cold
MOPS buffer (100 mM Tris-HCI, 100 mM MOPS, 0.1% SDS, 5 mM NaHSOs, pH 7.8).
Before transferring to a PVDF membrane, the gel was incubated with 1 mM EDTA to
remove the Zn?* (Kinoshita et al., 2006). Following protein transfer to the PVDF
membrane, western blotting was done as described above using anti-FLAG antibodies.

3.5.6 Pairwise bacterial two-hybrid interaction test

Competent E. coli strain DHM1 was transformed with both T25 and T28 protein
fusion plasmids in one step. Following transformation, cells were selected on LB medium
containing ampicillin, kanamycin and EZ-Gal, and incubated at 30°C for two days.
Representative colonies were streaked onto a fresh LB plate with ampicillin, kanamycin
and EZ-Gal, and grown at 30°C for two days prior of phenotypic comparison.

To quantify B-galactosidase activity, strain patches were inoculated into LB liquid
medium with ampicillin and kanamycin. After 12 hours of incubation at 30°C, the ODeoo
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of each culture was recorded. Two hundred microlitres of each culture were mixed with
800 pL of Z-buffer (600 mM Na;HPO4, 400 mM NaH;PO4, 10 mM KCl, 0.1 mM MgS0s, 2.7
mL/L B-mercaptoethanol). To lyse cells, 10 uL of 0.01% SDS, and 20 uL chloroform were
added to each tube before vortexing for 10 s. Following vortexing, 50 pL of each lysate
were combined with 150 pL of Z-buffer with 40 pL of 0.4% ONPG — the substrate of [3-
galactosidase. This was repeated in triplicate for each cell culture. The reactions were
incubated at 37°C for 1 h, with ODayo values recorded every min. The relative 3-
galactosidase activity was calculated as follows (Battesti and Bouveret, 2012):
0OD420/(0Ds00x0.2 mL of culturextime in min).

3.5.7 Immunoprecipitation and co-immunoprecipitation

To identify any post-translational modifications of Lsr2, an Lsr2-3xFLAG
expressing strain was inoculated in 10 mL MYM liquid medium, before being subcultured
into 50 mL of MYM in duplicate. After incubating for 8 hours (early growth stage), 16
hours (mid growth stage) and 20 hours (late growth stage), cells were lysed by adding
lysozyme (10 mM Tris-HCI pH 8.0, 50 mM NacCl, 14 mg/ml lysozyme, 0.8% Triton X-100,
and 1x protease inhibitor (Roche Complete Mini)) and incubating at 37°C for 30 min,
followed by sonication. Cell lysates were than incubated with anti-FLAG antibody-coated
beads overnight at 4°C to bind Lsr2-3xFLAG. The protein-bound beads were washed
three times with immunoprecipitation buffer (50 mM Tris-HCI, 250 mM NacCl, 0.8%
Triton X-100, pH 8.0) before the bound proteins were eluted in 1xSDS loading dye.
Immunoprecipitated protein samples were then separated on a 12% SDS-PAG, and the
bands corresponding to Lsr2-FLAG were excised and analyzed using mass spectrometry
analysis to identify any post-translational modifications.

To test for interactions between Lsr2 and other proteins in S. venezuelae, Lsr2-
(negative control) and Lsr2-3xFLAG-expressing strains were grown for 14 hours before
collecting cells and performing co-immunoprecipitation, as described above. After
eluting the (co)immunoprecipitated proteins from the anti-FLAG antibody-coated beads,
they were separated on a 12% SDS-PAG, and the entire lane for each sample was excised
and subjected to mass spectrometry analysis.

3.5.8 Protein overexpression, purification, and EMSAs

To examine the possible interaction of Lsr2 and LsrL in E. coli, Rosetta 2 cells
expressing 6xHis-Lsr2_LsrL-S or 6xHis-LsrL_Lsr2-S (Table 3.3) were grown at 37°C until
the culture reached an ODgoo of 0.4, after which IPTG was added to a final concentration
of 1 mM. Cells were then grown at 30°C for an additional 5 hours before being collected
and lysed. Ni-NTA affinity chromatography was used to purify His-tagged proteins and
associated interacting partners. Following the application of soluble cell lysate to the Ni-
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NTA column, the bound proteins were washed using increasing concentrations of
imidazole (10 mM- 200 mM), before being eluted with 250 mM imidazole. After
denaturing, the protein samples were subjected to western blotting using anti-S
antibodies to assess the interaction between Lsr2 and LsrL.

To overexpress and co-overexpress Lsr2 and LsrL in E. coli, their respective
plasmids was introduced into E. coli Rosetta 2 cells. The resulting 6xHis-Lsr2, 6xHis-LsrL,
6xHis-Lsr2_LsrL-S and 6xHis-LsrL_Lsr2-S overexpression strains were grown at 37°C until
they reached an ODggo of 0.5, at which point 1 mM IPTG was added. Cells were then
grown at 30°C for 5 h before being collected and lysed. The overexpressed proteins were
purified from the cell extract using Ni-NTA affinity chromatography and were washed
using increasing concentrations of imidazole (10 mM — 200 mM), before being eluted
using 250 mM imidazole. Finally, purified proteins were exchanged to storage buffer
suitable for either EMSAs or freezing at -80°C (20 mM Tris-HCI, 150 mM NacCl, 1.4 mM B-
mercaptoethanol, 25% glycerol, pH 8.0).

To test the binding ability of Lsr2 and LsrL, EMSAs were performed using probes
amplified by PCR using primers 0926F and 0926R, and 0904F and 0904R (Table 3.4), and
5’-end-labelled with [y-32P]dATP. Lsr2, LsrL and Lsr2+LsrL (0 — 2 uM) were incubated
with 1 nM labelled probe in binding buffer (10 mM Tris, pH 7.8, 5 mM MgCl,, 60 mM KClI
and 10% glycerol) in 20 uL reaction volumes. EMSA reactions were incubated at room
temperature for 10 min, followed by 30 min on ice. The reactions were then running on
10% native polyacrylamide gels. The gels were exposed to a phosphor screen for 45 min
and imaged using a Typhoon FLA 9500 phosphorimager.

Table 3.3: Streptomyces strains, E. coli strains and plasmids

Strains Genotype, characteristics, or use Reference or source

Streptomyces

S. venezuelae Wild type Gift from M. Buttner;

NRRL B-65442 Gomez-Escribano et

al., 2021

E336 S. venezuelae Alsr2 with pll82 carrying wild | Gehrke et al., 2019
type Isr2

E337 S. venezuelae Alsr2 with plJ10706 carrying Gehrke et al., 2019
Isr2-3xGly-3xFLAG

E328 S. venezuelae AlsrL::aac(3)IV Gehrke et al., 2019
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Escherichia coli

BamHl and Kpnl sites

DH5a Routine cloning Hanahan, 1985

SE DH5a Highly-competent (Subcloning Efficiency™) | Invitrogen
DH5a cells

ET12567 dam, dcm, hsdS, cat tet; carries trans- MacNeil et al., 1992
mobilizing plasmid pUz8002

Rosetta 2 Protein overexpression host with pRARE2 Novagen
which supplies 'rare' tRNAs

DHM1 cya’; bacterial two-hybrid reporter strain Karimova et al., 2001

Plasmids

pMS82 Integrative cloning vector: hyg, oriT, int Gregory et al., 2003
®BT1, attP ®BT1

pBluescript Il Standard cloning vector Stratagene

KS (+)

pET15b Overexpression of N-terminally Hiss-tagged | Novagen
proteins

pMC109 Isr2-R82A mutant variant cloned Gehrke et al., 2019
downstream of ermE* promoter in plJ12551

pKT25 Kan", cya domain T25, multiple cloning site | Karimova et al., 2001
located at C- terminus

pKNT25 Kan", cya domain T25, multiple cloning site | Karimova et al., 2001
located at N- terminus

pUT18 Amp', cya domain T18, multiple cloning site | Karimova et al., 2001
located at N- terminus

puUT18C Amp', cya domain T18, multiple cloning site | Karimova et al., 2001
located at C- terminus

pKT25-Isr2 Isr2 coding sequence cloned into pKT25 at This study
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pKT25-/srL IsrL coding sequence cloned into pKT25 at This study
BamHl and Kpnl sites

pKNT25-Isr2 Isr2 coding sequence cloned into pKNT25 at | This study
BamHl and Kpnl sites

PKNT25-/srL IsrL coding sequence cloned into pKNT25 at | This study
BamHlI and Kpnl sites

pUT18-/sr2 Isr2 coding sequence cloned into pUT18 at | This study
BamHl and Kpnl sites

pUT18-/srL IsrL coding sequence cloned into pUT18 at This study
BamHl| and Kpnl sites

pUT18C-Isr2 Isr2 coding sequence cloned into pUT18C at | This study
BamHl and Kpnl sites

pUT18C-IsrL IsrL coding sequence cloned into pUT18C at | This study

BamHl and Kpnl sites

pMC114

PET15b carrying Isr2 for overexpression
with an N-terminal Hise-tag

Gehrke et al., 2019

pMC126

pPET15b carrying IsrL for overexpression
with an N-terminal Hise-tag

This study

pCOLADuet-1

Co-overexpression of N-terminally Hise-
tagged protein and C-terminally S-tagged
protein

Novagen

pMC127

pCOLADuet-1 carrying Isr2 with and N-
terminal Hise-tag and IsrL with a C-terminal
S-tag

This study

pMC128

pCOLADuet-1 carrying IsrL with and N-
terminal Hise-tag and Isr2 with a C-terminal
S-tag

This study

pMC129

pCOLADuet-1 carrying Isr2 with and N-
terminal Hiss-tag

This study
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pMC130 pBlueScript carrying plasmid pulldown This study
features and /sr2-R82A mutant variant

pMC131 pBlueScript carrying plasmid pulldown This study
features

pMC132 Isr2 with R82A point mutation (with native From Emma J Gehrke
promoter and terminator) cloned into
EcoRV site of plJ82

pli82 Integrative cloning vector; ori pUC18, hyg, Gift from H. Kieser
oriT, RK2, int ®C31, attP ®C31

pKOSi Kan’, pSG5 replicon Netzker et al., 2016

Table 3.4: Oligonucleotides used in this study

C

Primers Sequence (5' - 3')* Use
Isr2B2HF ATATGGATCCGGCACAGAAGGTTCAGGTCC | Clone Isr2 into the
pKT25, pKNT25,
Isr2B2HR ATATGGTACCATGCGGTTCGCGTCCTCGTA | pUT18 and pUT18C
vectors
IsrIB2HF ATATGGATCCAGTGGCTCAGCGTGTGGTGG | Clone Isrl into the
TC pKT25, pKNT25,
pUT18 and pUT18C
IsrIB2HR ATATGGTACCATACTCGCGGCGCGGAAGGC | yectors
CT
IsrlIF_pET15b ATATCATATGGTGGCTCAGCGTGTGGTGGTC | Clone IsrL into pET15b
IsrIR_pET15b ATATGGATCCTCAACTCGCGGCGCGGAAGG
Isr2F_MCS1 ATATGAATTCAGCACAGAAGGTTCAGGTCC Clone Isr2 into
pCOLADuet with an N-
Isr2R_MCS1 ATATAAGCTTTCAGCGGTTCGCGTCCTCG terminal 6xHis-tag
IsrIR_Xhol ATATCTCGAGACTCGCGGCGCGGAAGGCCT | Clone IsrL into

pCOLADuet with a C-
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terminal S-tag (with
IsrIF)

Isr2F_MCS2 GGGTGCCATATGGCACAGAAGGTTCAGGTC
cTT
Isr2R_MCS2 ATATGGTACCGCGGTTCGCGTCCTCGTAG

Clone Isr2 into
pCOLADuet with a C-
terminal S-tag

oriT_pSG5ori2

CGATTGGCTGAGCTCATAAGAATGCCAGGA
TCAACAGGAC

pSG5ori_pBluSc
ript

TGATATCGAATTCCTGCAGCCCGGGGGATCT
CATCTGGTCAGCGTCAAGG

Amplify pSG5 replicon

pBlueScript_lacl
_lacOF

GAGCTCCACCGCGGTGGCGGCCGCTCTAGA
AGCCCGACCCGAGCACGCGC

lacl_lacO_oriT1

TGCGAGGCTGGCGGGAACTTTTGTTATCCGC
TCACAATTGTTATCCGCTCACAATTG

Amplify ermE*-lacl-
FLAG-lacO fragment

lacl_lacO_oriT2

CAATTGTGAGCGGATAACAAAAGTTCCCGCC
AGCCTCGCA

oriT_pSG5oril

GTCCTGTTGATCCTGGCATTCTTATGAGCTC
AGCCAATCG

Amplify acc(3)IV
resistance cassette

R82AF TTCCTATGACGAGGGAGTCG Amplify Isr2R82A
coding sequence with

R82AR GAATGGGGCGGTATCTCG promoter and
terminator

0926F TCGTCGATGAACCATTTCAT Amplify sven0926
EMSA probe

0926R GGAGACGTTCAGGATCGCGG

0904F GGATTTTCCTGAACGCCGGA Amplify
sven0904 0905 EMSA

0904R ACTTGAGGCATTCGACGTAT probe

*Restriction sites are underlined in primers.
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CHAPTER 4: MAPPING REGULATOR OCCUPANCY WITHIN CLUSTERS
IN S. VENEZUELAE

Xiafei Zhang, Peter L. Freddolino, Marie A. Elliot

Preface:

This chapter represents unpublished work. Dr. Peter L. Freddolino (Department of
Biological Chemistry, University of Michigan Medical School) provided critical advice
regarding our IPOD-HR experiments and analyzed our IPOD-HR and ChiIP-seq data. |
performed all other experiments.
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4.1 Abstract (Chapter Summary)

Streptomyces bacteria are noted for their ability to produce an incredible array of
bioactive compounds, including over 70% of the antibiotics in clinical use today.
Unexpectedly, however, genome sequences of Streptomyces species have revealed that
these bacteria have the potential to produce far greater numbers of bioactive
compounds than have been detected in the lab, and the products of many of these
‘cryptic’ biosynthetic gene clusters remain unknown. Understanding how the expression
of these biosynthetic clusters is controlled is critical to fully accessing the metabolic
potential of these bacteria. In Streptomyces, the expression of many antibiotic
biosynthetic clusters is controlled by both pathway-specific regulators and more
globally-acting regulators; however, the mechanism by which clusters are repressed/fail
to be activated is largely unknown and there is much that remains to be discovered
about the regulators that govern gene expression. Therefore, we sought to develop a
comprehensive understanding of those regulatory proteins that impact biosynthetic
gene cluster expression. To define the regulatory protein occupancy of antibiotic
clusters (and chromosome-wide), we are using ‘in vivo protein occupancy display-high
resolution’ (IPOD-HR) technology. This work will lay the foundation for establishing a
comprehensive regulatory network map for biosynthetic clusters in Streptomyces, and
guide future work aimed at stimulating the expression of metabolic clusters of interest
in any Streptomyces species.

4.2 Introduction

Streptomyces bacteria have large chromosomes, ranging in size from 8-12 Mb.
They typically possess ~8000 protein-coding genes, with ~12% of these genes encoding
regulatory proteins, including transcriptional regulators and o factors. These regulators
play important roles in controlling Streptomyces development and metabolism, and
their numbers reflect the complexity of regulatory networks in Streptomyces (Bentley et
al., 2002). Streptomyces are well-known for their ability to produce a wide range of
bioactive compounds, and analysis of the genome sequences of Streptomyces species
suggests that these bacteria have the potential to produce far greater numbers of
specialized metabolites than have been detected in the lab. The products of many
cryptic biosynthetic gene clusters remain unknown, often because their biosynthetic
genes are not expressed, or are expressed at very low levels under typical laboratory
conditions.

In controlling specialized metabolism, Streptomyces species rely heavily on
transcriptional regulators, which repress or activate the transcription of their associated
target genes. Negative regulators exert their activity by preventing transcription
initiation, competing with activators for binding sites, or inhibiting transcription
elongation by blocking RNA polymerase progression. Conversely, positive regulators
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activate transcription by stabilizing RNA polymerase-promoter complexes during
transcription initiation, or promoting repressor dissociation (Lee et al., 2012). Bacterial
transcriptional regulators can be divided into specific and pleiotropic regulators, based
on their target genes. Pathway-specific regulators are encoded within biosynthetic
clusters and often directly control the expression of genes located in that cluster (Figure
4.1, top panel). Many, but not all, specialized metabolic clusters in Streptomyces contain
pathway-specific regulators (Bibb, 2005). In contrast, pleiotropic regulators are usually
encoded elsewhere in the chromosome, and affect the production of multiple metabolic
pathways (Gao et al., 2012; Kang et al., 2019; Wei et al., 2018) (Figure 4.1, middle
panel). In bacteria, nucleoid-associated proteins can also function as pleiotropic
regulators in governing specialized metabolite biosynthesis. Nucleoid-associated
proteins are typically low molecular weight proteins that not only contribute to the
overall chromosome structure but also regulate gene expression in both positive and
negative manners through bending, bridging, polymerizing and/or wrapping DNA (Figure
4.1, bottom panel).

Pathway-specific
regulators

Pleiotropic transcription regulators

¢

Nucleoid-associated proteins

o o @

Figure 4.1: The production of specialized metabolites in Streptomyces is regulated by
multiple factors. Pathway-specific regulators (top panel) are frequently encoded within
clusters and directly regulate the expression of genes located in the same cluster. In
contrast, pleiotropic regulators (middle panel) are usually encoded elsewhere in the
chromosome and exert their effects by controlling the transcription of multiple metabolic
pathways. Nucleoid-associated proteins (bottom panel) contribute to both chromosome
structure and gene regulation.

Many strategies have been used to stimulate antibiotic production in
Streptomyces, including manipulating pathway-specific and global regulators (Daniel-
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Ivad et al., 2017; Gao et al., 2012; Gehrke et al., 2019), heterologously expressing
biosynthetic clusters in chassis strains (Fernandez-Martinez et al., 2014; Myronovskyi et
al., 2018; Komatsu et al., 2013; Pait et al., 2018; Thanapipatsiri et al., 2016), and co-
culturing with other species or applying elicitors as signals to facilitate metabolism (Xu et
al., 2019; Craney et al., 2012; Onaka et al., 2011; Pishchany et al., 2018). Many clusters
are, however, not affected by these techniques and remain silent. In considering why
many biosynthetic clusters are not transcribed, we proposed two possible hypotheses: i)
their genes/promoters are bound by nucleoid-associated proteins and other repressors,
which prevents RNA polymerase from binding to promoter regions (Figure 4.2A), and/or
ii) these clusters are not activated due to the lack of transcriptional activators (Figure
4.2B). Establishing regulatory networks of these silent clusters will provide insights that
will allow the developing of strategies to stimulate the expression of cryptic clusters.

Q RNA polymerase ’ Activator ﬂ% Repressor

Figure 4.2: Models to explain why many biosynthetic clusters are not transcribed. (A)
Their genes/promoters are bound by nucleoid-associated proteins and other repressors,
preventing RNAP from binding to promoter regions, and/or (B) these clusters are not
activated due to the lack of transcriptional activators.

Study of the function and targets of transcriptional regulators has benefited from
the development of diverse sequencing techniques like chromatin immunoprecipitation
sequencing (ChlP-seq), which identifies binding targets of a DNA-binding protein.
However, our understanding of the regulatory networks governing specialized
metabolism in Streptomyces remains limited. A recent work reconstructed the
transcriptional regulatory interactions in S. coelicolor by collecting and curating reported
interactions between transcriptional regulators and their corresponding target genes
(Zorro-Aranda et al., 2022). Surprisingly, the analyses done by Zorro-Aranda et al. found
that only ~6% of interactions were supported by ‘strong’ evidence, where the binding of
a regulator to the promoter of a target gene was validated using genetic experiments
(e.g. EMSAs, in vitro transcription assay, ChIP-seq or DNase | footprinting). The majority
of the reported interactions between regulators and their associated binding sites are
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‘weak’, meaning no evidence supports direct interaction between the regulator and its
targets (Zorro-Aranda et al., 2022). Additionally, commonly used techniques such as
ChlP-seq have limitations for understanding systematic regulation in Streptomyces since:
i) they map binding sites of one particular protein at a time; and ii) they require
modification of each regulator with an epitope tag, or an antibody against each
regulator of interest.

We have instead opted to pursue in vivo protein occupancy display — high
resolution (IPOD-HR) technology to characterize the global protein-DNA interactome of
Streptomyces. IPOD-HR was developed by Freddolino et al. and has been applied in
various bacteria to study protein occupancy across the chromosome (Freddolino et al.,
2021; Amemiya et al., 2022). The experiment comprises three major steps: i) mapping
RNA polymerase occupancy by performing ChiP-seq (Figure 4.3A); ii) isolating proteins
and their associated DNA regions, followed by sequencing of the bound DNA (Figure
4.3B); and iii) data analysis, in which RNA polymerase occupancy signals are subtracted
from the overall protein occupancy signals (Figure 4.3C). Compared to traditional
approaches such as ChlP-seq, DNase footprinting and EMSAs, IPOD-HR technology
facilitates understanding the causes of silent biosynthetic clusters in Streptomyces by: i)
allowing for comprehensive mapping of the protein occupancy landscape on the
chromosome without needing extensive genetic manipulation; ii) enabling identification
of new binding motifs that could be associated with uncharacterized or poorly
characterized regulators; and iii) providing insights into protein occupancy at genomic
regions that are transcribed at low levels.
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Figure 4.3: Schematic of the IPOD-HR method. (A) Generation of overall protein
occupancy using IPOD method. (B) Identification of RNA polymerase binding site by ChIP-
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sed. (C) Subtraction of RNA polymerase occupancy signals from raw IPOD signals to create
a final IPOD-HR signal.

We adapted the IPOD-HR technology for use in S. venezuelae, aiming to probe
the regulatory occupancy of specialized metabolic clusters. We have previously
identified Lsr2, a nucleoid-associated protein that functions as a global repressor in
controlling the expression of biosynthetic gene clusters in S. venezuelae (Gehrke et al.,
2019). From ChIP-seq and RNA-seq experiments, we found that Lsr2 binds within 17
specialized metabolic clusters and alters the expression of 14 of these clusters (Gehrke
et al., 2019). To understand how Lsr2 exerts its repressive effects, we probed its role in
governing chloramphenicol production. We found that the expression of the
chloramphenicol cluster is controlled by the interplay between Lsr2 and CmlIR, the
pathway-specific regulator of the chloramphenicol cluster (Zhang et al., 2021). Lsr2
represses transcription of the chloramphenicol cluster and its repression can be relieved
by CmIR recruiting RNA polymerase and enhancing transcription (Zhang et al., 2021).

IPOD-HR analyses in Escherichia coli identified hundreds of chromosomal regions
spanning lengths of over 1 kb that are occupied by protein but without RNA polymerase
association (Freddolino et al., 2021). These extended protein occupancy domains (EPOD)
were partially bound by nucleoid-associated proteins and some of these domains
overlapped with the binding sites of H-NS, an Lsr2 nucleoid-associated protein
(Freddolino et al., 2021; Amemiya et al., 2022). In this work, we described our strategy
to optimize IPOD-HR technology in S. venezuelae in order to map protein occupancy
across the chromosome, and discuss the next steps that will be used to identify
regulators associated with binding sites of interest. We performed IPOD-HR experiments
using both wild type and the /sr2 mutant strains to assess how DNA occupancy — and
RNA polymerase activity — change in the presence and absence of Lsr2. This work lays
the foundation to systematically understand the regulation of biosynthetic clusters in S.
venezuelae, with a particular interest in the clusters that are not controlled by Lsr2 and
are silent under normal laboratory conditions.

4.3 Methods and materials

4.3.1 Bacterial strains and culture conditions

S. venezuelae strains were grown at 30°C on MYM (maltose, yeast extract, malt
extract) agar, or in liquid MYM medium. For IPOD-HR experiments, S. venezuelae wild
type and Alsr2 strains were inoculated in 10 mL MYM liquid medium, before being
subcultured into 50 mL of MYM in duplicate and grown for 16 hours at 30°C. E. coli
strains were grown at 37°C in LB (lysogeny broth) medium. Streptomyces and E. coli
strains that were used are summarized in Table 4.1.

85



Ph.D. Thesis — Xiafei Zhang McMaster University - Biology

Table 4.1: Streptomyces and E. coli strains

Strains Genotype/characteristics/use Reference

Streptomyces

Gift from M. Buttner;
S. venezuelae

NRRL B-65442 Wild type Gomez-Escribano et al.,
2021
E327A S. venezuelae Alsr2 Gehrke et al., 2019

Escherichia coli

Control for western blot using anti-RpoB

DH
>a antibodies

Hanahan, 1985

4.3.2 Transcription inhibition and crosslinking

After 16 h of growth, 50 mL of Streptomyces cultures were exposed to the RNA
polymerase-targeting antibiotic rifampicin (500 pug/mL) and incubated at room
temperature for 10 minutes to immobilize RNA polymerase and stop transcription
initiation. Crosslinking of proteins to the chromosomal DNA was achieved by mixing the
cultures with a formaldehyde/sodium phosphate (pH 7.4) buffer to a final concentration
of 10 mM NaH,PO4 and 1% v/v formaldehyde. Culture mixtures were then incubated at
room temperature for 30 min with shaking. The crosslinking reactions were quenched by
adding 2 M glycine to a final concentration of 0.33 M. After a 5 min incubation at room
temperature with shaking, the cells were washed three times with 10 mL ice-cold
phosphate buffered saline. The fully washed cell pellet was then chilled on ice before
cell lysis.

4.3.3 Cell lysis and DNase | treatment

Each cell pellet from the previous step was resuspended in 1.5 mL lysis buffer (10
mM Tris-HCl pH 8.0, 50 mM NaCl, 14 mg/ml lysozyme, 0.8% Triton X-100, and 1x
protease inhibitor (Roche Complete Mini)), and incubated at 37°C for 30 min. The
reaction tube was cooled on ice before 700 uL IP buffer (50 mM Tris-HCI pH 8.0, 250 mM
NaCl, 0.8% Triton X-100, and 1xprotease inhibitor) were added. Sonication was then
performed at 50% power for 6 cycles of 15 s bursts followed by 45 s incubation on ice.
The resulting suspension was clarified by centrifugation for 20 min at 9,600 xg at 4 °C.
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As described for previous IPOD-HR experiments with E. coli, the E. coli
chromosome was digested to an average fragment size of less than 200 bp. To optimize
the protocol for Streptomyces species, we prepared cell lysates of wild type S.
venezuelae as described above and performed DNase | digestion on the cell-free lysate
for 0-90 min. Cell-free supernatant (2.25 mL) was transferred into a 15 mL Falcon tube
to which was added 250 pL DNase | buffer (10x), 3.75 pL DNase | (10 U/uL), and 7.5 pL
RNase A (10 mg/mL), and incubated at 37 °C. Samples were taken at 0 min (before
DNase | digestion; undigested DNA), 20 min after DNase | addition, and then every 10
min thereafter for up to 90 min. At each time-point, a 50 pL aliquot was removed and
was mixed with 10 pL of 0.5 M EDTA to quench the digestion reaction before being
incubated on ice for the remainder of the time course. All aliquots were then subject to
phenol:chloroform extraction. Specifically, 60 uL of 50:50:1 phenol:chloroform:isoamyl
alcohol were added into each tube, followed by vortexing and centrifugation for 5 min at
9,600 xg at 4 °C. Five microlitres of the upper phase was mixed with 1 pL of 6x xylene
loading dye and run on a 2% agarose gel. Our results suggested that a 90 min of DNase |
digestion worked the best and generated DNA fragments centered around 150 bp and
ranging in size from 50 bp to 300 bp (Figure 4.4).

DNase | digestion time (min)

0O 20 30 40 50 60 70 80 90

500 bp
400 bp

300 bp
200 bp

100 bp

Figure 4.4: DNase | digestion of protein-crosslinked S. venezuelae chromosomal DNA
over a 90 min time course. After sonication, wild type cell lysate was subject to DNase |
digestion. Aliquots were taken at 0 min (pre-digestion), and at 20 min, 30 min, 40 min,
50 min, 60 min, 70 min, 80 min, and 90 min after DNase | addition The extracted DNA
samples were run on a 2% agarose gel to assess digestion product sizes.

Based on these optimization experiments, we performed DNase | digestions for
90 min for our IPOD-HR experiments with wild type and Alsr2 mutant strains. Cell lysis,
DNase | digestion and phenol:chloroform extraction were performed as described
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above, only with a 90 min DNase | digestion. After centrifugation, 10 uL of the upper
phase was mixed with 2 L of 6x xylene loading dye and run on a 2% agarose gel. The
wild type samples were centered around 150 bp, ranging from 50 — 500 bp in size, while
the Isr2 mutant samples centered around 130 bp, and ranged in size 50 - 200 bp (Figure
4.5).

WT Alsr2

500 bp =
400 bp

300 bp
200 bp

100 bp

Figure 4.5: DNase | digestion of IPOD-HR samples. DNA aliquots of wild type and Alsr2
samples were run on a 2 % agarose gel after 90 min of DNase | digestion. Wild type
samples were digested to fragments centered around 150 bp (~50 - 500 bp), and the
Alsr2 samples were digested to fragments centered around 120 bp (~50 - 250 bp).

After DNase | digestion, 50 pL of samples were removed and mixed with 450 pL
DNA resuspension buffer (50 mM Tris-HCI, pH 8.0; 10 mM EDTA; 1% SDS). These samples
were saved as ‘Input samples’ and will be used to normalize IPOD-HR and RNA ChlIP-seq
data. Input samples were kept on ice until the reverse crosslinking step (below). The
remaining lysate was divided into two aliquots (1.5 mL per aliquot), where one aliquot
was used for the extraction of DNA-protein complexes and the other one was used for
RNA polymerase ChIP experiments.

4.3.4 Extraction of DNA-protein complexes for IPOD-HR

In a 15 mL Falcon tube, one aliquot of the cell-free lysate was mixed with 1.5 mL
100 mM Tris base and 3 mL 25:24:1 phenol:chloroform:isoamyl alcohol by vortexing.
Following a 10 min incubation at room temperature, the sample was spun at 7,800 xg
for 5 min, allowing for the separation of DNA and protein into the aqueous and organic
phase, with DNA-protein complexes being enriched in a white disc at the aqueous—
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organic interface. After completely removing both aqueous and organic phases, the
white interface was washed by resuspending in 350 uL 100 mM Tris base, 350 uL TE
buffer (10 mM Tris-HCl pH 7.4, and 1 mM EDTA) and 700 pL 24:1 chloroform:isoamyl
alcohol. The suspension was vortexed and centrifuged at 9,600 xg for 5 min. Following
removal of the aqueous phases, the white disc was washed again with 1 mL TE buffer
and 1 mL 24:1 chloroform:isoamyl alcohol. The mixture was vortexed and spun as above,
and the liquid (both aqueous and organic) was removed. The resulting white disc was
then washed again exactly as before. After the final wash, the white interface was
resuspended in 700 pL of DNA resuspension buffer (described above). The resuspended
protein-DNA complexes were kept on ice until the crosslinks were reversed.

4.3.5 Reverse crosslinking and DNA recovery

The DNA from both the ‘Input sample’ and IPOD-HR samples were recovered
using the same procedure. The formaldehyde crosslinks were reversed by incubating the
mixture in a 65°C water bath. After 16 h of incubation, the sample was cooled to room
temperature, before being mixed with 100 pg of RNase A and incubated at 37°C for
another 2 h. Proteinase K (200 pg) was then added, and the mixtures were incubated at
50°C for a further 2 h.

DNA was recovered through phenol:chloroform extraction. Specifically, each
sample was mixed with equal volume of 50:50:1 phenol:chloroform:isoamyl alcohol,
vortexed and spun at 9,600 xg for 5 min at 4°C, after which the aqueous phase
containing DNA was recovered. The sample was subject to phenol:chloroform extraction
two more times with equal volumes of 50:50:1 phenol:chloroform:isoamyl alcohol. After
the final extraction and recovery of the aqueous phase, the DNA was precipitated by
adding two-volume of 95% (v/v) ethanol, 0.1 volume of CH3COONa/CHsCOOH buffer (5
M, pH 5.20) and glycogen to a final concentration of 0.1 pug/uL. After precipitating at -
20°C for 24 h, the sample was centrifuged at 9,600 xg for 30 min at 4°C. The DNA pellet
was then washed with ice-cold 95% (v/v) ethanol before being resuspended in 50 pL 10
mM Tris-HCI (pH 8.5). Recovered DNA was quantified using a NanoDrop
spectrophotometer.

4.3.6 ChIP of RNA polymerase
4.3.6.1 Western blotting

To check the binding of commercially available anti-RpoB antibodies (Abcam,
AB191598; developed against E. coli RpoB) to S. venezuelae RpoB, we performed
western blotting using cell lysates prepared from 10 mL S. venezuelae liquid cultures
grown for 16 h. As a positive control, E. coli cell lysates were also included. The protein
concentration of cell lysates was determined by Bradford assay, and 40 pg of each
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protein extract were separated using 8% SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked for 2 h at room temperature with Tris-
buffered saline containing Tween 20 (TBS-T, 10 mM Tris-HCI, pH 8.0, 100 mM NacCl and
0.1% Tween 20) containing 5% bovine serum albumin (BSA). The membranes were then
incubated overnight at 4°C in TBS-T containing 2% BSA with anti-RpoB antibodies
(1:2000 dilution; Abcam, AB191598). The membrane was washed six times with TBS-T
before then being incubated in TBS-T containing 2% BSA with anti-rabbit IgG horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:3000 dilution; Cell Signaling) at
room temperature for 2 h. Blots were developed using an enhanced chemiluminescence
system (Bio-Rad). The western blotting results showed that anti-RpoB antibodies bound
RpoB in S. venezuelae well, and were therefore appropriate for RNA polymerase ChIP-
seq in S. venezuelae (Figure 4.6).

E. colilysate  S. venezuelae lysate

250 kba —

—
150 kDa —— -

100 kba ——
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Figure 4.6: Western blotting of RpoB in S. venezuelae using anti-RpoB antibodies.
Western blot using anti-RpoB antibody (Abcam, AB191598) against cell lysates from wild
type S. venezuelae, alongside cell lysates from E. coli as a positive control. Molecular
weight of RpoB in E. coli: ~150 kDa; molecular weight of RpoB in S. venezuelae: ~128
kDa.

4.3.6.2 Preparation of A-Sepharose beads

In order to immunoprecipitate antibody-bound RpoB (and its associated DNA)
from the cell lysate, protein A-coated Sepharose resin was used. For this, 0.125 g A-
Sepharose resin was resuspended in 1 ml IP buffer (described above) overnight at 4 °C.
The resulting hydrated and swollen A-Sepharose beads were then washed three times
with 1 mL IP buffer, and then resuspended in 1 mL 0.5x IP buffer and stored at 4°C.

4.3.6.3 ChIP using anti-RpoB antibodies

One aliquot of cell lysate from 4.3.3 was pre-cleared by incubating with 150 uL of
prepared A-Sepharose beads at 4°C for 1 h with mild shaking on a horizontal shaker.
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After removing the beads by centrifugation at 8,870 xg for 15 min, 1.35 mL cell lysate
was transferred to a 1.5 mL tube, mixed with 10 pL of anti-RpoB antibodies (Abcam,
AB191598), and incubated at 4°C overnight with mild shaking. The antibody-lysate
mixture was then mixed with 150 uL of A-Sepharose beads and incubated at 4°C for 4 h
with mild shaking to recover antibody-protein-DNA complexes. A-Sepharose beads with
bound protein-DNA complexes were collected by centrifugation at 2,400 xg for 5 min,
and the resulting pellet was washed three times with 0.5x IP buffer. After the final wash
and complete removal of supernatant, the beads were resuspended in 150 uL of DNA
resuspension buffer (described above).

4.3.6.4 Reverse crosslinking and DNA recovery

The bead suspension was incubated in a 65°C water bath for 16 h to reverse the
formaldehyde crosslinks. Following centrifugation at 9,600 xg for 5 min, 150 uL of
supernatant was transferred to a 1.5 mL tube. The remaining beads were resuspended
again in 50 pL TE buffer and incubated at 65°C for 30 min, after which the beads were
pelleted as described above, and 50 plL supernatant were combined with the previous
150 pL, resulting a total volume of 200 pL. This sample containing liberated DNA was
then mixed with 60 pg RNase A and incubated at 37°C for 2 h, followed by the addition
of 60 ug of Proteinase K and a further incubation at 50°C for 2 h. DNA was recovered
from the resulting mixture following phenol:chloroform extraction as described in 4.3.5.
Recovered DNA was quantified using a NanoDrop Spectrophotometer.

4.3.7 Next generation sequencing

Input DNA, IPOD-HR DNA and RNA polymerase ChIP DNA were prepared, as
described in 4.3.2 —4.3.6, from wild type and Alsr2 strains after 16 h of growth in
biological triplicate. Next generation sequencing was conducted by the MOBIX facility at
McMaster University. Sequencing was done using paired-end technology on an Illumina
NextSeq instrument; this has just been completed and analyses are currently underway.

4.4 Conclusion and next steps

4.4.1 Conclusion

In order to define the protein-DNA interactome in S. venezuelae, we adapted and
optimized the IPOD-HR technology in S. venezuelae, as IPOD-HR has the potential to
reveal new information about gene regulation in Streptomyces and provide novel
insights into the control of biosynthetic clusters. Our IPOD-HR samples (wild type and
Alsr2 samples in biological triplicate) have been sequenced and the resulting data are
being analysed in collaboration with Dr. Peter Freddolino (University of Michigan). We

91



Ph.D. Thesis — Xiafei Zhang McMaster University - Biology

have obtained preliminary data analysis results. RNA polymerase ChIP-seq data of wild
type samples showed that under the tested condition, the arm regions of the
chromosome, which contain over 60% of specialized metabolic clusters, were not
transcribed very well compared to the core region (Figure 4.7), and IPOD-HR data
revealed that the lowly transcribed arm regions were bound by many regulatory
proteins, suggesting transcription of these regions might be inhibited by repressors
(Figure 4.7).

IPOD-HR (regulatory protein occupancy)

MMMMMMMMMMMM

RNAP ChlP-seq (transcription)

Left arm Core Right arm

S. venezuelae chromosome

Biosynthetic gene cluster

Figure 4.7: IPOD-HR and RNA polymerase ChIP-seq data of wild type S. venezuelae.
Top: IPOD-HR data showing regulatory protein occupancy across the chromosome.
Middle: RNA polymerase ChlIP-seq data showing actively transcribed regions across the
chromosome. Bottom: S. venezuelae chromosome with core and arm regions.
Biosynthetic gene clusters are indicated by green lines.

4.4.2 Next steps

The long-term goals of this work are to i) map regulatory occupancy within
biosynthetic clusters in S. venezuelae (data have been acquired and are currently being
assessed); and ii) identify regulatory proteins bound at regulatory regions. The first goal
will be achieved by analyzing IPOD-HR and RNA polymerase ChlIP-seq data which will
provide insight into which regions within a biosynthetic cluster of interest are occupied
by regulators, and if these regions are actively transcribed.
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To accomplish the second goal, we aim to define the regulators associated with
these biosynthetic clusters. To identify the associated DNA-bound proteins within
biosynthetic clusters, we will take advantage of the plasmid pulldown system we
developed and described in Chapter 3. We modified the backbone of a non-integrating
vector to allow it to be conjugated into Streptomyces spp. where it can replicate. We
further introduced features that facilitated plasmid capture and isolation of the
associated proteins. Specifically, we introduced into our vector, a Streptomyces-
compatible origin of replication, alongside a tandem array of lacO binding sites, a
constitutively expressed lacl-FLAG fusion, and an origin of transfer, together with an
apramycin resistance gene. Additionally, a plasmid bearing a wild type lacl (untagged)
was generated as a control (Figure 4.8). We will clone DNA regions of interest (e.g.
promote regions within biosynthetic clusters and protein-occupied regions that exclude
RNA polymerase) identified from IPOD-HR into the modified non-integrating
experimental and control plasmid, and the resulting constructs will be conjugated into
Streptomyces. Strains will be grown in media containing apramycin to maintain the
plasmid in the cell. Regulatory proteins will be crosslinked to their target DNA on the
plasmid and pulled out through binding of anti-FLAG antibodies to Lacl-FLAG fusion
proteins. The proteins will then be identified following plasmid DNA isolation and mass
spectrometry analysis. After identifying regulators from the previous step, we will
perform electrophoretic mobility shift assays (EMSAs) using purified proteins and PCR
amplified DNA sequences of interest to confirm the interactions. Plasmid pulldown
experiments coupled with EMSAs will allow us to define a complete regulatory protein-
DNA interactome within a biosynthetic cluster.
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Figure 4.8: Plasmid construction for plasmid pulldown experiments. To identify
regulators associated with DNA of interest identified from IPOD-HR, we modified the
backbone of a non-integrating plasmid and introduced features that facilitate plasmid
replication, conjugation, maintenance, and capture.
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Figure 4.9: Regulators of the chloramphenicol cluster and their binding sites within the
cluster. The chloramphenicol cluster is positively regulated by MtrA and CmIR, and
negatively regulated by Lsr2.

To test our system, we will first focus on the well-characterized chloramphenicol
cluster. The expression of the chloramphenicol cluster is controlled by multiple
regulators, including two activators, MtrA (the response regulator of the MtrAB two-
component system) and the pathway-specific regulator CmIR, alongside Lsr2, a global
repressor (Figure 4.9) (Gehrke et al., 2019; Zhang et al., 2021; Fernandez-Martinez et al.,
2014; Som et al., 2017b; McLean et al., 2019). The binding sites of these regulators
within the chloramphenicol cluster have been well characterized by ChIP-seq and/or
EMSAs. We will clone the DNA sequences containing their binding sites into the
modified constructs and perform plasmid pulldown experiments to identify associated
proteins. Once we have established the appropriate experimental workflow, we will
expand our analyses to other biosynthetic clusters in S. venezuelae. |dentified proteins
will be mapped to associated DNA sequences, and the protein binding sites will be
predicted based on the binding specificity of protein families. Regulators with unknown
binding sites will be overexpressed and purified, and tested for their ability to bind
sequences identified from IPOD-HR using EMSAs. For any regulators of particular
interest, tagged variants will be generated, and ChIP-seq experiments will be performed.
Combining the results from IPOD-HR with our plasmid pulldown experiments, we expect
to be able to map different regulators to their specific binding sites within biosynthetic
clusters of interest. We will also compare the IPOD-HR profiles of wild type and Alsr2 to
identify protein occupancy shifts caused by the loss of Lsr2. This work will establish
comprehensive regulatory networks for S. venezuelae biosynthetic clusters, and guide
future work aimed at stimulating the production of metabolic clusters of interest in
Streptomyces.
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CHAPTER 5: GENERAL CONCLUSION AND FUTURE DIRECTIONS

5.1 Conclusions

In bacteria, nucleoid-associated proteins contribute to chromosome structure
organization and gene regulation. Lsr2 is a nucleoid-associated protein that is conserved
in actinomycetes and plays an important role in controlling specialized metabolism in
Streptomyces species. To probe the mechanism of Lsr2 repression of biosynthetic cluster
expression, we focused on the chloramphenicol biosynthetic cluster in S. venezuelae and
established that Lsr2 represses transcription of the chloramphenicol cluster by binding
DNA within the cluster and at distal sites. We also revealed that Lsr2 repression within
the chloramphenicol cluster can be alleviated by CmIR, a known activator of the
chloramphenicol cluster, where CmIR functions to ‘counter-silence’ Lsr2, enhancing
transcription and permitting chloramphenicol production. We have discovered that
CmlIR exerts its effects on Lsr2 by facilitating RNA polymerase activity. This in turn
effectively clears bound Lsr2 from the chloramphenicol cluster (Chapter 2).

Beyond counter-silencing of Lsr2 mediated by CmiIR, little is known about how
Lsr2 is regulated. To understand how Lsr2 expression and protein activity are controlled
within Streptomyces cells, we identified potential regulators of Isr2 expression, and
interacting proteins that could impact Lsr2 regulatory activity. We found that Lsr2 and
LsrL, an Lsr2 homologue that is encoded by all streptomycetes, interact directly with
each other, and that their respective DNA-binding activities are altered by the presence
of the other protein. This work provides insight into the regulation of Lsr2 in
Streptomyces (Chapter 3).

Beyond Lsr2, we sought to develop a comprehensive understanding of the
regulatory proteins that impact biosynthetic gene cluster expression. To define the
regulator binding sites associated with biosynthetic clusters (and any locus of interest in
the chromosome), we used ‘in vivo protein occupancy display-high resolution’ (IPOD-HR)
technology to map protein occupancy across the chromosome, and discussed the next
steps that will be done to identify regulators associated with DNA sequences of interest
identified through our IPOD-HR work. These investigations lay the foundation for
establishing a comprehensive regulatory network for biosynthetic clusters in
Streptomyces, and will guide future work aimed at stimulating the expression of
metabolic clusters of interest in any Streptomyces species (Chapter 4).

5.2 Future directions

5.2.1 Exploring Lsr2 regulatory activities

Nucleoid-associated proteins are known to organize chromosome structure and
regulate gene expression by binding DNA; however, several nucleoid-associated
proteins, including HU and H-NS, are also able to bind RNA, including mRNA and non-
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coding RNA (ncRNA). For example, HU not only impacts gene expression at a
transcriptional level by preferentially binding AT-rich regions (e.g. pathogenicity islands
and virulence factors encoding genes), it can also act at a post-transcriptional level by
binding mRNA and stimulating translation (e.g. Prieto et al., 2012; Balandina et al., 2001;
Dorman, 2014; Stojkova et al., 2019). H-NS, which has been best-studied as a global
transcriptional repressor, can also regulate translation both positively (e.g. facilitating
the translation initiation of malT mRNA by relocating ribosomes to more favourable
binding sites than the defined Shine-Dalgarno sequence; Brescia et al., 2004) and
negatively (e.g. inhibiting RpoS expression by inducing RNA degradation of rpoS mRNA
and the non-coding RNA DsrA; Park et al., 2010).

Streptomyces bacteria have large chromosomes with great ncRNA potential. A
few ncRNAs have been shown to control gene expression and cellular processes in
Streptomyces. In S. coelicolor, Scr4677 is an antisense RNA encoded between the co-
transcribed sco4676-4677 genes, where it appears to promote the degradation of
5c04676 transcripts (Hindra et al., 2014). Another example of RNA-mediated regulation
is of the cell wall lytic enzyme-encoding rpfA gene, which is under the control of both a
riboswitch within its 5" untranslated region (5’ UTR) and an antisense RNA (scr3097)
expressed immediately downstream (St-Onge and Elliot, 2017). The riboswitch responds
to cyclic-di-AMP, and upon ligand binding, the structure of the 5' UTR is altered in a way
that leads to premature transcription termination and rpfA downregulation; during
exponential growth, Scr3097 positively impacts rpfA transcript levels and impacts colony
development (St-Onge and Elliot, 2017). A recent study showed that the expression of
pepck, encoding phosphoenolpyruvate carboxykinase, is repressed by the ncRNA
Scr5239 (Engel et al., 2019). These studies emphasize the diverse regulatory roles played
by ncRNA — but the fact that there are only a handful of other characterized ncRNA
regulators in the streptomycetes highlights how much has yet to be discovered
regarding ncRNA based control in these bacteria.

We have established that Lsr2 represses the expression of biosynthetic clusters,
but RNA-binding activity of Lsr2 has not been reported. Given that Lsr2 is functionally
equivalent to H-NS, it will be interesting to determine if Lsr2 can bind mRNA and ncRNA
in vivo by performing RNA-pulldown experiments followed by RNA sequencing. If we
identify any Lsr2-associated RNAs (mRNAs or ncRNA) that interacts with Lsr2, we would
first perform EMSAs to confirm Lsr2 binding to the RNA of interest, and then determine
the effect of Lsr2 on RNA stability at different growth stages by monitoring RNA
abundance in the presence and absence of Lsr2 using RT-qPCR and Northern blotting.
After identifying the effect of Lsr2 on any small RNA of interest, we could further
determine the expression of products that are transcribed from or controlled by Lsr2-
interacting mRNA or ncRNA, respectively. This work has the potential to uncover novel
regulatory activities for Lsr2.
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In addition to probing the RNA-binding activity of Lsr2, we are interested in
investigating possible interactions between Lsr2 and bacteriophage. Bacteria encode
multiple phage defense mechanisms, including CRISPR-Cas systems, restriction-
modification systems, and xenogeneic gene silencing by nucleoid-associated proteins
(e.g. H-NS, MvaT/MvaU and Lsr2) (Pfeifer et al., 2019; Labrie et al., 2010; Dupuis et al.,
2013; Singh et al., 2016; Duan et al., 2021). In Shewanella oneidensis, the CP4So
prophage integrates at the 3’ end of a transfer-messenger RNA (tmRNA)-encoding gene
and disrupts its function. Under conditions of heat stress, H-NS represses the expression
of the phage excisionase gene alpA to inhibit activation of the CP4So prophage; when
the temperature decreases, H-NS repression on alpA is relieved, allowing simultaneous
excision of CP4So and restoration of tmRNA gene integrity (Zeng et al., 2016). Similarly,
in Pseudomonas aeruginosa, MvaT and MvaU inhibit the production of Pf4 phage by
directly binding and repressing the expression of excisionase XisF4 (Li et al., 2019). In S.
venezuelae, previous work in our lab showed that ~10% of the genes whose expression
were altered by Lsr2 are phage-related (Gehrke et al., 2019). Interactions between Lsr2-
like protein and phage genomes have also been reported in Corynebacterium
glutamicum. In this system, CgpS is a novel Lsr2-like protein encoded by the CGP3
prophage. Like other Lsr2-like proteins, it preferentially binds AT-rich regions on the
CGP3 genome, and in this case it serves to repress gene expression and maintain the
phage lysogenic life cycle (Pfeifer et al., 2016; Wiechert et al., 2020a). In addition to
regulating prophage gene expression, CgpS also represses the expression of genes
encoding restriction-modification systems that had been acquired through horizontal
gene transfer, ultimately interfering with host defense against phage infection (Pfeifer et
al., 2016; Jeltsch and Pingoud, 1996; Khan et al., 2010). Further bioinformatics analyses
revealed that Lsr2-like protein are widespread in ~35% Streptomyces phages (Sharma et
al., 2021; Wiechert et al., 2020a). These data suggest the potential for interesting but
under-studied regulatory interactions in Streptomyces, between host-encoded and
phage-encoded Lsr2 proteins. Additionally, studies have shown that the repressive
effects of H-NS and MvaT can be counter-silenced by phage-encoded proteins (reviewed
in Chapter 1; Wagemans et al., 2015; Patterson-West et al., 2021). Therefore, it will be
interesting to probe the interplay between host- and phage-encoded Lsr2 proteins in
regulating gene expression of prophage and their Streptomyces hosts.

5.2.2 Defining the regulation of Isr2

In Chapter 3, we identified potential regulators impacting Isr2 expression by
performing plasmid pulldown experiments. We identified three proteins, SVEN_4453
(BIdM), SVEN_3078 (a XRE family regulator) and SVEN_4914 (Crp family transcription
regulator), that are of particular interest as they may impact /sr2 expression by directly
binding the Isr2 promoter. BIdM is an orphaned response regulator that exerts its
regulatory activity by forming a homodimer and binding to a 16 bp palindromic
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consensus sequence (5'-TCACcCgnncGgGTGA-3’), or forming a heterodimer with Whil
and associating with a non-palindromic sequence (5’-TGnnCCGnnCGGGTGA-3') (Molle
and Buttner, 2000; Al-Bassam et al., 2014). As the first step towards understanding a
possible regulatory role for BldM in controlling Isr2 expression, we analyzed the Isr2
promoter and coding sequences, and identified a potential BIdM-Whil binding site
within the Isr2 promoter region, which overlaps with an experimentally validated Lsr2
binding site. It is worth noting that /sr2 was not identified as a BIdM binding target from
ChlP-seq experiments (Al-Bassam et al., 2014); however, this could be a result of
different protocols being employed (ChlIP-seq versus plasmid pulldown) (discussed in
Chapter 3 — 3.3 Discussion). To experimentally test the binding of BIdM, possibly with
Whil, to the Isr2 promoter, we will perform EMSAs using PCR amplified sequences within
Isr2, and co-overexpressed and -purified BldM+Whil (and BIdM on its own). If our results
support an interaction between Isr2 and BIdM+Whil (or BIdM), we will investigate the
impact of BIdM on Isr2 transcription levels by performing RT-qPCR in wild type and bldM
mutant strains.

Compared to BldM, less is known about SVEN_3078 (a XRE family regulator) and
SVEN_4914 (Crp family transcription regulator) (both regulators are conserved amongst
a number of streptomycetes). Therefore, we will first test direct binding of SVEN_3078
and SVEN_4914 to Isr2 by performing EMSAs using PCR amplified sequences within Isr2
and purified SVEN_3078 and SVEN_4914 proteins. After confirming the interactions
between Isr2 and these two proteins, we would then perform genetic experiments as
described above for BIdM to assess regulatory roles of SVEN_3078 and SVEN_4914 in
Isr2 expression. If we could establish regulatory effects of these two proteins on Isr2, we
will perform antibiotic assays and LC-MS analyses to assess specialized metabolism
changes in sven_3078 and sven_4914 mutant and overexpression strains, and this will
allow us to further probe how these two proteins impact specialized metabolism, both
generally and through their putative control of Isr2 in Streptomyces.

5.2.3 Investigating LsrL activity and the interaction between Lsr2 and LsrL

LsrL is a Lsr2 paralogue encoded by all Streptomyces bacteria, and Lsr2 and LsrL
typically share 60% - 65% similarity and ~50% end-to-end protein identity (Gehrke et al.,
2019). However, despite the similarities between the two proteins, Lsr2 has been
studied for its global repression of biosynthetic clusters, whereas little work has been
done on LsrL. Previous studies have revealed that deleting IsrL alone did not cause
dramatic changes in either development or specialized metabolic profiles compared to
wild type (Gehrke et al., 2019). However, it is worth noting that only a limited number of
phenotypes have been tested for the IsrL mutant strain (Gehrke et al., 2019). In E. coli,
StpA is a H-NS paralogue that can interact with H-NS to form heterodimers and regulate
H-NS activity (Amit et al., 2003; Muller et al., 2006). Previous studies have shown that
deleting stpA alone does not have an obvious phenotype compared to wild type, but hns
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and stpA double mutant strain shows different metabolic profile compared to Ahns and
AstpA. Furthermore, one of the roles of StpA is to compensate for H-NS loss (Sonden
and Uhlin, 1996; Dorman, 2014). Therefore, we are interested in deciphering the
regulatory role of LsrL and the interaction between Lsr2 and LsrL in controlling gene
expression in Streptomyces.

By performing a variety of protein-protein interaction assays, we found that Lsr2
and LsrL interact directly with each other, suggesting Lsr2 and LsrL could form hetero-
oligomers. Our in vitro studies revealed that Lsr2 and LsrL could bind the same DNA
probes with different affinities, and more interestingly, in distinct manners (Chapter 3).
We have previously optimized and performed atomic force microscopy (AFM)
experiments to investigate the structural effects of Lsr2 binding to target DNA
sequences (Chapter 2) (Zhang et al., 2021). In order to better understand the distinct
DNA-binding characteristics of Lsr2 and LsrL, we will perform AFM to visualize how Lsr2
and LsrL interact with DNA using purified proteins, and PCR amplified target DNA
probes.

Additionally, we will also investigate the regulatory function of Lsr2-LsrL in vivo,
and how Lsr2 and LsrL impact the other protein in binding to its associated binding sites.
We will identify Lsr2 and LsrL binding sites across the S. venezuelae chromosome in the
presence and absence of the other protein. We have previously performed ChlP-seq
identifying Lsr2-associated proteins (Gehrke et al., 2019); we will perform ChIP-seq to
identify i) LsrL binding sites in the presence of Lsr2, ii) LsrL binding sites in the absence of
Lsr2, and iii) Lsr2 binding sites in the absence of LsrL. We will also perform RNA-seq on
IsrL mutant and /sr2/IsrL double mutant strains and compare these data to the RNA-seq
data for the Isr2 mutant strain that we had obtained previously (Gehrke et al., 2019).
These proposed investigations will provide information on how LsrL interacts with DNA
and how the interplay between Lsr2 and LsrL impact gene expression in Streptomyces.

5.2.4 Stimulating the expression of silent biosynthetic clusters
5.2.4.1 Establishing regulatory occupancy across S. venezuelae chromosome

Multiple approaches have been applied to stimulate specialized metabolic in
Streptomyces, including manipulating metabolic regulators, heterologously expressing
biosynthetic clusters in chassis strains, applying elicitors, altering nutrient environments,
and co-culturing with other species (Nai and Meyer, 2018; Gao et al., 2012; Gehrke et
al., 2019; Myronovskyi et al., 2018; Xu et al., 2019). Despite these efforts, many silent
clusters are not induced by these techniques. To understand how specialized metabolic
clusters are controlled more broadly, we performed IPOD-HR experiments using both S.
venezuelae wild type and Isr2 mutant strains, in order to map regulatory protein
occupancy in the presence and absence of Lsr2 (described in Chapter 4). Our IPOD-HR
data are currently being analyzed. We intend to couple these experiments with plasmid
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pulldown experiments, to specifically identify regulatory proteins bound at sites
identified in our IPOD-HR experiments (discussed in Chapter 4). IPOD-HR and plasmid
pulldown experiments will allow us to establish the regulatory networks governing the
expression of biosynthetic clusters in S. venezuelae and provide key information on the
control of biosynthetic clusters more generally.

5.2.4.2 Developing strategies to induce the expression of biosynthetic clusters

After defining the regulators of each biosynthetic cluster in S. venezuelae using
our combined IPOD-HR - plasmid pulldown strategy, we will first categorize the
identified regulators based on protein domain annotation and the incidence of pulling
out one regulator from multiple clusters. This information will allow us to divide
regulators into three groups: pathway-specific regulators, globally-acting regulators and
uncharacterized regulators. For pathway-specific regulators, we will focus on the ones
that are poorly characterized and/or are associated with clusters that are silent and not
impacted by Lsr2. To probe how these regulators control the expression of their
respective biosynthetic clusters, we will i) determine their binding sites by performing
EMSAs using purified proteins and PCR amplified promoter regions within the
biosynthetic clusters, and ii) understand how they affect the production of specialized
metabolites by performing LC-MS analyses using strains with the regulator deleted and
overexpressed, alongside the wild type strain for comparison. Based on protein
conservation, globally-acting regulators can be further divided into two subgroups:
species-specific global regulators, and regulators that are conserved throughout the
streptomycetes. Our focus for future experiments will be on previously uncharacterized
global regulators. To investigate the activity of these global regulators, we will monitor
metabolism changes in response to deletion and overexpression of the global regulator
of interest, and employ ChIP-seq to identify their binding sites across the chromosome.
Uncharacterized regulators will be studied using the same approaches as we have used
for global regulators (e.g. Crp, Lsr2). Once we have established the appropriate
experimental pipeline in S. venezuelae, we will apply the same experiments pipeline
(IPOD-HR — plasmid pulldown — genetic approaches to study regulators of interest) to
other Streptomyces species. The work described here will provide insights into
regulatory roles of poorly characterized regulators and their consensus/preference
binding sequences, and we aim to combine these data with previously reported
regulatory networks in Streptomyces to establish a comprehensive database that
contains information on classes of regulators (pathway-specific and global) that control
specialized metabolism, their potential regulatory functions, and their associated
binding sequences. This database could serve as a tool for regulator-binding site
predictions that allows researchers to identify potential repressors and activators of a
metabolic pathway by analyzing DNA sequences within the biosynthetic gene cluster,
and the information obtained from this database will provide guidance for developing
genetic approaches aimed at stimulating expression of a biosynthetic cluster of interest
in any Streptomyces species by manipulating specific regulators.
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