EXAMINING RIBONUCLEASES AND G-QUADRUPLEX BINDING PROTEINS AS REGULATORS
OF GENE EXPRESSION IN S. VENEZUELAE



EXAMINING RIBONUCLEASES AND G-QUADRUPLEX BINDING PROTEINS AS REGULATORS
OF GENE EXPRESSION IN S. VENEZUELAE

By: EMMA MULHOLLAND, B.Arts.Sc.

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the

Requirements for the Degree Master of Science

McMaster University © Copyright by Emma Mulholland, September 2020



MSc. Thesis — E. Mulholland; McMaster University—Biology

McMaster University MASTER OF SCIENCE (2020) Hamilton, Ontario (Biology)

TITLE: Examining ribonucleases and G-quadruplex binding proteins as regulators of gene

expression in S. venezuelae
AUTHOR: Emma Mulholland, B.Arts.Sc. (McMaster University)
SUPERVISOR: Dr. Marie Elliot

NUMBER OF PAGES: xiii, 95



MSc. Thesis — E. Mulholland; McMaster University—Biology

Abstract

Controlling when genes are expressed is critical for the growth of an organism.
Studying gene expression regulation in Streptomyces presents an opportunity to better
understand how these complex bacteria develop and how they control their impressive
biosynthetic capabilities. In this work we investigated the potential role of a G-
qguadruplex binding protein, and two ribonucleases (RNases) in regulating gene
expression in Streptomyces venezuelae. G-quadruplexes are structures that form in DNA
or RNA molecules. Depending on their location in DNA, G-quadruplexes can increase or
decrease the expression of nearby genes and the stability of a G-quadruplex structure
can be affected by G-quadruplex binding proteins. We probed the ability of a G-
guadruplex-associated protein from S. venezuelae, TrmB (a tRNA-methyltransferase), to
bind and methylate G-quadruplexes and prevent the formation of these structures. We
were unable to conclude that TrmB bound or methylated G-quadruplex structures or
motifs. RNases are enzymes that cleave RNA molecules and have important roles in
controlling cellular RNA levels, and thus gene expression. We investigated the roles of
RNase J and RNase lll in S. venezuelae. Both of these RNases impact development and
specialized metabolism in Streptomyces. We found that the RNase J mutant was unable
to grow properly on classical medium containing glycerol. We also documented small
RNA fragments that were unique to the RNase J mutant and sought to identify them. To
better understand the RNase J and RNase Il strains, we conducted RNA-sequencing of
wild type S. venezuelae and mutant strains lacking RNase Il or RNase J. Comparisons
between each mutant and the wild type strain revealed significant changes in genes
related to nitrogen assimilation, phosphate uptake, and specialized metabolite
production in both the RNase Ill and RNase J mutant. Together these results contribute

to our understanding of the diverse regulatory features that exist in S. venezuelae.
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1. Introduction
1.1 Regulation of gene expression

Organisms live in complex environments and can encounter many different
environmental stimuli throughout their life. They need to respond to these stimuli in
order to survive and organisms can accomplish this is by altering their gene expression
patterns. Bacteria, like all living things, are capable of fine-tuning gene expression
through a combination of different regulatory mechanisms, including transcriptional,

post-transcriptional, translational, and post-translational regulation.

Transcriptional regulation is a process that increases or decreases the
transcription of a gene into RNA. The transcription level of a gene can be influenced by
the structure and composition of its promoter, the presence or absence of various
transcription factors, and other elements such as sigma factors and small molecules (1-

a).

Post-transcriptional regulation alters the stability of a transcribed RNA molecule.
This can be mediated by modifications to an RNA molecule, such as adenylation, or
through changes that can promote or prevent degradation of the RNA, like the binding
of sRNAs (5, 6). sSRNAs are small, non-coding RNA molecules. An sRNA bound to a target
RNA molecule can increase the stability of the molecule by blocking ribonuclease
(RNase) access to that molecule or it may decrease the stability by recruiting RNases (7,
8). sRNAs can also have a role in translational regulation by binding mRNA molecules
and causing a conformation change that unblocks previously occluded translation
initiation sites (9). Structures in an RNA molecule can function similarly to sRNAs by
occluding or opening sites that are important for translation initiation (10). Translation
can also be affected by the composition of the emerging peptide which, under certain

circumstances, can interact with the ribosome and cause ribosome stalling (11).
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Finally, gene expression can be affected post-translationally through protein
modifications that alter the function and stability of proteins. For example, the addition
of different small peptide tags to a protein can direct that protein for secretion or cause
it to be targeted for degradation (12, 13). Through these various regulatory strategies,
bacteria can adjust their levels of gene expression to effectively respond to changes in

their environment.

All of these methods of regulation are interrelated and connected in bacteria. For
example, the transcriptional regulator GInR controls the expression of nitrogen
assimilation genes in Streptomyces by activating or repressing its various target genes,
with GInR itself being regulated post-translationally through phosphorylation (14, 15).
This work is focused on primarily understanding mechanisms of post-transcriptional

regulation mediated through RNases and nucleic acid structures in Streptomyces.

1.2 Streptomyces introduction

1.2.1 Classical Streptomyces life cycle

From a microbiological perspective, soil is a dynamic and highly competitive
environment. Soil-dwelling bacteria must therefore be particularly adept at responding
to their environment and be well prepared to face a wide variety of environmental
stressors. One type of soil-dwelling bacteria is Streptomyces, a genus of Gram-positive

bacteria known for its remarkable biosynthetic capabilities and complex life cycle.

The classical model of the Streptomyces life cycle begins with spore germination,
when a spore reaches a favourable growth environment (Figure 1.1). Following
germination, a network of branching hyphae develops during vegetative growth; these
hyphae can extend throughout the growth medium. Various environmental and
developmental cues then trigger the emergence of aerial hyphae, which grow up and
away from the colony as non-branching hyphae (16). The start of aerial growth coincides

with the production of various specialized metabolites by Streptomyces within the
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vegetative mycelium. The final stage of the life cycle is sporulation, which occurs when
the aerial hyphae are subdivided and form chains of spores. The aerial hyphae are first
partitioned into chains of pre-spore compartments that each contain one copy of the
genome. These compartments mature into dormant spores with thick cell walls and, in
Streptomyces venezuelae, green pigment is deposited into the walls of this spore coat
(16). The spores are subsequently dispersed into the environment, allowing the cycle to
begin again. Although many streptomycetes have been studied and characterized, S.
venezuelae is an excellent model organism for this genus because, unlike other
Streptomyces species, it grows quickly and well-dispersed in liquid medium and fully
differentiates through each life stage, facilitating rapid analysis of growth and

development in liquid culture.

Aerial
hyphae Sporulation

J

Spore Vegetative
germination  hyphae

EE |
glucose, yeast,
glycerol)
Exploration

Figure 1.1. Classical life cycle and exploration-style growth of S. venezuelae. In the
classical life cycle, S. venezuelae begins as a spore that then germinates and grows
into a network of branching, vegetative hyphae. Non-branching aerial hyphae then
emerge from the vegetative mycelium. These aerial hyphae are then sub-divided into
spores which, when mature, are dispersed into the environment. Under particular
growth conditions, S. venezuelae shifts from the classical model of growth to
‘exploration’, where it grows rapidly outwards as non-branching vegetative hyphae
instead of going through full vegetative, aerial, and sporulation stages of growth.
(Modified from 17).
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1.2.2 Exploration as an alternative mode of growth in Streptomyces

In addition to the classical life cycle described above, several Streptomyces
species, including S. venezuelae, can adopt an alternative form of growth called
“exploration” (17). In exploratory growth, Streptomyces colonies grow rapidly outwards
as non-branching, vegetative hyphae, contrary to the more stationary development
associated with the classical life cycle (Figure 1.1). Exploration can be triggered on solid
medium by different conditions, including co-culture with Saccharomyces cerevisiae or
growth on a low glucose medium (17). Recent work has shown that the addition of
glycerol to the classic Streptomyces growth medium, maltose-yeast extract-malt extract
(MYM), can also promote exploration in S. venezuelae (Shepherdson, unpublished).
When grown on MYM medium with glycerol (MYMG), S. venezuelae grows rapidly
outwards as in exploration, but the central region of the colony still progresses through
aerial growth and sporulation as in the classical model of growth (Shepherdson,
unpublished).
1.2.3 Biosynthetic capabilities and silent gene clusters in Streptomyces

Over two-thirds of naturally derived antibiotics come from various Streptomyces
species, making them an important biomedical resource (18). Streptomyces are also the
source of anti-cancer drugs, anti-fungal agents, and herbicides; the genetic underpinning
of these compounds are the biosynthetic gene clusters contained in the genomes of
Streptomyces species. Whole genome sequencing has revealed that these bacteria have
the potential to produce many more bioactive natural products than are currently
documented in the lab (19). While one species may only produce one or two compounds
when grown under laboratory conditions, it may contain 20 to 40 predicted biosynthetic
gene clusters, the majority of which are transcriptionally inactive (19). Understanding
why these gene clusters are silent and how they might be regulated will help unlock the

full biosynthetic potential of these bacteria.
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1.3 Gene expression regulation in Streptomyces is complex and multifaceted

1.3.1 Comparison of nitrogen assimilation regulation between E. coli and Streptomyces
Streptomyces contain the genes for many of the same regulatory systems found
in other bacteria, but these systems are not identical in Streptomyces. An example is the
Ntr system, which regulates nitrogen assimilation in many Gram-negative bacteria and
has been extensively studied in Escherichia coli (20). In general, cells assimilate nitrogen
by incorporating ammonium through the production of glutamine and glutamate via the
enzymes glutamine synthetase, glutamate synthase, and glutamate dehydrogenase

(Figure 1.2) (20). The activity level of these enzymes depends on the availability of

ATP
NH, + Glutamate —_— Glutamine
(Glutamine
synthetase)

ATP Low NH,

Glutamine + a-ketoglutarate =——————  Glutamate (x2)
(Glutamate
synthase)

NADPH
NH, + a-ketoglutarate =~ =————————  Glutamate High NH,

(Glutamate
dehydrogenase)

Figure 1.2. Schematic showing the predominant nitrogen assimilation pathways in
bacteria at different NH, concentrations. (Modified from 21 and 23).

nitrogen: in high-nitrogen environments, the enzyme glutamate dehydrogenase adds
ammonium directly to a-ketoglutarate to produce one molecule of glutamate, which can
then be converted to glutamine by glutamine synthetase (21). In low-nitrogen
environments, glutamine synthetase adds ammonium to glutamate to make glutamine,
while glutamine, alongside a-ketoglutarate, can in turn be used by glutamate synthase
to produce two molecules of glutamate (21). In this system, glutamine synthetase (GSI)

is of particular importance and its activity is directly regulated through the Ntr system.
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1.3.1.1 Transcriptional and post-translational regulation of glutamine synthetase in E. coli

In E. coli GSI is regulated both transcriptionally and post-translationally. The two-
component system NtrB/NtrC senses nitrogen abundance through GInD and the Py
protein (encoded by g/nB and ginK, respectively), and in nitrogen-limited conditions can
activate transcription of the gene encoding GSI, g/nA (21). Glutamine synthetase is also
regulated post-translationally through adenylation by the protein GInE (22). GInE
adenylates GSI under high nitrogen conditions, making it less active, and removes the
adenyl group under low nitrogen conditions (22). In E. coli GInE itself is further regulated
through a pathway that also includes various post-translational modifications of GInD

and the Py protein (23).

1.3.1.2 Transcriptional and post-translational regulation of glutamine synthetase in
Streptomyces

Streptomyces contains homologues of many of the Ntr system genes found in E. coli
and other bacteria, but their corresponding proteins do not seem to have the same
relationships and roles (23). Most of the work on nitrogen assimilation in Streptomyces
has been done in Streptomyces coelicolor, but the same genes are present in S.
venezuelae and it is reasonable for now to postulate that the systems in the two
streptomycetes behave similarly. S. coelicolor contains five glutamine synthetase genes:
g/lnA, a homolog of the GSl-encoding glnA found in E. coli; ginll, a gene encoding a
glutamine synthetase more closely related to those found in plants; and g/lnA2, ginA3,
and g/nA4 which encode three other glutamine synthetase-like products (24). Notably,
only g/nA and ginll encode functional glutamine synthetase enzymes (24). S. venezuelae
contains the same complement of glutamine synthetase genes but lacks g/hA3. S.
coelicolor and S. venezuelae also contains homologs to several other Ntr regulatory
genes found in E. coli, including gInK, ginD and gInE. In S. coelicolor, GSI is similarly
adenylated by GInE in a nitrogen dependent manner, but the upstream regulatory

pathway that controls GInE is different (22, 23).
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The other significant difference between the nitrogen assimilation system in E.
coli and Streptomyces is how the transcription of nitrogen assimilation genes is
regulated. As described above, E. coli and related bacteria control transcription of
nitrogen assimilation operons through a two-component system composed of a sensor
histidine kinase (NtrB) and a transcriptional regulator (NtrC) (20). However, in
Streptomyces, the global transcriptional regulator of nitrogen regulation is GInR. GInR is
an orphaned OmpR-like response regulator that controls several nitrogen assimilation
related genes and operons in both S. coelicolor and S. venezuelae (14). Genes bound and
activated or repressed by GInR include ginA, ginll, nirB, gdhA, and amtB, whose gene
products are all related to nitrogen assimilation (25, 26). Under nitrogen-limiting
conditions, GInR activates genes involved in nitrogen uptake and assimilation and
represses those that are active under nitrogen abundant conditions (23). A sensor kinase
partner for GInR has not yet been identified, but GInR can be phosphorylated on serine
and threonine residues in vivo and this phosphorylation is dependent on nitrogen
availability and affects the ability of GInR to bind target promoters: at high nitrogen
concentrations, GInR is phosphorylated and cannot bind its target genes, while at low

nitrogen concentrations, GInR is not phosphorylated and can bind DNA (15).
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1.3.2 Pathways that regulate metabolism are interconnected in Streptomyces

The GInR regulatory process is further complicated by the network of
connections between other regulators in Streptomyces such as AfsR, PhoP, and MtrA
(Figure 1.3). One regulatory pathway that has a particularly significant impact on the
GInR regulon is the phosphate uptake system. In Streptomyces, phosphate uptake is

controlled by the two-component system PhoRP (27, 28). PhoP is phosphorylated by
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Figure 1.3. Simplified schematic showing the connections between metabolic
regulators in Streptomyces. (Modified from 28).

PhoR and is then able to bind and activate genes in the pho regulon (29). PhoP binding
sites have been identified in the promoter region of g/nR itself, as well as in several GInR
target genes including glnA, ginll, and amtB (30). In the g/inA and gInll promoters, the
PhoP and GInR binding sites overlap and each regulator competes for binding, while the
recognition sites are further apart in the amtB promoter region (31). Furthermore,
reporter assays have shown that the glnA, ginll, amtB, and gInR promoters are more
active in a AphoP mutant compared with the wild type, with the implication that PhoP

can repress expression of both g/nR and genes in the GInR regulon (30).



MSc. Thesis — E. Mulholland; McMaster University—Biology

Two additional regulators connected to phosphate and nitrogen metabolism in
Streptomyces are MtrA and AfsR. MtrA is part of a two-component system with the
kinase MtrB. Under nitrogen-rich conditions, phosphorylated MtrA competes with GInR
to bind the promoters of several GInR regulated genes and represses their expression
(32). AfsR is a regulator that responds to S-adenosylmethionine concentrations through
phosphorylation by the Ser-Thr kinase AfsK (33, 34). AfsR represses phoRP expression
and competes with PhoP for binding to the g/nR promoter, adding another layer of

complexity to the network of metabolic regulators in Streptomyces (35, 36).

The regulation of nitrogen assimilation is a good example of how different
regulatory methods and pathways can be intertwined in bacteria. And while many of the
genes and gene products from regulatory systems in other bacteria are also present in
Streptomyces, it is clear that there are significant differences in how these processes
work in Streptomyces. These differences highlight the need for further study of

regulatory mechanisms in these organisms.

1.4 Ribonucleases are important regulators of gene expression

Ribonucleases (RNases) are major mediators of post-transcriptional gene
regulation: these enzymes cleave and degrade RNA. RNases can act as endonucleases
and cleave RNA in the middle of the molecule, or as exonucleases and degrade RNA
molecules progressively from one end (21). They are found in all forms of life and have
varied targets and functions, but overall are critical for helping cells respond rapidly to
their environment (37). RNase lll, RNase J, and/or RNase E work together to process
precursor rRNA and tRNA molecules into their mature forms and, alongside RNase Y, are
also major degraders of mRNA (38, 39). In E. coli, the RNases YbeY and RNase R help
ensure cellular functioning by targeting and degrading defective 70S ribosomes (40). In a
similar quality control role, RNase J can remove stalled RNA polymerase units from DNA
through a ‘torpedo’ mechanism (41). PNPase, a 3’-5' RNase can also add or remove

poly(A) tails from RNA molecules, which affects the stability of the transcript (42). S.
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venezuelae encodes many different RNases, including RNase E, RNase J, RNase Ill, RNase
H, YbeY, and PNPase, but two of particular interest are RNase Ill and RNase J. Previous
work in S. coelicolor and S. venezuelae has shown that these RNases have a role in
development and specialized metabolism, making them a relevant research focus for

understanding RNase-mediated regulation in Streptomyces (43, 44).

1.4.1 Overview of RNase

RNase J is a dual endonuclease and 5’-3" exoribonuclease. RNase J was first
characterized in Bacillus subtilis as being the first bacterial ribonuclease with 5'-3’
directionality (45). In B. subtilis there are two RNase J proteins, RNase J1 and RNase J2,
which dimerize to form the full RNase J1/J2 protein (46). The two proteins share high
protein sequence similarity, but the majority of ribonucleolytic activity has been
attributed to RNase J1 (46). Further study revealed that at least one copy of RNase J is
found in many bacteria and that it has a role in rRNA processing and general RNA
degradation, similar to RNase E (47, 48). Organisms that contain RNase E typically lack
RNase J and vice versa but intriguingly, the actinobacteria are an exception as they
contain both RNase E and RNase J (49). The presence of both enzymes suggests that
RNase J and E may have different roles in Streptomyces and its relatives than in other

model organisms.

In B. subtilis RNase J plays an important role in processing the 5’ end of pre-16S
rRNA and is also important for mRNA degradation (45, 50, 51). The primary activity for
RNase J is as a 5’-3" exonuclease that targets monophosphorylated RNA transcripts (46).
These monophosphorylated transcripts can arise from previous cleavage events, by e.g.
RNase Ill, RNase E, or RNase J (in an endonuclease capacity). The dual endo/exonuclease
behaviour of RNase J depends both on the abundance of enzyme and substrate, and on
the phosphorylation state of the substrate (52). Monophosphorylated 5’ ends favours
exonucleolytic activity, while triphosphorylated 5’ ends favour endonucleolytic activity; a

high concentration of RNase J is also required for endonucleolytic activity (52).

10
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1.4.2 RNase J in Streptomyces

The RNase J homolog in S. venezuelae is encoded by vnz 26680. RNase J is
nonessential in two model species of the Streptomyces genus, S. coelicolor and S.
venezuelae, but the deletion of the gene coding for RNase J (rnj) from either of these
species impacts antibiotic production and development (44, 53). In S. coelicolor, deleting
rnj delays the production of actinorhodin, leads to the overproduction of
undecylprodigiosin, and decreases the production of calcium-dependent antibiotic (53).
In S. venezuelae, an Arnj strain develops slower when growing in liquid medium
compared to the wild type strain, with sporulation delayed by several hours (44).
Contrary to what has been shown in B. subtilis, RNase J does not appear to have a role in
processing the 5’ end of 16S rRNA in S. venezuelae (44). The S. venezuelae Arnj mutant
also exhibits reduced production of the antibiotic jadomycin B and has impaired
ribosomes, demonstrated by an abundance of translationally inactive 100S ribosome
dimers (44). Although the specific pathways through which RNase J regulates these
functions are still unclear in Streptomyces, it is clear that RNase J has an important role

in the development and metabolism of S. venezuelae.

1.4.3 Overview of RNase Il

RNase Il (encoded in S. venezuelae by vnz 26040) is an endonuclease that
targets dsRNA (54). Diverse forms of the RNase Ill protein are found in organisms
ranging from bacteria to mammals (55). Domain organization may vary across these
different RNase lll proteins, but the central defining feature is the presence of the RNase
[l Domain (55). RNase lll from bacteria and yeast possess an N-terminal endonuclease
domain and a C-terminal dsRNA binding domain (56). In E. coli, RNase lll has an
important role in processing precursor rRNA and tRNA, and in sRNA-mediated
regulation. RNase Il liberates precursor rRNA and tRNA molecules from their progenitor
transcripts by cleaving the double stranded hairpin structures that separate the

respective molecules in their precursor transcripts (57). The released precursor tRNAs,

11
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16S, 23S and 5S rRNAs are then further processed at their 5’ and 3’ termini to
maturation (58). As a dsRNA targeting ribonuclease, RNase lIl is also involved in
degrading RNA that is targeted by cis- or trans-encoded small regulatory RNAs. For
example, in Salmonella typhimurium, RNase Il mediates the degradation of the trans-
encoded sRNA MicA and its target ompA mRNA, where ompA encodes an outer

membrane pore (59).

1.4.4. RNase Il in Streptomyces

The Streptomyces homolog of RNase Il was first characterized in S. coelicolor for
its ability to restore antibiotic production to a mutant S. coelicolor strain that was
defective in antibiotic production (43). In S. coelicolor, deleting the gene encoding RNase
Il (rnc or absB) results in a loss of actinorhodin and undecylprodigiosin production;
disrupting the catalytic ability of RNase Il had the same effect, demonstrating that the
endonuclease activity of RNase Il is required for antibiotic production (60). A similar
effect is seen in S. venezuelae, where the loss of rnc from the S. venezuelae genome
results in decreased jadomycin B production. Non-functional 100S ribosomes also
accumulate in S. venezuelae Arnc strains, while primer extension assays show that the
absence of RNase Il leads to the misprocessing of the 5’ pre-23S rRNA site (44).
Collectively, these data show that RNase Ill has an important role in Streptomyces
development and metabolism but, as with RNase J, the specific mechanism(s) and
pathways remains unclear, although rRNA misprocessing and general ribosome

impairment may be one influencing factor (44).

1.5 G-quadruplexes as regulatory elements

Beyond ribonucleases, another mechanism by which gene regulation at the
transcriptional and post-transcriptional/translational level can be achieved is through
the formation of structures within DNA or RNA. An intriguing example of this
phenomenon are G-quadruplexes (Figure 1.4). These structures are formed from

repeated tracts of guanine residues in nucleic acids and can occur within or between

12
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molecules of DNA and RNA (61). The typical consensus sequence for a GQ structure is
G3N1-7G3N1.7G3N1.7G3, although significant variability is possible in the number of G
residues and intervening spacer lengths. GQ structures form at these sequences when
the guanine residues form planar G-quartets with each other through Hoogsteen base
pairing (Figure 1.4). These G-quartets then stack on top of one another to form a

structure known as a G-quadruplex (GQ) (61).
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Figure 1.4. Schematic of G-quadruplex structures. A. Diagram showing the Hoogsteen
interactions (dashed lines) between four guanine molecules to form a G-quartet,
stabilized by a central metal ion. B. Four guanine molecules aligned in a square planar
conformation to form a G-quartet. C. Diagram of an intramolecular G-quadruplex
formed by the stacking of four G-quartets. (Modified from 61).

1.5.1 G-quadruplexes in eukaryotic and bacterial systems

GQs can have diverse effects depending on where they form in the genome or
RNA transcripts. For example, GQs can act as roadblocks to polymerase machinery in
DNA, a fact that has been exploited to detect GQ structures using polymerase stop

assays (62).

13
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Conversely, GQs can also stabilize regions of nucleic acids and increase
expression from genes (63). Until recently, GQs have been predominantly studied in
eukaryotic systems, where they have been implicated in a wide range of biological
functions including splicing, transcription termination, and recombination (64). Of
particular interest in eukaryotes is the connection between GQs and cancer. GQs are
abundant in the telomeres of eukaryotic cells and can block the activity of the telomere-
extending enzyme telomerase, thus preventing the extension of telomeres through the
action of GQ-stabilizing ligands may represent a therapeutic option for cancer treatment

(65).

GQ structures and motifs have become a topic of interest more recently in
bacterial systems. GQ structures have now been implicated as regulatory features that
can modulate metabolism, recombination, and general gene expression in bacteria (64).
In Paracoccus denitificans, stabilizing a GQ structure upstream of nitrogen assimilation
regulatory genes leads to decreased expression of the corresponding downstream genes
(66). RecA, a key recombination protein, can bind in vitro to a GQ structure found
upstream of a gene involved in pilin formation in Neisseria gonorrhoeae, implying a
potential role for GQ structures in mediating antigen variation of the pilin sequence (67).
Further work utilizing reporter assays and fluorescent probes specific for GQ structures
in RNA has revealed that the presence of GQ structures in the coding sequences of
various mRNA transcripts in E. coli and Pseudomonas aeruginosa can also affect gene

expression levels (63).

1.5.2 G-quadruplexes in Streptomyces

Because GQ sequences are rich in G-residues, there are increased opportunities for
their occurrence in organisms with high genomic GC content. Thus, one important
guestion is how GC-rich organisms might utilize, or mediate, the formation of these
structures in their nucleic acids. The average GC-content of Streptomyces bacterial

genomes is ~70%, and previous work has shown that the genomes of several bacteria in
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this genus are enriched for GQ motifs; more than twice the number of expected GQ
motifs have been detected for several Streptomyces species (68). Of these sequences,
over 20% are located in intergenic regions where they have the potential to exert
regulatory effects on the adjacent genes (68). Further analysis in S. venezuelae and S.
coelicolor showed that the presence of GQ motifs in the 5’ UTR can have varying effects
on the downstream gene, depending on the position of the motif relative to the start
codon, the strand of the motif, and the structure and composition of the motif itself

(68).

1.5.2.1 Identification of a potential G-quadruplex binding protein

Given the potential regulatory effects of these structures, organisms likely have ways
of modulating how and when GQ structures can form in vivo and they may control GQ
formation through GQ-binding compounds. From S. venezuelae, the enzyme TrmB, a
tRNA-methyltransferase, interacts with GQ DNA structures in vitro (68). In E. coli and B.
subtilis, TrmB catalyzes the formation of N7-methylguanosine (m7G) at position 46 in
tRNA molecules (69). The N7 position in guanine is the position involved in forming the
Hoogsteen bonds that hold together the planar quartets of a G-quadruplex structure
(61). If the N7 position was blocked, potentially by a methyl group added by TrmB, this
could prevent the formation of a GQ structure at that motif (70). Although TrmB is
annotated as an RNA-associated protein, it is conceivable that it may also interact with
DNA. For example, there is evidence that two methyltransferases in humans target both
DNA and RNA (71). The possibility that modifications in DNA, such as those potentially
caused by TrmB, could affect the regulation of gene expression in bacteria by preventing

the formation of GQ structures, is an exciting hypothesis for investigation.

2. Objectives

With their hidden biosynthetic potential, complex life cycle, and GC-rich
genomes, Streptomyces are different from other model organisms in which RNases and
G-quadruplexes have been studied. Since the progression through their lifecycle and the

15
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activation or repression of their biosynthetic clusters are primarily mediated through
changes in gene expression, understanding the myriad of ways that Streptomyces
controls gene expression is of paramount importance. Although we know that RNases
have important regulatory roles in controlling growth and specialized metabolism in
Streptomyces, it is unclear how they specifically impact these processes at a mechanistic
level. And while G-quadruplexes have recently been understood to have regulatory roles
in bacteria as well as eukaryotes, minimal work has been done on them in GC-rich
organisms like the streptomycetes, despite the increased potential for their occurrence.
How might Streptomyces utilize RNases or G-quadruplexes to regulate gene expression
throughout their life cycle and control their morphological differentiation and

specialized metabolism?

This work aims to investigate how global transcript levels change in RNase
mutants and to identify specific functions or pathways in S. venezuelae that are
impacted by RNase J and/or RNase IIl. A second aim of this work is to probe the role of
G-quadruplexes in GC-rich S. venezuelae, with a focus on investigating potential
interactions between G-quadruplex structures and the tRNA-methyltransferase protein,

TrmB.
To this end, the objectives of this work are to:

1) Develop an understanding of the changes that occur at the transcript level for
Arnj and Arnc strains of S. venezuelae relative to the wild type and probe
impacted genes/pathways to determine if transcripts that change in expression
are direct targets for either RNase.

2) Determine whether TrmB can bind and methylate G-quadruplex structures and

prevent their formation in DNA.
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3. Methods and Materials

3.1 Plasmids, bacterial growth conditions, and strain maintenance

Complete lists of the strains and plasmid constructs used in this work are found
in Table 3.1 and Table 3.2. All liquid cultures were grown shaking at 200 RPM. Unless
otherwise noted, S. venezuelae cultures were grown in maltose-yeast extract-malt
extract medium (MYM) at 30°C, while E. coli cultures were grown in either Lysogeny
Broth (LB) or Super Optimal Broth (SOB) at 37°C. When antibiotics were included in the
growth medium, they were used at the following final concentrations: nalidixic acid (20
ug/mL), kanamycin (50 pug/mL E. coli; 25 pg/mL S. venezuelae), chloramphenicol (25
ug/mL), ampicillin (100 pg/mL), apramycin (50 ug/mL), hygromycin B (50 pg/mL).

Spore stocks of S. venezuelae strains were produced by suspending a single S.
venezuelae colony in 100 uL of sterile dH,0 and then dividing the suspension in half and
spreading it on two MYM agar plates to create a lawn. The plates were incubated at
30°C for 3-4 days. The accumulated biomass was harvested from the plates using a
sterile metal spatula and placed in 5 mL of sterile dH,0. The samples were then
sonicated in a water bath sonicator for 5-10 minutes to disrupt spores from the
remaining biomass. The suspension was passed through a sterile syringe containing
cotton to filter out the mycelial mass and the filtered solution was centrifuged for 5 min
at 2,200 xg. The remaining liquid was decanted and the spores were resuspended in 400

uL of sterile 40%.,v glycerol. Glycerol spore stocks were then stored at -20°C.

E. coli stocks were prepared by mixing 500 pL of culture with an equal volume of

sterile 40%.,v glycerol before then being stored at -80°C.
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Species Strain Description Reference
E. coli DH5a General cloning Invitrogen
BW25113/plJ790 ReDirect recombination (72)
strain.
ET12567/pUZ8002 Methylation deficient (73)
strain, carrying a
conjugation helper
plasmid, for conjugating
DNA into Streptomyces.
Rosetta2 Overexpression of Novagen
recombinant
Streptomyces proteins.
S. venezuelae NRRL B-65442 Wild type. (74)
WT+pl)82 Wild type with pl)82 (44)
vector.
WT+pMS82 Wild type with pMS82 From M. Zambri
vector.
Arnj RNase J deletion mutant. (44)
Arnj+pl)82 RNase J deletion mutant (44)
with empty vector.
Arnj+pl)82::rnj Complemented RNase J (44)
deletion mutant.
Arnc RNase Il deletion mutant. (44)
3xFLAG-rnc FLAG-tagged RNase Il This work
construct in wild type S.
venezuelae background.
Arnc+3xFLAG- FLAG-tagged catalytically This work
rnceE132Q inactive RNase Il
construct in RNase Il
mutant background.
Arnc+3xFLAG-rnc  FLAG-tagged RNase Il This work
construct in RNase Il
mutant background.
3xFLAG-rnj FLAG-tagged RNase J This work
construct in wild type S.
venezuelae background.
Arnj+3xFLAG- FLAG-tagged catalytically This work
rnjH86A inactive RNase J construct

in RNase J mutant
background.
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Species Strain Description Reference

Arnj::3xFLAG-rnj  FLAG-tagged RNase J This work
construct in RNase J
mutant background.

AnnaR nnaR deletion mutant in This work
wild type S. venezuelae
background.
ArnjAnnaR nnaR deletion in RNase J This work
mutant background.
ArncAnnaR nnaR deletion in RNase This work

mutant background.

Table 3.2: Cosmids and plasmids used in this work

Plasmid/Cosmid Description Reference
pET15b Overexpression vector Novagen
pET15b + sven_3866 Overexpression of TrmB (68)
pRARE2 Contains tRNAs for 7 rare codons in E. coli Novagen
plJ82 Integrating vector for Streptomyces Gift from

H. Kieser
plJ82 + rnj Complementation vector for rnj mutant (44)
pUC57 Vector for synthesized FLAG-tag products GenScript

pUC57 + 3xFLAG-rnjH86A pUC57 with rnj promoter and gene for GenScript
FLAG-tagged RNase J H86A

pUC57 + 3xFLAG-rncE132Q pUC57 with RNase Il promoter and gene for GenScript
FLAG-tagged RNase Il E132Q

pMS82 Integrative vector for Streptomyces (75)

pMS82 + 3xFLAG-rnjH86A  Construct for integration of gene for FLAG- This work
tagged RNase J H86A into Streptomyces

pMS82 + 3xFLAG-rncE132Q Construct for integration of gene for FLAG- This work
tagged RNase Il E132Q into Streptomyces

pMS82 + 3xFLAG-rnj Construct for integration of gene for FLAG- This work
tagged RNase J into Streptomyces
pMS82 + 3xFLAG-rnc Construct for integration of gene for FLAG- This work
tagged RNase Ill into Streptomyces
Sv-5-A04 Wild type cosmid containing nnaR Gift from
M. Bibb
and M.
Buttner
Sv-5-A04 Modified cosmid for creation of S. Thiswork
vnz_13340::hygoriT venezuelae nnaR mutant
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3.2 General molecular techniques

3.2.1S. venezuelae growth curves

Ten millilitres of liquid MYM medium were inoculated with 10 pL of a spore stock
and grown overnight. Each strain was then sub-cultured from the overnight culture to a
starting ODeoo of 0.05 and grown in either a 500 mL or 3.6 L baffled flask. Starting at 10
hours post-induction, the ODeoo value of each culture was measured every 2 hours until
24 hours of growth was reached. To ensure that spectrophotometer readings fell
between 0.1 and 1, samples were diluted 1:10 in liquid MYM before measuring. The

developmental stage of the strain was tracked using light microscopy.

3.2.2 Polymerase chain reactions (PCR)

PCRs were conducted using 20 pL reactions with either NEB Phusion® High
Fidelity DNA Polymerase or with NEB 2x Taq Master Mix. Reaction mixtures and
conditions were as summarized in Table 3.3. When colony PCR was conducted on E. coli
cells, a small portion of the colony was transferred to individual reaction tubes in lieu of
template DNA. When colony PCR was conducted on S. venezuelae cells, a colony was
patched to solid MYM medium and a portion of the biomass from this patch was
resuspended in 30 pL of nuclease free water and boiled at 95°C for 15 minutes to lyse
the cells. The solution was centrifuged at 13,000 xg to pellet the cell debris and 1 pL of
the supernatant was used in subsequent PCR reactions. PCR products were visualized on
a 1% agarose gel and purified with either the PureLink™ PCR Purification Kit (Invitrogen)
or via gel extraction with the NEB Monarch®DNA Gel Extraction Kit, following the

manufacturer’s instructions.
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Table 3.3: Polymerase chain reaction conditions

Polymerase Reaction Conditions Cycling Conditions
2x Taq 1x Taq Master Mix 1) 95°C for 3 minutes
Master Mix 5% DMSO 2) 95°C for 30 seconds
(NEB) 0.3 uM Forward Primer 3) 45-65°C for 30 seconds
0.3 uM Reverse Primer 4) 72°C for 1 minute/kb
Template DNA (1-5 ng) or Colony 5) Repeat 2-4 34 x
Nuclease free water to 20 plL/rxn 6) 72°C for 5 minutes
Phusion 1x Phusion GC Buffer 1) 98°C for 3 minutes
(NEB) 5% DMSO 2) 98°C for 10 seconds
0.2 mM dNTPs 3) 45-65°C for 30 seconds
0.5 uM Forward Primer 4) 72°C for 30 seconds/kb
0.5 uM Reverse Primer 5) Repeat 2-4 34x
Template DNA (1-5ng) 6) 72°C for 5 minutes

Nuclease free water to 20 pL/rxn

3.2.3 Extraction of DNA from E. coli cells
Plasmids were extracted from cultures of E. coli cells using the PureLink™Quick

Plasmid Miniprep Kit (Invitrogen), according to the manufacturer’s instructions.

Cosmid DNA was extracted from E. coli cultures. Cell pellets were resuspended in
500 pL of ice-cold Solution | (50 mM Tris pH 8, 55.5 mM glucose, 10 mM EDTA), after
which 1 mL of Solution Il (200 mM NaOH, 1%w,v SDS) was added to each sample. The
samples were mixed by inverting the sample tubes before leaving the suspension on ice
for 5 minutes for cells to lyse. Solution Il (CH3COOK/CH3COOH 5M, pH 4.80) was then
added to each sample (750 pL). The samples were left on ice for another 5 minutes, and
then centrifuged at 7,800 xg for 10 minutes at 4°C. The supernatant was transferred to a
fresh tube and an equal volume of phenol:chloroform:isoamyl alcohol (50:50:1, pH 7.6)
was added to each sample. The samples were vortexed, and then centrifuged at 2,200
xg for 5 minutes. The aqueous phase of each sample was recovered and DNA was
precipitated from the sample with the addition of 2 volumes of 95%.,, ethanol and 0.1
volume of CH3COONa/CH3COOH buffer (5M, pH 5.2). The samples were left to

precipitate at -20°C for at least 30 minutes and then they were centrifuged at 7,800 xg
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for 30 minutes at 4°C. The resulting pellet was washed with 70%,,, ethanol and
resuspended in ~100 pL of nuclease free water. Recovered cosmid and plasmid DNA

integrity was checked by running 5 uL of each purified sample on a 1% agarose gel.

When necessary, co-extracted RNA from cosmid isolations was digested by
RNase A. Between 10-50 pL of purified cosmid were diluted to 300 uL, to which 10 pL of
RNase A (10 ug/mL) were then added. The resulting solution was incubated at 37°C for
1-2 hours to remove RNA, after which the remaining DNA was purified through an

additional phenol:chloroform extraction and precipitation step.

3.2.4 Restriction digestion and dephosphorylation of DNA

DNA digestion reactions were carried out in 50 pL reactions with 30 U of the
appropriate restriction enzyme (Kpnl, BamHI, EcoRl, Ndel, Xhol, Hindlll or Xbal) in its
corresponding buffer (NEB). The reactions were left to incubate in a water bath at 37°C.
After 1 hour, an additional 30 U of enzyme were added to the reaction. When required,
DNA was dephosphorylated by adding 10 U of calf intestinal phosphatase (NEB) directly
to the digestion reaction and incubating the reaction at 37°C for an additional hour. The
reactions were purified either with the PureLink™ PCR Purification Kit (Invitrogen) or via
gel extraction after being run on a 1% agarose gel (NEB Monarch® DNA Gel Extraction

Kit).

3.2.5 Electroporation of DNA into E. coli

E. coli cells were sub-cultured in liquid SOB medium until an ODeoo of 0.4-0.6 was
reached, after which cells were washed three times with cold 10%.,, glycerol. DNA was
electroporated into electro-competent E. coli cells using a BioRad MicroPulser on the
EC2 setting. Shocked cells were recovered for 1 hour at either 37°C or 30°C in LB or SOB
medium, and then spread on an appropriate agar medium (including antibiotics for

selection of DNA uptake) and grown overnight at 37°C or 30°C.
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3.2.6 Heat shock transformation

DNA was transformed into competent E. coli (Subcloning Efficiency™ DH5a
Competent Cells, ThermoFisher). Two microlitres of DNA were added to 50 pL of cells
and left on ice for 15 minutes. Cells were then heat shocked at 37°C for 30 seconds and
immediately cooled on ice for 2 minutes. Cells were recovered in 1 mL of liquid LB
medium for 1 hour at 30°C or 37°C and were then plated to solid LB medium plates

containing the appropriate antibiotic selection.

3.2.7 DNA Ligation

Insert and vector DNA for ligation were digested as described above and vector
DNA was dephosphorylated. Insert and vector DNA were mixed in a 3:1 molar ratio in
1xT4 DNA Ligation Buffer (Roche) with 5 U of T4 DNA ligase (Roche). Samples were left
at room temperature for five minutes, after which 2 uL of the reaction were added to

competent E. coli cells for heat shock transformation.

3.2.8 Labelling of DNA with P3?

Oligonucleotides were radiolabelled for northern blotting or for use in G-
guadruplex formation assays. The oligos were labelled at the 5 end in reactions
containing oligonucleotide (0.1 uM), 10 U of T4 polynucleotide kinase (NEB), 1xT4
polynucleotide kinase buffer, and 5 pL of [y->2P]JATP (Perkin Elmer, 0.4 mCi/mL). The
reaction was brought to 20 pL with nuclease-free water. The reactions were incubated
at 37°C for 30 minutes and the oligonucleotide was purified using the PureLink™ PCR
Purification Kit (Invitrogen) or NucAway spin columns (Ambion), following the

manufacturer’s instructions.

3.2.9 Conjugation of DNA into S. venezuelae

Constructs for introduction to S. venezuelae were introduced via the E. coli
ET12567/pUZ8002-containing strain. The construct was transformed via electroporation
into electro-competent E. coli 12567/pUZ8002 cells and grown overnight. The cells were

then washed 3 times with liquid LB medium, followed by resuspension in 500 uL of SOB
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or LB. Separately, 20 pL of S. venezuelae spores were suspended in 500 pL of liquid 2x
yeast extract-tryptone (2xYT) medium. The washed E. coli cells were then mixed with
the S. venezuelae spore suspension and briefly centrifuged. The remaining liquid was
removed and the cells were resuspended in approximately 50 uL of 2xYT and plated to
soy flour-mannitol (SFM) agar plates. After 4-8 hours of incubation at 30°C, the plates
were overlaid with nalidixic acid and the construct-specific selective antibiotic. The
plates were then left to incubate at 30°C until single colonies appeared (usually after 3-4

days).

3.4 Total RNA-extraction and purification from S. venezuelae
To extract RNA, S. venezuelae cells were grown in liquid culture until the desired
time point was reached. Cells were collected in Falcon tubes and the cell pellets were

either stored at -80°C or were placed on ice for immediate RNA extraction.

Cells were lysed by vortexing the pellets for 2 minutes with an approximately
equal volume of sterile glass beads and 5 mL of cold lysis solution (4M guanidine
thiocyanate, 25 mM trisodium citrate, 0.5%. sodium N-lauroylsarcosinate, 0.8%xy B-
mercaptoethanol). An equal volume of phenol:chloroform:isoamyl alcohol (50:50:1, pH
4.6) was then added to the lysate and samples were vortexed on and off in thirty second
intervals to emulsify the solutions. Samples were then centrifuged at 7,800 xg and the
aqueous phase containing the RNA was recovered. Samples were treated twice more
with equal volumes of phenol:chloroform:isoamyl alcohol. After the final treatment and
recovery of the aqueous phase, total RNA was precipitated by adding an equal volume of
cold isopropanol (100%) and 0.1 volume of sodium acetate buffer (3 M, pH 6). The
samples were inverted several times to mix and then left overnight at -20°C. Following
precipitation, the samples were centrifuged at 8,870 xg (4°C) for 30 minutes. The RNA
pellets were washed once with cold 70%., ethanol and then left to air dry for 10

minutes. The pellets were resuspended in 100 puL of nuclease free water once dry. After
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resuspension, 2 pL of the total RNA was separated on a 2% agarose gel to assess

integrity.

3.4.1 DNase treatment, determination of RNA concentration, and confirmation of DNA-
free RNA samples

Fifty microlitres of total RNA was DNase treated post-extraction. The sample was
diluted to a total volume of 390 uL in nuclease free water, at which point 50 uL of
TURBO DNase Buffer (10x) and 20 U of TURBO DNase enzyme were added to bring the
final volume to 500 uL (Fisher Scientific). The sample was incubated in a 37°C water bath
for 1 hour, then an additional 10 U of DNase enzyme was added and the sample was left
at 37°C for another hour. Total RNA was extracted from the reaction mixture with
phenol:chloroform:isoamyl alcohol (50:50:1, pH=4.6). The aqueous and organic layers
were separated by centrifugation and the aqueous layer containing the RNA was
recovered. The phenol:chloroform extraction was repeated once, after which the RNA
was precipitated and dried as described above. The final RNA pellet was resuspended in
50 pL of nuclease free water. Two microlitres of DNase-treated total RNA were

separated on a 2% agarose gel to assess integrity.

The concentration of the DNase-treated RNA was determined using a NanoDrop
spectrophotometer. One and a half microlitres of a 1:10 dilution of each sample was
tested at a time and each sample was tested in technical triplicate. The arithmetic mean

of the three replicates was taken as the concentration for the sample.

PCR was used to confirm that each total RNA sample was DNA-free. Primers for
the gene sven 4897 (Table 3.4) were used in a standard Taqg PCR reaction (Table 3.3),
with 0.5 ug of total RNA included as template. One reaction with genomic DNA as
template was included as a positive control. If no product was observed from the RNA-
template PCR reactions (but was detected in the genomic DNA-containing reaction), this
indicated that all extraneous DNA had been properly digested and removed during the

DNase treatment.
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3.4.2 Gel extraction of RNA bands

To extract a specific band from an RNA sample, total RNA was run on a
denaturing acrylamide gel (6M urea, 6% acrylamide) then the desired RNA bands were
visualized and marked using UV shadowing. The marked region of the gel was cut out
from the rest of the gel, crushed, and then incubated in buffer (200 mM NaCl, 10 mM
Tris, 1 mM EDTA, pH 8) at 37 °C for 30 minutes. The solution was centrifuged at 13,000
xg for 5 minutes and the supernatant was recovered. This crush-soak process was
repeated three times with the gel pellet, and the supernatant was collected each time.
RNA was then precipitated from the supernatant as described above in the extraction of

total RNA from cells.

3.5 RNA-sequencing and analysis

RNA was extracted and purified for RNA-sequencing, as described in section 3.4,
from wild type, Arnj and Arnc strains at vegetative, fragmentation, and sporulation
stages of growth in liquid MYM culture. Two biological replicates were collected for each
strain and stage of growth. Early/vegetative samples were collected at 10 hours for wild
type and the Arnc strain, and at 12 hours for the Arnj strain. Mid-stage/fragmenting
samples were collected at 14 hours for wild type and the Arnc strain, and at 18 hours for
the Arnj strain. Late-stage/sporulating samples were collected at 20 hours for the Arnc
strain and at 24 hours for the Arnj strain. The replicates used for the wild type
sporulation time point were collected at 18 hours. RNA-sequencing was conducted by
the MOBIX facility at McMaster University. Sequencing was done using paired-end

technology on the lllumina MiSeq v3 platform.

Downstream analysis of the RNA-sequencing data was completed using the
Galaxy platform. Illumina adapter sequences were trimmed off of the raw reads using
the Trimmomatic program and the quality of trimmed reads was assessed using FastQC
(76, 77). Reads were then aligned to the S. venezuelae NRRL B-65442 genome (NCBI

accession: NZ_CP018074.1) using the BowTie2 program and the aligned files were sorted
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using SamTools (78, 79). The aligned reads were visualized using the Integrated
Genomics Viewer (80). The number of reads aligning to genomic features were counted
using the HTseq-count program for each replicate (81). The HTseg-count tables were
then normalized and used for differential transcript level analysis with the program
DESeq2 (82). Differential transcript abundance was assessed by comparing transcript

reads for wild type and the Arnj or Arnc mutant strains at each time point.

3.5.1 RT-PCR and semi-quantitative PCR analysis

cDNA libraries were generated from RNA samples using the NEB LunaScript™ RT
SuperMix Kit. To confirm there was no contaminating DNA in the RNA samples, a
negative control (“-RT”) reaction with no reverse transcriptase enzyme was also run for
each sample. One microgram of RNA was used for each reaction with 4 pL of reverse
transcriptase (+ or -) master mix and nuclease free water to bring the total volume to 20
UL per reaction. The reactions were run with the following conditions: 25°C for 2
minutes (primer annealing), 55°C for 10 minutes (reverse transcription activity), and 95

°C for 1 minute (enzyme inactivation).

For semi-quantitative PCR, 2 puL of cDNA were added as template from the
reverse transcribed samples and -RT reaction, along with primers for amplifying selected
genes of interest that were differentially expressed in the RNA-sequencing data: nasA
(vnz_11080), nirB (vnz_11140), nnaR (vnz_13340), and amtB (vnz_26110) (Table 3.4).
Primers for rpoB were used as a loading/input control (Table 3.4). Reactions containing
gDNA or nuclease-free water as template were also included with each primer set as a
positive and negative control, respectively. Samples were amplified using standard Taq
PCR conditions, but with the number of amplification cycles adjusted so that
observations were made during the linear stage of amplification. Ten microlitres of each

product were separated on a 2% agarose gel containing ethidium bromide.
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3.6 Northern blotting

We used northern blotting to identify potential sRNA candidates. Five
micrograms of each RNA sample for analysis were heated to 95°C for 5 minutes and then
loaded and separated on a denaturing polyacrylamide gel (6M urea, 6% acrylamide). The
separated RNA was then transferred to a nylon membrane (Zeta-Probe Blotting
Membrane, Bio-Rad) using the Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell
(Bio-Rad). RNA was chemically cross-linked to the membrane using a solution of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (0.16 M in 0.13 M 1-methylimidazole, pH 8)
and incubated at 55°C for 2 hours (83). Oligonucleotide probes to targets of interest
(Table 3.4) were 5 end-labelled with [y-32]P ATP and the membrane was incubated
overnight at 42°C in approximately 30 mL of ULTRAhyb®-Oligo Hybridization Buffer
(Ambion) that contained 25 uL of labelled probe. Excess probe was washed off the
membrane through a series of washes with low (300 mM NaCl, 30 mM citrate, 0.1%w
SDS) and high (30 mM NaCl, 3 mM citrate, 0.1%w,, SDS) stringency buffer, before the
membrane was exposed to a phosphor screen and then visualized using a

phosphorimager.

3.7 Creation of FLAG-tagged RNase variants

Constructs of catalytically inactive RNase J and RNase Il under the expression of
their native promoter were synthesized by GenScript. The constructs contained a copy
of the native promoter, as determined through transcription start sequencing data
(generous gift from M. Buttner), followed by an N-terminal 3x FLAG tag, a three glycine
residue linker, followed by the sequence for either the catalytically inactive RNase J
(H86A) or RNase Il (E132Q), and the native terminator sequence (50, 84). The constructs
were cloned following PCR amplification, digestion with Kpnl and Hindlll, and ligation
into the integrating vector pMS82. The constructs were confirmed with sequencing and
were then conjugated into the wild type and cognate RNase mutant strains of S.

venezuelae.
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PCR site-directed mutagenesis was used to revert the point mutations in the
catalytically inactive RNase strains. Primers with mutations to revert the point mutations
(Table 3.4) were used to amplify the gene product region of each construct. This region
was then combined with the PCR product of the promoter and FLAG-tag region through
overlap-extension PCR. The final PCR product of the promoter-FLAG tag-linker-revertant
gene was then cloned into pMS82, which was sequenced to confirm the reversion. The
pMS82-revertant gene construct was then conjugated into wild type S. venezuelae and

the appropriate RNase mutants.

3.7.1 Western blotting

We used western blotting to confirm the expression of the FLAG-tagged proteins
in S. venezuelae. Forty to eighty micrograms of total protein extract from each sample
were run on a 12% SDS-denaturing polyacrylamide gel for 1 hour at 150 V. The proteins
were transferred to a methanol-activated PVDF membrane (Amersham Bioscience) using
the Bio-Rad Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell with 1x transfer
buffer (48 mM Tris, 39 mM glycine, 1.28 mM SDS, 20%,) MeOH) for 1 hour and 15
minutes at 15 V. The membrane was blocked for at least one hour with 6% blocking
solution (6 g of skim milk powder in 100 mL of Tris buffered saline with 0.1% () Tween
(TBS-T)). The membrane was washed twice with TBS-T for 10 seconds and then 6.6 ulL of
Anti-FLAG® Rb antibody (Sigma-Aldrich) were added to 10 mL of blocking solution and
the membrane was left shaking in the solution overnight at 4°C. The membrane was
washed several times with TBS-T following primary antibody incubation, after which 3.3
uL of secondary antibody (Pierce™ Gt anti-Rb IgG Superclonal™ secondary antibody HRP
conjugate) were added to 10 mL of blocking solution. The membrane was then
incubated in the solution at room temperature, shaking for at least 2 hours. FLAG-
tagged protein was detected using the Amersham™ ECL™ Western Blotting Detection
Reagents (Fisher) according to the manufacturer’s instructions, followed by visualization

with X-ray film exposure.
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3.8 TrmB overexpression and purification

The overexpression construct for 6xHis-tagged TrmB (Table 3.2) was transformed
into competent Rosetta2 cells (Table 3.1) via electroporation. An overnight culture was
grown from a single colony, which was then sub-cultured in liquid LB medium or Terrific
Broth and grown to an ODsgo of 0.6. At this point, a 1 mL pre-induction sample was
taken. Protein induction was then initiated by adding IPTG to a final concentration of 1
mM. Cells were grown for a further 4 hours, shaking at 37°C, after which they were

collected by centrifugation and stored at -80°C.

Recombinant protein was purified by His-tagged Ni-affinity purification. Cells
were resuspended in 5 mL of cold, filter-sterilized lysis solution (300 mM NaCl, 50 mM
NaH;P0O4, 10 mM imidazole, pH 8, with one Roche cOmplete EDTA-Free Protease
Inhibitor Tablet per 10 mL) and then lysed by sonication (Branson Sonifier Cell
Disruptor350, 20x 30 second pulses at 50% duty cycle, output control=4). The resulting
cell lysate was centrifuged at 11,000 xg for one hour. The supernatant was then
removed and mixed with 1 mL of Ni-NTA agarose resin (HisPur™ Ni-NTA Resin, Thermo
Scientific) and left to shake for 1 hour at 4°C. The Ni-NTA cell supernatant mixture was
loaded onto a chromatography column and washed with lysis buffer containing
increasing concentrations of imidazole (20 mM-30 mM). His-tagged protein was eluted
from the column with concentrations of 70 mM-500 mM imidazole. The eluted protein
was dialyzed against storage buffer (5 mM Tris-HCl pH 8.5, 50 mM NacCl, 10% glycerol)
and stored in 150 pl aliquots at -80°C. Protein samples were separated on a 12% SDS-
PAG at 150 V for 1 hour and were visualized by Coomassie staining. When necessary,

protein concentration was determined using the Bradford assay (85).

3.9 Electrophoretic mobility shift assays (EMSAs)
We used EMSAs to test the ability of TrmB to bind to G-quadruplex structures.
The 5’ P32-labelled oligo (1 nM) and purified TrmB protein (0.2 uM to 2 pM), were mixed

together and the reaction brought to 20 puL with TrmB storage buffer before being
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incubated at room temperature for 30 minutes. For experimental reactions, the oligo
‘GQ probe 1’ was used, while the oligo ‘GQ probe 1 mut’ was used as the negative
control as it did not form G-quadruplex structures (Table 3.4). Four microlitres of 6x
bromophenol blue loading dye (1.2 M sucrose, 3.73 mM bromophenol blue) were added
to each reaction and 20 uL of each sample were run on a 10% polyacrylamide gel in 0.5x
TBE buffer for 30 minutes at 150 V. The gel was wrapped in cling film, exposed to a

phosphor screen, and visualized using a phosphorimager.

3. 10 GQ-formation assays

3.10.1 Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy was used to confirm the ability of
experimental oligonucleotides to form G-quadruplexes (those listed as GQ probe in
Table 3.4) and later to test for the presence of G-quadruplex structures in
oligonucleotides. Oligonucleotides that were tested for G-quadruplex formation were
prepared for CD by heating the DNA (1 uM or 10 uM) in reactions brought to a total
volume of 300 uL with GQ folding buffer (100 mM KCI, 50 mM Tris-HCI, pH 7.4). The
samples were heated at 95°C for 5 minutes and then slow-cooled overnight in the
heating block to allow the formation of G-quadruplex structures. The entire reaction was
transferred to a 1 cm quartz cuvette and spectra were measured and recorded between
220 and 320 nm at 1 nm intervals, in technical triplicate. The same process was done for
a DNA-free blank sample, and the values for the blank were subtracted from the

experimental sample values.
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3.10.2 CD based-GQ formation assays

To determine if TrmB could prevent the formation of G-quadruplex structures
through methylation, test oligonucleotides were incubated in methylation buffer with
purified TrmB. The DNA was then extracted and folded, and CD spectroscopy was used
to determine whether G-quadruplex structures were present in the experimental and
control samples. The procedure was based on kinetic experiments with Aquifex aeolicus

TrmB (86). The experimental process is outlined in Figure 3.1.

Incubate protein, Extract DNA probe Dilute extracted DNA Conduct CD
DNA probe, and - from reaction and - probe in GQ-folding spectroscopy on
methyl donor in clean up for buffer and fold DNA folded DNA probe.
reaction buffer. downstream use. into structure.

Figure 3.1. Experimental protocol flowchart of CD-based GQ-formation assays.

The oligonucleotide probe (10 uM), either GQ probe 1 or GQ probe 1 mut (Table
3.4), was added, together with 0.3 pg of purified TrmB and S-adenosyl methionine (20
uM), to methylation buffer (50 mM Tris-HCl pH 7.6, 5 mM MgCl,, 6 mM B-
mercaptoethanol, 50 mM KCI) and incubated at 30°C for 30 minutes. The DNA was then
purified via phenol:chloroform extraction, as described in section 3.2.3. The purified
DNA was resuspended in nuclease free water and diluted to 300 uL in GQ folding buffer
then folded, before being tested using CD spectroscopy, as described in section 3.10.1.

The final results were analyzed in Excel.

3.10.3 Piperidine-based GQ formation assays

To investigate if TrmB was capable of methylating G-quadruplex sequences in
DNA, test oligonucleotides were incubated with purified TrmB, before being subjected
to piperidine treatment, which breaks DNA at methylated guanine residues. Larger
versions of the probes used in the CD based GQ formation assays were used for the
piperidine tests (GQ probe 1 +39nt and GQ Probe 60nt_2). The larger nucleotide probes

were created by adding 18 nucleotides to the 5’ end of the original probe and 21
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nucleotides to the 3’ end. The additional nucleotides were taken from previously
designed oligos that had been confirmed to not form any other structures (68). An

outline of this experimental protocol is shown in Figure 3.2.

Incubate protein, Extract DNA probe _Treat DNA with Label 5’ ends of
DNA probe, and from reaction and piperidine to induce cleaved fragments
methyl donor in ) clean up for mm)  cleavageat N7.‘ - and run on
reaction buffer. downstream use methylated guanine denaturing

' ) residues. acrylamide gel.

Figure 3.2. Experimental protocol flowchart of piperidine cleavage GQ-formation
assays.

Two hundred picomoles of the experimental oligonucleotide probe (GQ probe 1
+39nt, Table 3.4) were incubated with 0.3 pug of TrmB and S-adenosyl methionine (20
KUM) in methylation buffer (described above) for 30 minutes at 30°C. The DNA was
purified using phenol:chloroform extraction and was precipitated as described in section
3.2.3, with the addition of 0.5 ug of glycogen to aid precipitation. As a positive control,
one reaction was incubated at room temperature for 30 minutes in a 0.4%.,y solution of
dimethyl sulfate (DMS) to methylate all guanine residues. The precipitated DMS or
protein-treated DNA was resuspended in 100 pL of 10%. piperidine solution in
nuclease-free water and heated at 90°C for 30 minutes to induce breakage at any
methylated guanine residues. The DNA was again collected via precipitation with
glycogen and ethanol and then resuspended in 20 pL of nuclease-free water. The
fragments were then 5’ end-labelled with [y-32P]ATP as described above. Five to ten
microlitres from the labelling reaction were then separated on a 6% denaturing
polyacrylamide gel (6 M urea) for 30-60 minutes at 60 W. The gel was then transferred

to filter paper and was visualized using a phosphorimager.
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Table 3.4: Oligonucleotides used in this study

Name

Sequence”

Description

GQ probe 1
GQ probe 1 mut

GQ probe 1 +39nt

GQ Probe 1 +39nt_mut

GQ Probe 60nt_2

SVEN_4897 F
SVEN_4897 R
FLAG-sv5394 F
FLAG-sv5394 R
sven_5265 promoter
(Hind1l)-F

sven_5265 (Kpnl)-R
sv5394H866A_revert_R
sv5394H866A _revert_F
sv5265E132Q_RevR
sv5252E132Q_RevF
vnz_11015.north

vnz_18810.north

vnz_15980.north

TITTTT GGG AGG GCG GGA
GGG

TITTTT GGG AGA GCG AGA
GGG

GCT TTATCCAGT GAT CTCTTT
TTT GGG AGG GCG GGA GGG
CAA ATT AGA ACATACTGT AAA
GCTTTATCC AGT GATCTCTTT
TTT GGG AGA GCG AGA GGG
CAA ATT AGA ACATACTGT AAA
GCTTTATCCAGT GATCTCTTT
TTT GAG AGA GCG AGA GAG
CAA ATT AGA ACATACTGT AAA
ATA TGG TAC CGA TCT GGA
ACG GCATCC AGG

ATATTC TAG ACG CGA GGT CCT
TGT TCT TGG

CAT CAT AAG CTT TGG CCC CGT
AGG GCA CAG

CAT CAT GGT ACCCCC GTT CTG
GCGGAGC

ATA TAA GCT TGC TAC CAG CAG
CAG GACC

ATA TGG TAC CGA CAG CGA
CTC AAC CCT ACC

GTG GTC CTC ATG GCC GTG CGT
G

CAC GGC CAT GAG GACCAC
ATC GG

GAT CAC CGC TTC AAG GGT GTC

CCCTTGAAGCGGTGATCG G

CTC CCC CGA CTG GACTCG AAC
CAG TAA CC

GCC CCT CAC GCA CCT GCCAGA
GCC GACCTA CCC

GGC GGC CGG TCG GGC GTG
CTC GGT TCC GGC

GQ probe for EMSAs

Negative control GQ
probe for EMSAs
Extended GQ probe for
EMSAs/CD

Mutated extended GQ
probe for EMSAs/CD

New mutated version of
GQ Probe 1 +39 nt

Checking RNA for DNA
contamination

Checking RNA for DNA
contamination

F primer for amplifying
FLAG-sv5394

R primer for amplifying
FLAG-sv5394

F primer for amplifying
FLAG-sv5265

R primer for amplifying
FLAG-sv5265

R primer for reverting
H86A mutation -> Wt

F primer for reverting
H86A mutation -> Wt

R primer for reverting
E132Q mutation ->Wt

F primer for reverting
E132Q mutation -> Wt
Probe for vnz11015 sRNA
sequence

Probe for vnz18810 sRNA
sequence

Probe for vnz15980 sRNA
sequence

34



MSc. Thesis — E. Mulholland; McMaster University—Biology

Name

Sequence”

Description

5S rRNA.north

vnz13340RED_F

vnz13340RED_R

vnz13340int_F
vnz13340down_R
vnz13340up_F
vnz13340int_R
vnz11080qPCR_F
vnz11080qPCR_R
vnz11140qPCR_F
vnz11140qPCR_R
vnz13340qPCR_F
vnz13340qPCR_R
vnz19350qPCR_F
vnz19350qPCR_R
vnz26110gPCR_F
vnz26110qPCR_R

rpoBF2

CCT AACGCT ATGACCACCG

CGA GAC CGT CACGCG TCA
CCG TCA GGC TCT GAC CTCATG
ATT CCG GGG ATC CGT CGA CC
ACG CGG GGG CCG TACGGA
GGG GGC GGG CGG CCG GGG
TCATGT AGG CTG GAG CTG CTT
C

CGCCGCCTCGCTGTTC

AGT CCT CGA ACT CGT TGT TGA
GC

TCCTTC CAG ACCTCC GGC

CGT ACG CCCTTCTCCGC

CTG GAG GAC ATC CCG AAG AC
TTC AGT TCG GTG AGG TAG CG
TGA AGA CACGGATCGTGG TG
GAG CAG CACCCT GTT GTA GG
GAA GCT GAT CCA GAC GGT GG
TCA CCC GTC GTA GGT GGT
GAG CTCCTC AAG TACCTCGC
TAG TCG TAC CCC CACACCTC
CAC CGG GTT CAT GCT CATCT
CAG CAT GTT GAG GGT GGA CT

TCA AGG AGT TCT TCG GCA CC

Probe for 55 rRNA
sequence in northern
blots

F primer to amplify hyg
cassette for nnaR deletion

R primer to amplify hyg
cassette for nnaR deletion

Internal primer to check
nnaR deletion

Reverse primer to check
nnaR deletion

Forward primer to check
nnaR deletion

Reverse internal primer to
check nnaR deletion

F primer for RT/qPCR for
vnz11080

R primer for RT/qPCR for
vnz11080

F primer for RT/qPCR for
vnz11140

R primer for RT/qPCR for
vnz11140

F primer for RT/qPCR for
vnz13340

R primer for RT/qPCR for
vnz13340

F primer for RT/qPCR for
vnz19350

R primer for RT/qPCR for
vnz19350

F primer for RT/gPCR for
vnz26110

R primer for RT/qPCR for
vnz26110

F primer for RT/gPCR for
rpoB
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Name Sequence” Description

rpoBR2 ACC GAT CAG ACCGATGTTCG R primer for RT/qPCR for
rpoB

*Underlined sequences indicate GQ motifs; italicized sequences indicate sequences
homologous to FRT regions in ReDirect cassette templates; bolded sequences indicate
restriction enzyme recognition sites (Kpnl, BamHI, EcoRl, Ndel, Xhol, HindIll or Xbal).
Oligonucleotides named with ‘F’ indicate a forward primer and ‘R’ indicates a reverser
primer.
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4. Results: TrmB and G-quadruplex interactions

4.1. Introduction

G-quadruplex (GQ) structures are recognized as important regulatory features in
nucleic acids in both eukaryotes and bacteria and are particularly relevant in GC-rich
organisms like Streptomyces, where the probability of a GQ-forming sequence occurring
is higher than in an organism with lower GC content. The formation of a GQ in DNA can
affect the expression of the surrounding genes, so proteins and small molecules that can
bind G-quadruplexes and either stabilize or destabilize them can therefore have a
significant regulatory role in organisms (66, 87). TrmB, a tRNA-methyltransferase, was
previously identified as a potential GQ-interacting protein in S. venezuelae (68). TrmB
methylates guanine residues in tRNA at the N7 position, which is one of the two
positions involved in the non-canonical interactions between guanines that form the
planar G-quartets in GQs. One proposed model for the interaction of TrmB with GQs in
S. venezuelae was that it may be able to regulate GQ formation by methylating the
guanine residues in GQ sequences (68). The goal of this section of work was to confirm
whether TrmB could bind GQ structures, and subsequently to determine if TrmB could

prevent the formation of GQs structures by methylating the guanine residues.

4.2 Electrophoretic mobility shift assays are inconclusive for TrmB binding with GQ
structures
Previous attempts to overexpress S. venezuelae TrmB (vnz_19075) in E. coli for

the purposes of testing its ability to bind and/or modify GQ sequences, resulted in
inefficient purification and low final protein yields. We solved this issue by optimizing
overexpression and purification conditions (Figure 4.1A and B). The resulting purified

protein was used in all subsequent assays.
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Figure 4.1. SDS-PAGs showing the overexpression and purification of TrmB. Twenty
microlitres of each sample were run on a 12% denaturing (SDS) polyacrylamide gel for
90 minutes at 150 V. (A) Coomassie stain of pre- (1) and post- (2) induction cell lysate
from an E. coli strain carrying the TrmB overexpression plasmid. The band
corresponding to TrmB is indicated with an arrow. (B) Coomassie stain of purified TrmB.
TrmB was purified using His-tag affinity chromatography. FT: flow through; lanes 1-8:
increasing concentrations of imidazole in buffers used to wash and elute bound protein
(lanes 1 and 2, 20 mM; lanes 3 and 4, 30 mM; lane 5, 70 mM; lane 6, 100 mM; lane 7,
150 mM; lane 8, 500 mM).

To test if purified TrmB could bind GQ sequences in vitro, we used
electrophoretic mobility shift assays (EMSAs) modeled on those conducted previously
using TrmB and oligonucleotide probes containing GQ sequences (68). The positive
probe (GQ probe 1) contained a GQ sequence of 4 G-tracts, each containing three
repeated G residues. Each tract was separated by a single nucleotide spacer. The
negative probe (GQ probe 1 mut) possessed the same sequence as the positive probe,
but the second and third G-tracts were disrupted by replacing one of the guanine
residues with adenine to prevent the formation of GQ structures. The probes were
folded into GQ structures and we used CD spectroscopy to confirm that the positive
probe formed GQ structures, while the negative probe did not, as evidenced by a peak in

the CD signal for the positive probe at 260 nm, and the absence of such a peak in the

negative probe (Figure 4.2).
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Figure 4.2. CD spectra of positive probe (GQ probe 1; blue) and negative control probe
(GQ probe 1 mut; orange), confirming the presence of a GQ structure in the positive
probe, but not the negative probe. Probes were diluted to a concentration of 1 uM in
GQ-folding buffer and were scanned from 320-220 nm in 1 nm intervals. Each sample
was scanned three times and the average of the three values was calculated. Samples
were normalized by subtracting the average values of a buffer-only sample scanned
across the same wavelengths.

We then used these folded GQ and negative control probes to conduct EMSAs to
test the ability of TrmB to bind specifically to the GQ structure. We encountered a
number of technical issues while performing these experiments, including
inconsistencies in how the folded and labelled probes behaved when separated on
polyacrylamide gels. For example, Figure 4.3 shows a representative example of one of
several EMSAs that we conducted. The DNA probe (10 nM) was incubated with the
indicated concentration of TrmB, and each reaction was loaded to an acrylamide gel. All
10 samples remained stuck in the wells of the gel despite being run at 150 V for 30 min.
Additionally, both the positive and negative (mutated) probes were labelled with P32 and
incubated with TrmB in an identical manner (including same input concentration), yet
the GQ/folded probe bands were barely detectable, while the mutant probe bands

appeared much more intense. One possible explanation may be that if more folded
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probe was lost in the purification process post-labelling, the overall concentration of the
positive probe would be lower in the corresponding EMSA reactions, and those bands

would appear fainter in the final visualization.
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Figure 4.3. EMSA with 5-end radiolabelled wild type (left) and mutated (Mut; right)
GQ probes (10 nM) and indicated concentrations of purified TrmB. Twenty microlitres
of each reaction were run on a 6% polyacrylamide gel at 150 V for 30 minutes.

There were also differences in how the folded and unfolded versions of the GQ
probe behaved when separated on an acrylamide gel. We tested separating each probe
on its own (without protein) on a native polyacrylamide gel. As can be seen in Figure 4.4,
the unfolded probe partially ran into the gel while the folded probe remained in the
wells. Given the challenges associated with visualizing the folded GQ probes, we were
unable to draw meaningful conclusions about the ability of TrmB to bind GQ structures

in vitro using EMSAs.

Unfolded Folded

| i .,.JI I Figure 4.4. Native polyacrylamide gel comparing folded
and unfolded GQ probes. Labelled and unfolded
D‘w positive GQ probe (left; 20 nM, 3 replicates) and
labelled and folded positive GQ probe (right; 20 nM, 3
replicates) on a 6% polyacrylamide gel. Twenty
microlitres of each sample was run at 150 V for 30
e minutes.
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4.3. TrmB methylation of GQ sequences remains unclear
Although EMSASs can provide information about whether a protein can bind DNA,

they do not provide insight into the nature of that interaction. Given that the major
qguestion surrounding TrmB in S. venezuelae was whether it could methylate guanine
residues and prevent GQ formation, and in light of the technical issues associated with
the EMSAs, we switched our focus to probing the specific methylation capabilities of
TrmB and its effect on GQ formation using the probes described above. The goal of this
work was two-fold: (i) to determine whether TrmB could methylate the GQ probe DNA,
and (ii) to determine if this methylation could prevent the downstream formation of GQ

structures in the target DNA.

4.3.1. CD spectroscopy does not reveal changes in GQ formation in TrmB samples

We set up in vitro methylation reactions with purified TrmB, S-adenosyl-
methionine as a methyl group donor, and either positive (GQ-forming) or negative
(mutated) DNA probes. To ensure that any effects observed were specifically due to the
action of the TrmB protein, we conducted the same reactions using the Lsr2 protein (a

DNA-binding protein lacking methylation activity) in place of TrmB.

If TrmB can methylate the GQ sequence and prevent GQ formation, then we
would expect that the methylated DNA recovered from a reaction with TrmB would be
unable to form a GQ structure. The product of the same reaction conducted with Lsr2
instead of TrmB should be capable of forming a GQ structure (since Lsr2 should not
interfere with GQ folding). As an additional control, we included reactions using the
mutated probe, incubated with either TrmB or Lsr2. The mutated probe should not form
GQ structures, irrespective of the protein with which it was incubated. Finally, as a
positive control, we included a reaction containing GQ probe alone (no protein), which

had been pre-folded into a GQ structure.

We assessed the probe structures following methylation and folding using CD

(Figure 4.5). As expected, there was no positive GQ spectrum in either reaction
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containing the mutated probe. There were no clear differences in the spectra of the
TrmB reactions with either the positive or mutated GQ probe either. It is worth noting,
however, that the positive control (probe alone) lacked a strong, positive peak at 260
nm, like that shown in Figure 4.2. The lack of a clear spectrum in these samples may be
due to significant losses of DNA from the methylation reactions, which could also have
contributed to the unexpected fluctuations seen in the 220-240 nm range of all spectra.
Given the lack of expected behaviour from the control reactions, it was not possible to
draw any conclusions regarding the ability of TrmB to prevent GQ formation by guanine

residue methylation.
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Figure 4.5. CD spectra from DNA recovered from each methylation reaction. Each
sample was diluted to 300 plL in GQ folding buffer and measured from 320-220 nm
at 1 nm intervals. Each sample was scanned three times and the average of the
three values was calculated. Samples were normalized by subtracting the average
values of a buffer only sample scanned across the same wavelengths. Spectrum of
DNA from (A) reaction of TrmB and positive GQ probe; (B) reaction of Lsr2 and
positive GQ probe; (C) reaction of TrmB and the negative (mutated) GQ probe; (D)
reaction of the pre-folded positive probe alone.
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4.3.2. Piperidine treatment does not reveal methylated G residues in TrmB samples

One limitation of CD spectroscopy is that high concentrations and large volumes
of DNA are required in order to obtain clear spectra. In our initial experiments (above),
methylation reactions were conducted using DNA at a concentration of 10 uM; it was
likely that DNA was lost during the subsequent purification steps, and consequently, that
the final concentration of DNA used for CD spectroscopy would be lower than the
starting amount. We were also using a short DNA probe (21 nt in length) which was
more difficult to precipitate and purify compared with larger oligonucleotides. To bypass
these problems, we modified the final steps of the methylation assay and used larger
oligonucleotide probes. We confirmed the ability of this larger probe (non-mutated

sequence) to adopt a GQ structure using CD spectroscopy (Figure 4.6).

12
10
8
6
T 4
=
oo
'ﬁl 2
S o —
2 2P0 240 260 280 300 320
4
Wavelength (nm)
-6
-8

—— GQ probe+39nt

Figure 4.6. CD spectrum of the larger 60 nucleotide unmutated GQ probe. DNA
was diluted to 10 uM in GQ folding buffer and CD was conducted from 320-220 nm
in 1 nm intervals. Each spectrum was scanned three times and the average of the
values was used. A buffer-only sample was used to normalize the experimental
spectrum.

Instead of monitoring GQ formation following methylation using CD, we instead

opted to employ a piperidine breakage assay. Following methylation, the purified DNA

43



MSc. Thesis — E. Mulholland; McMaster University—Biology

was treated with piperidine to induce breaks in the DNA at methylated guanine residues
and then the fragments were radiolabelled and resolved on a sequencing-length (40 cm)
denaturing polyacrylamide gel. For comparison and as a positive control, one DNA
sample was treated with dimethyl sulfate (DMS) instead of TrmB, where DMS
methylates all guanine residues. As a negative control, we also included a sample where

DNA was exposed only to piperidine treatment and no protein or DMS.

In a trial with the positive GQ probe and either DNA and piperidine alone
(negative); DNA, DMS and piperidine (positive); and DNA and TrmB/SAM and piperidine
(experimental), we observed a cleavage pattern only in the DMS treated example, where
3-4 bands were visible near the bottom of the gel and may correspond to the 5’-most
tract of guanines in the GQ probe (Figure 4.7). In the lane with the experimental sample,
there were no bands at that location. The highest band visible on the gel in all three
samples likely corresponded to the full-length probe. In all three samples, there was also
an intense band that appeared in the middle of the gel, indicated with an arrow. We
repeated the assay using a range of SAM concentrations and observed similar results to
the initial test (Figure 4.8). The same 5’ tract appeared intense in the DMS-treated
control (indicated by a square bracket in Figure 4.8), and these bands also increased in
intensity as SAM concentration increased, suggesting that these residues may be
increasingly methylated at higher SAM concentrations. An intense band in the middle of
the gel (indicated by an arrow in Figure 4.8) was also seen in all of these samples,
regardless of experimental condition, suggesting that the DNA probe may be prone to

breakage at that position, irrespective of methylation status.
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Figure 4.7. Phosphorimage of 5’ end
radiolabelled GQ probe DNA from
DMS and piperidine treated samples.
(1) DNA from piperidine-only
reaction (negative control); (2) DNA
from reaction with methylation
reaction with TrmB (300 ng) then
treated with piperidine; (3) DMS and

piperidine-treated DNA (positive
control). The square bracket
indicates the bands that may

correspond to a methylated track of
guanines in the DNA. The arrow
indicates the intense band that
appeared in all samples. Ten
microlitres of each reaction were run
on a 6% acrylamide-urea gel for 35
min at 60 W.

+ -

Figure 4.8. Phosphorimage of 5 end
radiolabelled GQ probe DNA treated with
DMS and piperidine (+), or piperidine
alone (-). Lanes to the right of the
negative control show DNA from
methylation reactions with TrmB (300 ng)
supplemented with increasing
concentrations of SAM (40-200 uM). The
square bracket indicates the bands that
may correspond to a methylated track of
guanines in the DNA. The arrow indicates
the intense band that appeared in all
samples. Ten microlitres of each reaction
were run on a 6% acrylamide-urea gel for
35 min at 60 W.
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4.5 Conclusions
Previous work showed that TrmB could associate with GQ structures through

biotin pulldowns using S. venezuelae cell lysate (68). The initial goal of this work was to
confirm this interaction in vitro and determine if TrmB, an annotated tRNA-
methyltransferase, could also methylate DNA sequences like the GQ probe used in the
pulldown assay. Methylation of the guanine residues in GQ motifs would affect their
ability to form GQ structures, possibly representing a novel mechanism for bacteria to
regulate gene expression, as the presence of GQ structures in nucleic acids has been
shown to affect the expression of nearby genes. We were unable to show that TrmB
could bind the DNA of interest using EMSAs, or demonstrate definitively that TrmB could
methylate DNA containing GQ sequences. In summary, answering the question of
whether TrmB can bind and methylate GQ sequences will require additional

investigation.

5. Results: Phenotypic and transcript abundance changes in Arnj
and Arnc mutants
5.1 Introduction

RNases are important for a multitude of cellular processes, including rRNA and
tRNA maturation, bulk RNA degradation, and RNA quality control (37). In S. venezuelae,
the deletion of the genes encoding RNase J or RNase Ill from the genome impacts the
development and antibiotic production abilities of the bacteria, but the specific
molecular mechanisms underlying these effects remain unclear (44). In this section, we
investigated how the loss of either of these RNases affected (i) the growth and

development of S. venezuelae and (ii) the global transcript levels of S. venezuelae.
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5.2 Deletion of rnc or rnj alters the classical development of S. venezuelae

My work on RNases in S. venezuelae began with validating the developmental
phenotypes of two RNase mutant strains of S. venezuelae, one lacking the gene
encoding RNase J (Arnj), and one lacking the gene encoding RNase IIl (Arnc) (44). We
established that in liquid MYM medium, the Arnj strain was delayed in development and
remained mostly vegetative, even after 20-24 hours of growth, at which point the wild
type and Arnc strains had both sporulated completely (Figure 5.1A). On solid MYM
medium, the Arnc strain also displayed a distinctive ‘peeling’ phenotype, where large
portions of the colony peeled away from the medium underneath; this phenotype was
not observed for wild type S. venezuelae (Figure 5.1B). These results confirm previous
reports that RNase Ill and RNase J are important for the proper growth and

development of S. venezuelae (44).
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Figure 5.1. Growth of wild type and RNase mutants in liquid and on solid MYM
medium. A. Growth of wild type S. venezuelae and RNase mutants in liquid MYM
medium. Strains were inoculated from an overnight culture to a starting OD,,, of

0.05 and grown shaking at 30°C. OD, was measured using a spectrophotometer

and developmental stage was tracked using light microscopy. Error bars represent
standard error of three biological replicates. B. Growth of wild type S. venezuelae
and an Arnc mutant on solid MYM medium. Five microlitres of an overnight culture
were streaked on the plate and then grown at 30°C for 3 days.
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5.3 The Arnj mutant fails to explore on MYMG medium
There are a variety of different growth conditions that can trigger the exploration

phenotype in S. venezuelae. We tested both the Arnc and Arnj mutants on several solid
media types and conditions that promote exploration in wild type S. venezuelae. The
most dramatic phenotype was observed when the Arnj strain was grown on solid MYM-
glycerol (MYMG) medium, which is standard MYM medium that has been supplemented
with 2% glycerol. Wild type S. venezuelae grown on MYMG has a phenotype
intermediate of full exploration and classical development, exhibiting rapid outward
colony expansion, but at the same time progressing through the classical life cycle stages
of vegetative growth, aerial growth, and sporulation within the core regions of the
colony (Figure 5.2). On MYMG the Arnj mutant did not explore and indeed, was impaired
in its ability to grow at all. For up to 14 days the mutant colony remained static and
undeveloped, while the wild type sporulated and grew rapidly outwards. This phenotype
was specific to the Arnj mutant and could be complemented with the reintroduction of

rnj on an integrating plasmid (Figure 5.2).

We also noted the frequent occurrence of “escaper” growths out of the main
Arnj colony body after 10+ days of growth on MYMG. Escapers are regions of outgrowth
from the main colony body that grow much faster and more robustly than the main
colony; they likely represent regions of the colony where suppressor mutations have
arisen. We harvested cells from a particularly robust escaper region in a Arnj +pl}82
mutant grown on MYMG and showed that the escaper cells maintained their wild type

phenotype when re-grown on fresh MYMG medium (Figure 5.3).
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Figure 5.2. Growth of wild type and Arnj mutants on solid MYMG medium. Liquid
cultures of strains were grown shaking overnight at 30°C in MYM medium. Biomass
levels were then normalized to the same OD.,, before 5 pL of each liquid culture

were spotted to MYMG plates. Plates were then grown at 30°C for 14 days. Images
above are of the same colony across 14 days.

Figure 5.3. Growth of Arnj + pll82 escaper strain on MYMG. Five microlitres of the
collected spore stock were spotted on an MYMG plate and grown at 30°C for 6
days.
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Another medium which promotes exploration in wild type S. venezuelae is solid
YP (yeast-peptone) medium. Unlike MYMG, when the Arnj mutant was grown on YP, it
developed faster than the wild type strain, exhibiting the wrinkling pattern characteristic
of exploration on YP within 2 days of growth. The Arnj colonies grown on YP also had a
more irregular colony outline compared to the wild type strain which was more

uniformly circular. This phenotype could also be complemented by the reintroduction of

rnj to the mutant (Figure 5.4).

Day 2 Day 6

WT+plJ82

Arnj +
plJ82

Arnj +
pl)82::rnj

Figure 5.4. Growth of wild type and Arnj mutants on solid YP medium. Liquid
cultures of strains were grown shaking overnight at 30°C in MYM medium. Cultures
were then normalized to the same OD,, before 5 pL of each liquid culture were

spotted to YP plates. Plates were then grown at 30°C for 14 days. Images are of the
same colony across 14 days.
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5.4 A small RNA is abundant in the Arnj mutant

When total RNA was extracted from Arnj mutants and was separated on an
agarose gel, we consistently observed an intense band of ~70-100 nt. The band was only
present in the Arnj strain and not the Arnc strain and complementation of the Arnj strain
caused the band to disappear, suggesting that the band arose specifically as a result of
the removal of rnj from S. venezuelae. We extracted the band and it was sequenced
using an sRNA-specific RNA-sequencing protocol. Three potential candidates for the
sRNA band were identified based on abundance of reads aligned to regions within these
genes: vnz_11015 (tRNA-Asn), vnz_18810 (RNA component of the signal recognition
particle), and vnz_ 15980 (coding sequence of a hypothetical secreted protein). We
designed probes for each of these candidate sequences and tested them using northern

blots with RNA from wild type and Arnj S. venezuelae, to determine whether any of
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Figure 5.5. Northern blots for potential Figure 5.6. Replicate of northern blots for

SRNA candidates in wild type and Arnj vnz_15980 in the wild type and Arnj S.
S. venezuelae RNA. Five micrograms of venezuelae RNA. Five micrograms of total
total RNA were run on a 6% denaturing RNA were run on a 6% denaturing
polyacrylamide gel with 6M urea. polyacrylamide gel with 6M urea.
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these candidate transcripts were more abundant in the Arnj mutant compared with the
wild type. Blots of vnz_11015 and vnz_18810 revealed no difference in abundance
between the wild type and Arnj. A preliminary northern with a probe for vnz_15980
revealed a band that was more intense in the Arnj sample compared to the wild type
(Figure 5.5), but we were not able to detect this transcript in subsequent blotting
experiments, despite the 55 rRNA positive control behaving exactly as expected (Figure
5.6). As such, it seems unlikely that any of these transcripts are responsible for the

intense band observed in the extracted Arnj RNA samples.

5.5 RNA-sequencing reveals global transcript level changes in Arnj and Arnc
mutants
To understand how transcription levels changed on a global scale in the RNase

mutants relative to the wild type, we extracted RNA from the wild type and both Arnj
and Arnc mutant strains for RNA-sequencing. The strains were grown in liquid MYM
medium and cells were collected at timepoints corresponding to the different stages of
growth (vegetative growth, hyphal fragmentation, and sporulation). We were unable to
successfully extract RNA from the wild type sporulation samples, potentially due to the
low abundance and quality of RNA in the spores of wild type S. venezuelae. For
comparison at the sporulation time point, we used RNA-sequencing data that had been
collected from the same wild type strain at 18 hours, representing a late

fragmentation/early sporulation timepoint, by Gehrke et al (88).

We compared the transcript profiles of each mutant to the wild type at each
stage of development (Arnj vs. wild type at vegetative, Arnj vs. wild type at
fragmentation, etc.), with an initial focus on genes that encode known regulators of
development and antibiotic production in S. venezuelae, and on specialized metabolic
clusters identified in S. venezuelae using the antiSMASH program (89). We found a large

number of genes with significantly different transcript levels in either mutant relative to
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the wild type and, interestingly, found similar trends in the types of genes that had

differential transcript abundance in both the Arnj and Arnc strains.

We filtered the data for genes that had significantly altered transcript levels
based on fold change from wild type to mutant (4-fold or greater), base mean (greater
than 50), and adjusted P-value (less than 0.05). In the Arnc mutant, we identified 1136
genes overall that had significantly changed transcript levels relative to the wild type,
representing 15.4% of all annotated genes. The total was less for the Arnj mutant, in
which we identified 893 genes (total) that had significantly changed transcript levels
relative to the wild type, or 12.1% of all annotated genes. In the Arnc data, the
timepoints with the highest numbers of genes with altered transcript abundance were
vegetative growth (411 genes upregulated) and sporulation (506 genes downregulated).
The trend was similar in the Arnj data with the transcript levels of 304 genes altered
during vegetative growth and 282 changed during sporulation. A summary of these
changes is in Figure 5.7. The full data set for each RNase mutant is available in

Supplemental Files 1 and 2.
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5.5.1 Deletion of rnj or rnc affects the transcript levels of regulators of phosphate uptake
and specialized metabolism

In examining our RNA-sequencing data, we initially set out to assess the effects
of these RNase mutations on the expression of regulators known to impact development
and specialized metabolite production in S. venezuelae (for a complete list, see
“Regulators” in the supplementary data). We found that most regulators did not have
significantly altered transcript abundance in either the Arnc or Arnj strain, but amongst
those that were impacted, the trend was decreased transcript abundance in the mutant
relative to the wild type. The regulators that changed the most in the mutants compared
to the wild type were phoR and phoP, which encode a two-component system that
regulates phosphate uptake in S. venezuelae (29). In both Arnc and Arnj mutants, the
transcript abundance of these genes was at least 8-fold lower in the mutant relative to
the wild type during vegetative growth (Table 5.1 and 5.2). In the Arnj mutant, we
further noted the increased transcript levels of atrA, which encodes a TetR- family

transcriptional regulator, during vegetative growth and sporulation

Table 5.1: Differential transcript abundance in regulators between wild type and Arnj
at each timepoint!?

Gene ID Gene Name Vegetative Fragmentation Sporulation
vnz_15230 afskR -0.22 0.09 0.62
vnz_15235 afsS -0.56 -1.58 0.93
vnz_15890 Isr2 -1.48 -0.37 1.02
vnz_19105 atrA 2.32% 1.16 2.53*
vnz_19350 glnR -1.87 1.51 1.26
vnz_19580 phoR -3.26* -1.26 -1.46
vnz_19585 phoP -3.16* -0.45 -0.69

lvegetative/Fragmentation/Sporulation columns contain the logz(Fold Change) values
from wild type to the Arnj mutant at each of those developmental stages. Bolded cells
with an asterisk (*) indicate the logz(FC) value is significant (P-adj <0.05); positive values
indicate higher transcript abundance in the mutant strain, while negative values indicate
lower transcript abundance in the mutant. Blue highlights indicate a regulator whose
transcript abundance increased in the Arnj mutant and yellow highlights indicate that a
regulator whose transcript abundance decreased in the Arnj mutant. The full data for
these genes are available in the supplemental data.
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Regulators with altered transcript levels (relative to the wild type) were more
abundant in the Arnc mutant, where we detected significant changes in the transcript
levels of the genes sIHF (encoding a nucleoid associated protein involved in
chromosome organization), absC (encoding a MarR family transcriptional regulator), afsS
(encoding a small regulatory protein that activates antibiotic cluster expression), and
Isr2 (encoding a nucleoid associated protein that is a global regulator of biosynthetic
cluster expression) at various stages in development (88, 90-92). sIHF and absC
transcript levels were significantly lower in the Arnc mutant during sporulation, while
afsS levels was lower during fragmentation and /sr2 expression was lower during
vegetative growth.

Table 5.2: Differential transcript abundance in regulators between wild type and Arnc
at each timepoint?!

Gene ID Gene Name Vegetative Fragmentation Sporulation
vnz_05240 SIHF -0.15 -1.28 -3.12*
vnz_15230 afskR -1.03 -0.54 -0.12
vnz_15235 afss -0.07 -2.33* -1.17
vnz_15890 Isr2 -2.86* -0.14 -0.46
vnz_19350 glnR -1.52 -0.63 1.43
vnz_19580 phoR -3.41%* 0.81 -2.37%*
vnz_19585 phoP -3.43* 1.86 -1.58
vnz_24975 absC -1.93 -0.23 -2.54*

Vegetative/Fragmentation/Sporulation columns contain the log,(Fold Change) values
from wild type to the Arnc mutant at each of those developmental stages. Bolded cells
with an asterisk (*) indicate the log(FC) value is significant (P-adj <0.05); positive values
indicate higher transcript abundance in the mutant strain and negative values indicate
lower transcript abundance in the mutant. Blue highlights indicate a regulator with
increased transcript abundance in the Arnc mutant and yellow highlights indicate a
regulator with decreased transcript abundance in the Arnc mutant. The full data for
these genes are available in the supplemental data.
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5.5.2 Genes encoding nitrogen assimilation and phosphate uptake products have altered
transcript abundance in the RNase mutants

One of the most obvious changes in both the Arnc and Arnj strains, relative to
their wild type parent, was the significant increase in transcript abundance of several
genes encoding nitrogen assimilation-related products during the later stages of growth,
including: the nitrite reductase gene nirB and its related operon (vnz_11140, vnz_11145,
and vnz_11150), the nitrate reductase gene nasA (vnz_11080), the ammonium
transporter gene amtB and its related operon (vnz_26110, vnz_26115, and vnz_26120),
the nitrate transporter gene narK (vnz_13345), the glutamine synthetase gene ginll
(vnz_09185), and the potential nitrogen regulatory protein gene nnaR (vnz_13340)
(Table 5.3 and 5.4).

We confirmed the differential expression of nnaR, nirB, amtB, and nasA using
semi-quantitative RT-PCR (Figure 5.8). Further investigation revealed that all of the
above-listed genes are documented targets (in S. venezuelae or S. coelicolor) of the
global nitrogen regulator, GInR, which activates the expression of these genes in low
nitrogen growth conditions (26, 93). An increase in g/nR transcript levels (and GInR
protein) in the mutants, relative to the wild type, could account for the increase in the
transcript levels of its target genes. However, the only significant increase in g/inR
transcript abundance occurred in the Arnc strain during sporulation, after the transcript
levels of the target genes had increased (Table 5.4). In fact, the transcript abundance of
g/lnR was lower in the mutants relative to the wild type during vegetative growth,
suggesting that an increase in abundance of g/nR (and GInR) alone did not account for

the increase in the transcript abundance of the GInR target genes that we observed.
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Figure 5.8. Semiquantitative RT-PCR on RNA extracted from wild type and Arnc or Arnj
mutants during fragmentation. Primers for rpoB were used as a positive control, while
no reverse transcriptase (—RT) and no template reactions with each set of primers
served as negative controls. Ten microlitres from each sample were run on an agarose
gel. Pictured samples from the same primer pair reactions were separated on the same
agarose gel.

The changes in nitrogen-related genes prompted us to also look at genes
involved in the stringent response, specifically the relA and rshA homologs in S.
venzuelae. Transcripts for rshA were more abundant in both RNase mutants during
vegetative growth, then less abundant during the later stages of growth (Table 5.3 and
5.4). There were no significant changes in the transcript levels of relA in the RNase

mutants.

As previously mentioned, we also found that the genes encoding the two-
component system responsible for regulating phosphate uptake, phoRP, had
significantly lower transcript levels in both the Arnc and Arnj strains during vegetative
growth. Transcript abundance for several of the regulatory targets of PhoP were also
lower in the RNase mutants compared to the wild type during vegetative growth,
including the pst operon (vnz_19250-vnz_19265), which encodes a phosphate ABC
transporter; phoD (vnz_08450), which encodes a secreted alkaline phosphatase; and
phoU (vnz_19575), which encodes a phosphate transport system regulatory protein.
PhoP has also been implicated in regulating components of oxidative phosphorylation
and, accordingly, we found that transcript abundance for the genes that encode

complex | (nuoA-M/vnz_21055-vnz_21120) was significantly different in both mutants
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compared to the wild type during vegetative growth and fragmentation (Table 5.5 and

5.6) (94).

Since the RNase J mutant grew poorly on MYM medium with glycerol, we also
examined the expression of the major TCA cycle enzyme-encoding genes in both of our
S. venezuelae RNase mutants. Previous research demonstrated that a B. subtilis mutant
which developed poorly on glycerol-containing medium developed high levels of TCA
cycle products (95). We found that there were significant changes in transcript
abundance for the genes encoding citrate synthase, aconitase (acnA), isocitrate
dehydrogenase (icd), succinate dehydrogenase (sdh), and malate dehydrogenase (mdh).
All of the genes encoding these products had significantly lower transcript levels during

at least one stage of growth in both the Arnj and Arnc mutants (Table 5.5 and 5.6).
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Table 5.3: Differential transcript abundance in nitrogen assimilation and phosphate
uptake genes between wild type and Arnj strains !

Gene ID Name Vegetative Fragmentation Sporulation
vnz_05405 relA -1.30 -0.72 -1.06
vnz_27065 rshA 2.45%* -2.17* -1.08
vnz_05890 glnA4 2.84* -5.48* 2.19*
vnz_09130 glnA -4.87* 0.34 -0.19
vnz_09185 glnll -7.45* 3.57* 3.88*
vnz_09195 glInRIl 0.85 2.56 3.16
vnz_09440 glnA2 -1.63 2.45* 1.02
vnz_11080 nasA 1.93 8.22* 11.95*
vnz_11140 nirB 0.00 10.18* 11.26*
vnz_11145 nirB -0.63 9.16* 10.28*
vnz_11150 nirC 0.00 8.46* 9.85*
vnz_13340 nnaR -2.57 6.42* 8.02*
vnz_13345 narkK 0.40 4.81* 8.28*
vnz_26110 amtB -4.01 5.24* 5.20*
vnz_26115 glnk -1.76 6.01* 5.54*
vnz_26120 glnD -0.04 4.99* 4.13*
vnz_34930 N/A 0.56 6.36* 9.11*
vnz_07320 pitH2 -3.25* 0.30 -2.17*
vnz_08450 phoD -0.29 -2.53* -2.02*
vnz_09625 phoA -2.07 1.87 -2.13*
vnz_19250 pstB -3.46* -0.50 0.09
vnz_19255 pstA -4.47* -2.30* -1.13
vnz_19260 pstC -4.54* -2.31* -1.62
vnz_19265 pstS -4,55* -1.50 -1.17
vnz_19575 phoU -4,55* -1.41 -0.61

Vegetative/Fragmentation/Sporulation columns contain the log,(Fold Change) values
from wild type to the Arnj mutant at each of those developmental stages. Green
highlights indicate nitrogen assimilation-related genes and orange highlights indicate
phosphate-related genes. Bolded cells with a * indicate the logz(FC) value is significant
(P-adj <0.05); positive values indicate higher transcript abundance in the mutant strain
and negative values indicate lower transcript abundance in the mutant. The full data for
these genes is available in the supplemental data.
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Table 5.4: Differential transcript abundance in nitrogen assimilation and phosphate
uptake genes between wild type and Arnc strains?

Gene ID Name Vegetative Fragmentation Sporulation
vnz_07320 pitH2 -3.00* 2.62* 0.90
vnz_08450 phoD -0.82 -1.18 -3.91*
vnz_09625 phoA -1.50 2.52% -4.42*
vnz_19250 pstB -4.51* 1.98 -1.74
vnz_19255 psStA -5.25* -0.18 -2.91*
vnz_19260 pstC -5.08* 0.35 -3.76*
vnz_19265 pstS -5.06* 1.79 -4.25*
vnz_19575 phoU -4.01* 1.65 -1.18
vnz_05890 glnA4 0.78 -8.26* 3.49*
vnz_09130 glnA -2.72* -0.63 -1.29
vnz_09185 ginli -5.73* -0.02 1.90
vnz_09195 glnRIl -1.33 -1.00 -1.21
vnz_09440 glnA2 -0.35 0.56 0.09
vnz_11080 nasA -1.56 1.93 7.82*
vnz_11140 nirB 0.00 3.44* 8.31*
vnz_11145 nirB -1.02 3.56* 7.81*
vnz_11150 nirC 1.00 3.10 7.55*
vnz_13340 nnaR -4.87* 1.47 4.70*
vnz_13345 narkK -0.25 -0.18 4.99*
vnz_26110 amtB -2.67 0.55 2.91
vnz_26115 glnk -1.30 0.84 3.65
vnz_26120 glnD 0.64 1.62 2.57
vnz_34930 N/A 0.40 3.06* 6.31*
vnz_05405 relA -0.71 0.96 0.33
vnz_27065 rshA 2.08 -1.82 -3.19*

Vegetative/Fragmentation/Sporulation columns contain the log,(Fold Change) values
from wild type to the Arnc mutant at each of those developmental stages. Green
highlights indicate nitrogen assimilation-related genes and orange highlights indicate
phosphate-related genes. Bolded cells with an asterisk (*) indicate the logx(FC) value is
significant (P-adj <0.05); positive values indicate higher transcript abundance in the
mutant strain and negative values indicate lower transcript abundance in the mutant.
The full data for these genes is available in the supplemental data.
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Table 5.5: Differential transcript abundance in TCA cycle genes and complex | genes
between wild type and Arnj strains?

Gene ID Name Vegetative Fragmentation Sporulation
vnz_21055 nuoA 3.00* -0.90 -0.23
vnz_21060 nuoB 3.91* -1.30 -0.02
vnz_21065 nuoC 3.36* -2.29* -1.03
vnz_21070 nuoD 5.00* -2.79* -0.71
vnz_21075 nuokE 4.53* -2.95%* -0.79
vnz_21080 nuoF 4.90* -3.05* -0.92
vnz_21085 nuoG 5.62* -2.43* -0.42
vnz_21090 nuoH 5.32* -3.53* -0.93
vnz_21095 nuol 4.61* -2.29* -0.36
vnz_21100 nuoJ 5.16* -3.06* -0.56
vnz_21105 nuoK 4.63* -3.14* -0.90
vnz 21110 nuol 5.03* -3.55%* -0.94
vnz_21115 nuoM 5.83* -3.86* -1.13
vnz_21120 nuoN 5.38* -2.74* -0.23
vnz_02070 icd -2.85%* -1.50 -3.09*
vnz_08885 cox1 -1.68 -2.53* -2.07*
vnz_09030 pdhL -2.11* -1.62 -1.74
vnz_09045 acekEl -1.41 -2.18* 0.00
vnz_18250 cydB -3.02* -1.08 -2.00*
vnz_18335 Dihydrolipoamide -2.14* -1.53 191

- dehydrogenase
vnz_20755 Citrate synthase -0.72 -3.04* -2.25*
vnz 21240~ 2-oxoacid:ferredoxin 1.38 -2.15* -1.06
- oxidoreductase subunit beta
vnz 21245~ 2-Oxoslutarate ferredoxin 0.42 -3.28* -2.82*
- oxidoreductase subunit alpha
vnz_22160 sucC -1.14 -1.89 -2.04*
vnz_22230 mdh -2.06* -2.71* -2.53*
vnz_22395 sdhA -1.43 -2.15* -1.79
vnz_22400 sdhD -1.84 -2.10* -2.02*
vnz_22405 sdhC -1.71 -2.44* -2.12%*
vnz_23020 Phosphoenolpyruvate 0.06 -0.40 -2.26*

carboxykinase

vnz_28745 acnA -3.14* 0.62 -1.26

Vegetative/Fragmentation/Sporulation columns contain the log,(Fold Change) values
from wild type to the Arnj mutant at each of those developmental stages. Pink highlights
indicate genes involved in complex |, non-highlighted genes are involved in the TCA

61




MSc. Thesis — E. Mulholland; McMaster University—Biology

cycle. Bolded cells with an asterisk (*) indicate the logz(FC) value is significant (P-adj
<0.05); positive values indicate higher transcript abundance in the mutant strain and
negative values indicate lower transcript abundance in the mutant. The full data for
these genes is available in the supplemental data.

Table 5.6: Differential transcript abundance in TCA cycle genes and complex | genes
between wild type and Arnc strains *

Gene ID Name Vegetative  Fragmentation Sporulation
vnz_21055 NUoA 1.95 -1.08 -1.92
vnz_21060 nuoB 3.01* -1.24 -1.81
vnz_21065 nuoC 2.73* -1.67 -2.75%*
vnz_21070 nuoD 4.20* -2.12%* -2.34*
vnz_21075 nuokE 3.79* -2.19* -3.31*
vnz_ 21080 nuoF 4.11% -2.50%* -2.77%*
vnz_21085 nuoG 4.56* -2.02* -2.36*
vnz_21090 nuoH 4.48* -3.02* -3.09*
vnz_21095 nuol 3.65* -1.64 -2.30*
vnz_21100 nuol 4.52* -3.10%* -2.77*
vnz_21105 nuok 4.13* -2.25%* -2.39*
vnz_21110 nuol 4.60* -2.93* -2.54*
vnz_21115 nuoM 5.60* -3.21*%* -2.84*
vnz_21120 nuoN 5.10* -2.88* -2.26*
vnz_02070 icd -1.45 -0.88 -3.18*
vnz_08885 cox1 -0.59 -1.07 -4.88*
vnz_09030 pdhL -1.46 0.10 -1.84
vnz_09045 aceEl -1.90 -1.83 -0.52
vnz_18250 cydB -0.97 -0.59 -1.72
vnz 18335  Dnvdrolipoamide -1.05 0.07 -2.23*

- dehydrogenase
vnz_20755 citrate synthase -0.79 -2.37* -1.38
2-oxoacid:ferredoxin
vnz_21240 oxidoreductase subunit -0.24 -1.86 -2.54*
beta
2-oxoglutarate
wnz 21245 feredoxin g g -1.73 -2.59*
- oxidoreductase subunit
alpha
vnz_22160 sucC -0.64 -0.10 -2.71*
vnz_22230 mdh -0.93 -1.43 -4.29*
vnz_22395 sdhA -0.66 -0.49 -3.27*
vnz_22400 sdhD -0.68 -0.95 -3.40%*
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Gene ID Name Vegetative Fragmentation Sporulation
vnz_22405 sdhC -0.70 -0.82 -3.24*

phosphoenolpyruvate

. -0.77 141 0.96
carboxykinase

vnz_23020

vnz_28745 acnA -2.15* 0.12 -1.80

*Vegetative/Fragmentation/Sporulation columns contain the log2(FC) value from wild
type to the Arnc mutant at each of those developmental stages. Pink highlights indicate
genes involved in complex I, non-highlighted genes are involved in the TCA cycle. Bolded
cells with an asterisk (*) indicate the log,(FC) value is significant (P-adj <0.05). Positive
values indicate higher transcript abundance in the mutant strain and negative values
indicate lower transcript abundance in the mutant. The full data for these genes is
available in the supplemental data.

5.5.3 Arnj and Arnc mutants have increased transcript levels of genes within biosynthetic
clusters during vegetative growth

We next investigated whether there were any changes in the transcript levels of
genes within specialized metabolic clusters in the RNase mutants, based on a list of
annotated clusters compiled through the antiSMASH program (89). Many of these
clusters are transcriptionally inactive when wild type S. venezuelae is grown under
standard laboratory conditions and the regulatory pathways involved in their expression
are of particular interest (19). We found differential transcript abundance between the
RNase mutants and wild type S. venezuelae in five of the thirty biosynthetic clusters
annotated by antiSMASH in S. venezuelae. The general trend within these clusters was
that regions of the cluster would have higher transcript abundance in the RNase
mutants during vegetative growth and the levels were similar, or less, in the mutant at
later stages of growth. The chloramphenicol cluster was particularly affected; the
transcript abundance of genes in this cluster were 16 to 256-fold higher in the Arnc and
Arnj mutants than the wild type during vegetative growth. The dramatic changes in the

chloramphenicol cluster led us to suspect the involvement of Lsr2.

Lsr2 is a global regulatory protein that binds within multiple biosynthetic clusters
and represses their transcription; it has a significant impact on the chloramphenicol

cluster in S. venezuelae (88). In the biosynthetic clusters where we observed changes in
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transcript levels in the RNase mutants, the genes with the most significant changes in

transcript abundance were frequently proximal to documented Lsr2 binding sites (88).

During vegetative growth the gene encoding Lsr2 (/sr2) was significantly lower in

transcript abundance in the Arnc mutant (almost 8-fold reduction) and was also lower in

the Arnj mutant as well (just under our significance threshold, with an approximately 3-

fold reduction).
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Figure 5.9. Visualization of read coverage for regions of three biosynthetic clusters in
the wild type and RNase mutants during vegetative growth. * indicate Lsr2 binding sites
within the highlighted gene. (A) Region of a lantipeptide cluster (cluster: vnz_02575-
vnz_02680; pictured: vnz_02635-vnz_02660). (B) Chloramphenicol cluster (cluster:
vnz_04400-vnz_04475). (C) Region of a terpene cluster (cluster: vnz_34990-vnz_35080;
pictured: vnz_35030-vnz_35050).
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Beyond the chloramphenicol cluster, we found significant differential transcript
levels between the RNase mutants and wild type in a predicted lantipeptide cluster
(vnz_02585-vnz_02675), a non-ribosomal peptide synthase (NRPS) cluster (vnz_34650-
vnz_34800), a melanin cluster (vnz_22830-vnz_23040), and a predicted terpene
synthesis cluster (vnz_34995-vnz_35080) (Figure 5.9). These clusters followed the same
pattern as the chloramphenicol cluster, in that genes within them had higher transcript
levels during vegetative growth relative to the wild type and lower or similar levels
during the later stages of growth. The changes in expression were not always present
across an entire cluster. For example, within the lantipeptide cluster, only the genes

from vnz_02640 to vnz_02655 changed significantly.

5.6 Laying the foundation for differentiating direct and indirect RNase targets
using FLAG-tagged catalytically inactive RNase Il and RNase J enzymes

To follow up on the RNA-sequencing data, and to differentiate between direct
and indirect targets of RNase Ill and RNase J, we created 3xFLAG-tagged variants of each
protein. Specifically, we constructed a 3xFLAG-tagged variant with the wild type RNase
sequence and a catalytically inactive variant (RNase Ill: E132Q; RNase J: H86A) bearing a
point mutation in the active site that would allow binding, but not cleavage, of a target
RNA (50, 84). These constructs were intended to be used to determine whether changes
in the transcript abundance of a gene in a RNase mutant were the result of an RNase
directly targeting that transcript. The FLAG-tag would allow us to ‘pull down’ the
enzymes with their associated transcripts and the lack of catalytic activity would allow
for transcript retention. We confirmed that the 3xFLAG-RNase Il E132Q construct did
not complement the Arnc mutant ‘peeling’ phenotype on solid MYM medium, while the

3xFLAG-wild type RNC construct was able to complement this phenotype (Figure 5.10).
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Arnc+pMS82:: 2
3xFLAG RNC Arnc+pMS82::

WT+pMS82 Arnc+pMS82 E132Q 3xFLAG RNC

Figure 5.10. Image of wild type and Arnc mutant strains of S. venezuelae containing the
constructs for FLAG-tagged RNase lll. Five microlitres of an overnight culture for each
strain were streaked on the MYM plate and then grown at 30°C for 6 days.

We also confirmed the expression of 3xFLAG-tagged RNase Il E132Q and

3xFLAG-tagged wild type RNase Il at each developmental stage using western blotting.

130 kDa

100 kDa s

70 kDa
55 kDa

35kDa s

25 kDa s

Figure 5.11. Western blot of 3xFLAG-tagged RNase Ill protein from vegetative,
fragmentation, or sporulation stages of growth. Sixty micrograms of total protein
extract from S. venezuelae, containing either the empty pMS82 vector or the pMS82
vector with 3xFLAG-tagged RNase Ill (E132Q or wild type) were run on a 12% SDS-
PAG. The molecular weight of 3xFLAG-tagged RNase Ill is 31.3 kDa.
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The bands at approximately 35 kDa in the lanes containing the FLAG-tagged constructs
were indicative of FLAG-tagged RNase Ill. The presence of two bands may indicate
processing or cleavage of RNase Ill (Figure 5.11). We were also able to confirm that the
3xFLAG-tagged RNase J H86A variant did not complement the developmental delay of
the Arnj mutant when grown in liquid MYM, while the 3xFLAG-tagged wild type variant
successfully restored development to wild type kinetics (Figure 5.12). However, we were
unable to confirm the expression of the 3xFLAG-tagged RNase J H86A or 3xFLAG-tagged
wild type RNase J enzymes through western blotting. The FLAG tag associated with
RNase J may be inaccessible to the antibody, or it may be cleaved from the protein and

degraded in vivo.
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Figure 5.12. Growth of wild type and Arnj S. venezuelae containing constructs
for FLAG-tagged RNase J (H86A or wild type). Strains were inoculated from an

overnight culture to a starting OD,, of 0.05 and grown shaking at 30°C. OD,

was measured using a spectrophotometer and developmental stage was
tracked using light microscopy. Error bars represent standard error of three
biological replicates.
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5.7 Conclusions
Overall, it is clear that the deletion of either rnc or rnj from S. venezuelae alters

the behaviour of S. venezuelae and profoundly affects the transcript abundance of a
diverse set of genes, including those that encode products involved in nutrient
acquisition and usage. It is also apparent that these genes are connected through high
level regulatory networks in Streptomyces. As of yet it remains unclear exactly how an
RNase deletion triggers these changes, but future work with these strains and our FLAG-
tagged RNase constructs will help us to elucidate direct and indirect effects of RNase J

and Il in these complex bacteria.
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6. Discussion and Future Directions

In this work we investigated the roles of two components of gene regulation in S.
venezuelae: G-quadruplex structures, and RNase enzymes. We were specifically
interested in a potential interaction between the tRNA-methyltransferase TrmB and G-
guadruplexes (GQs). While we were not able to draw conclusions about the relationship
between TrmB and GQs in S. venezuelae, these structures remain of interest in

Streptomyces and other GC rich organisms.

We also showed that the deletion of either rnc or rnj had significant effects on
the global transcript levels in S. venezuelae and changed the transcript abundance of
genes involved in primary metabolism, biosynthetic clusters, and other global regulators.
Interestingly, several of the same genes and clusters were similarly affected in both
mutants when compared to the wild type. These changes reveal a number of exciting

future directions for investigating the roles of these enzymes in Streptomyces.

6.1 The role of TrmB in connection to G-quadruplexes in S. venezuelae is uncertain

TrmB, a tRNA methyltransferase that methylates guanine residues at the N7
position, was identified in previous work as a potential GQ-interacting protein in S.
venezuelae (68). One proposed model explaining this interaction was that TrmB could
bind and methylate the GQ sequence in the DNA probe used in the pull-down assays;
methylation of these sequences could represent a novel form of gene regulation in
bacteria (68). However, using a variety of experimental techniques, we were unable to

confirm the ability of TrmB to bind DNA probes or to methylate these sequences.

Upon reflection, our initial proposed methylation model itself presents a
paradox. TrmB was identified bound to an already formed GQ structure, but our working
model proposed that TrmB might prevent GQ-structure formation through methylation.
In a GQ structure, the N7 position (where TrmB would methylate a guanine residue) is

involved in the non-canonical bonds that form the planar structures in the quadruplex.
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This interaction is impervious to chemically-mediated methylation via dimethyl sulfate
and the residue might also be inaccessible to a methylating enzyme (96). It seems
unlikely that TrmB could methylate guanine residues already integrated into a G-
guadruplex structure. An alternative explanation for the interaction of TrmB and G-
quadruplex structures could be that the protein only recognizes the GQ structure and
not the specific DNA sequence. In Aquifex aeolicus the most important tRNA features for
TrmB binding are the T-loop and anticodon-loop structures (97). A. aeolicus TrmB also
binds tRNA molecules that lack the specific G46 residue that TrmB methylates,
demonstrating that the substrate specificity of TrmB is not necessarily linked to its

methylation activity (86).

If TrmB only binds GQ structures and does not methylate the associated DNA,
this would not necessarily preclude TrmB from exerting a regulatory effect on gene
expression. GQ binding proteins are important in both eukaryotic and bacterial systems
(67, 98). If future work reveals an interaction between TrmB and GQ structures in S.
venezuelae, an interesting avenue to consider would be whether the transcription or
transcript stability of genes containing GQ structures change in the presence or absence

of TrmB.

6.1.1 Future directions regarding G-quadruplexes in Streptomyces

Given the technical issues encountered in pursuing these studies, the value in
pursuing this particular line of investigation is unclear. However, GQs remain a relevant
feature in Streptomyces and it is becoming increasingly clear that these structures have
significant roles in bacteria (64). An alternative direction to pursue could include
determining the prevalence of GQ formation in Streptomyces in vivo, given that all work
to date has focused on bioinformatics analyses, and the presence of a GQ sequence does
not necessarily mean that a GQ structure will form at that location in vivo. Given the
high GC content of Streptomyces genomes, these bacteria represent an exciting model

for investigating the biological roles of these structures in bacteria.

70



MSc. Thesis — E. Mulholland; McMaster University—Biology

6.2 Phenotypic and transcript level changes in the Arnj and Arnc mutants

6.2.1 The Arnj mutant grows poorly on a complex medium containing glycerol

The changes we observed in the growth of the Arnc or Arnj mutant compared to
their wild type parent S. venezuelae strain align with previous reports for these mutants
and are similar to what has been observed in S. coelicolor and B. subtilis (44). In S.
coelicolor, rnj and rnc single mutants exhibited altered antibiotic production while the
deletion of rnjA/B from B. subtilis resulted in major sporulation and growth defects

similar to the delayed sporulation we observed in Arnj S. venezuelae (53, 99).

Recent work has shown that standard Streptomyces growth medium (MYM),
when supplemented with glycerol (MYMG), prompts a shift in S. venezuelae from its
classical mode of development to a newly characterized mode of growth called
exploration (Shepherdson, unpublished). We found that the S. venezuelae Arnj mutant
grew poorly on MYMG medium and did not progress through either its classical life cycle
(aerial hyphae formation and sporulation) or explore like the wild type strain. In S.
venezuelae, glycerol use is controlled by products encoded in the glycerol operon
(vnz_06115-vnz_06130). Although the genes in this operon did not significantly change
in transcript abundance between the wild type and Arnj strain in our RNA-sequencing
data, it is not possible to say whether a change in transcription of this operon is
responsible for the MYMG phenotype since the RNA-sequencing data were collected

from strains grown in liqguid MYM medium and not on solid MYMG medium.

Exploring colonies of Streptomyces display a striking visual similarity to biofilms
formed in other species such as B. subtilis. Interestingly, in some B. subtilis mutants a
glycerol-induced biofilm defect has been documented that is similar to, but less severe
than, the phenotype seen here for the Arnj mutant. Specifically, a B. subtilis mutant
lacking g/tA (encoding glutamate synthase) did not form biofilms when grown in rich
medium containing high concentrations of glycerol (95). It was determined that at high

glycerol concentrations, the B. subtilis gltA mutant accumulated excess amounts of
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citrate, which then sequestered iron away from the phosphorelay system involved in
triggering biofilm formation (95). We noted significant changes in the transcript
abundance of several genes encoding TCA cycle enzymes in our RNase mutants, but it is
not clear if these changes would lead to an accumulation of citrate or other
intermediates that could impair S. venezuelae growth on a medium containing glycerol.
Additionally, the changes in TCA enzyme transcripts were also observed in the Arnc S.
venezuelae strain, which is not deficient in growth on MYMG. The occurrence of the
same genetic changes in the Arnc strain without the same phenotype on MYMG
suggests that the genetic underpinning of the Arnj MYMG phenotype may be the result

of other factors.

The distinct impairment in growth and the specificity of this phenotype to the
Arnj mutant make it a promising tool for further investigations into the factors impacting
S. venezuelae development, particularly exploratory growth. A targeted comparison of
the transcript abundance of the glycerol operon and other glycerol metabolism genes
between the Arnj mutant, the escaper strain we collected, the Arnc mutant, and the wild
type when grown on MYMG could reveal if differences in the transcript abundance of
these genes are connected to the Arnj growth defects on MYMG. Additionally,
sequencing the genome of this escaper strain is another possible direction to determine
what suppressor mutations are responsible for the reversion of the phenotype and what

genes are important for growth on MYMG medium.

6.2.2 RNA fragment(s) unique to the Arnj mutant

Another phenomenon unique to the Arnj mutant was the consistent appearance
of a small RNA fragment in RNA extracted from this strain. One candidate was identified
as a fragment within the central region of the coding sequence of the gene vnz_ 15980,
which is annotated as encoding a hypothetical protein. Initial northern blots showed
that this transcript was indeed more abundant in the Arnj mutant compared to the wild

type, but this observation could not be replicated. Given that the control probe showed
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that RNA was present on the membrane in this situation, it may be a matter of further
troubleshooting to properly detect the RNA fragment. Transcription start site data for S.
venezuelae did not show any internal transcription start sites within vnz_15980 which
may indicate, along with the size of the RNA visible on an agarose gel, that the band we

are observing is a stable degradation product.

We are also considering the possibility that the abundant band may represent
stable tRNA cleavage products. In S. coelicolor, mature tRNA molecules are cleaved in
the anticodon loop, starting during the transition from vegetative to aerial growth under
nutrient limited conditions (100). This cleavage produces two fragments that are 5’ and
3’ of the anticodon loop. The 5’ fragment is then accessible for degradation by 3’-5’
RNases and the 3’ fragment is exposed to degradation in the 5-3' direction. As RNase J is
the only documented bacterial RNase with 5’-3' directionality, the deletion of rnj could
significantly stabilize the 3’ tRNA fragments from these cleavage events. Additionally,
this tRNA cleavage phenomenon is observed when S. coelicolor is grown in nutrient-
limited medium. Transcriptional data from our S. venezuelae Arnj mutant showed
significant changes in many genes related to primary metabolism and nutrient uptake
and usage (discussed further in section 6.2.3). These transcriptional changes may
indicate that the mutant is experiencing nutrient stress, a condition in which tRNA
cleavage is prompted. A future direction for this project will be to use RNA extracts from
our Arnj mutants and wild type strains to investigate if this tRNA cleavage phenomenon
is also present in S. venezuelae, and if so, whether the 3’ fragments are significantly

stabilized in the Arnj mutant.

6.2.3 Deletion of rnj or rnc from S. venezuelae leads to changes in the transcript
abundance of genes involved in nitrogen and phosphate acquisition and usage

In addition to investigating the phenotypes of the RNase mutants, we also used
RNA-sequencing to compare the transcript profiles of the Arnj, Arnc, and wild type S.

venezuelae strains. We observed the most significant changes in transcript abundance in
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genes related to nitrogen assimilation during middle and late stages of growth. For
example, transcript levels for nirB—encoding a nitrite reductase subunit— increased
>200 fold in abundance in the RNase mutants relative to the wild type at sporulation.
Other genes whose transcript levels were significantly increased in abundance included
genes encoding nitrate transporters and reductases, an ammonium transporter (amtB),
one of the two major glutamine synthetases in S. venezuelae, and several nitrogen
assimilation regulatory proteins (g/nK, ginD, nnaR). Although we observed similar
changes for the same sets of genes in both the Arnc and Arnj mutants, the trend was
more dramatic in the Arnj mutant. A visual summary of the relationship between the

differentially abundant genes and their regulators is shown in Figure 6.1.

Name Function

VES VFS VEFES VFS VFS
ginR Global nitrogen assimilation transcriptional regulator

‘ frne | ‘__‘| ‘¢_¢| |‘ ‘_‘ |¢_‘ |1 “‘ ginRIl Transcriptional regulator (?)
‘ Arnj | ‘—‘* | “——| |‘_” |*__‘ ‘1 ‘_‘ ginA Glutamine synthetase |

glnil Glutamine synthetase II

PhOSphate / phORP //l p$t >//| phou>//| nuo > amtB Ammonium transporter (and nitrogen regulatory genes)
nirB Nitrite reductase

nasA Nitrate reductase
nnaR Nitrate/nitrite assimilation regulator (?)
phoD Secreted alkaline phosphatase

Ph P phoRP Global phosphate transcriptional regulator
(o}
pst Phosphate transporter

GInR phoU Phosphate regulatory protein
nuo Complex |
[>/I\

Nitrogen |Q’"R>//| QI”A> | 9/””»/1 amtB /| nirB>//| nas/>/ |nnaR>//1 glnR>
Y 1 1 [t Y e
arme = 4= -t -t 1 -t

VFS V FS VFS VFS VFS VFS VFS

V: vegetative/early growth
F: fragmentation/mid-stage growth
S: sporulation/late-stage growth

" Increase in transcript abundance in mutant, relative to wild type
No change in transcript abundance in mutant, relative to wild type
Decrease in transcript abundance in mutant, relative to wild type

= Regulator activates expression of target
—] Regulator represses expression of target

Figure 6.1. Schematic of phosphate and nitrogen regulatory relationships and changes in
transcript abundance of genes between the wild type and RNase mutant strains.

74



MSc. Thesis — E. Mulholland; McMaster University—Biology

Further investigation revealed that almost all of the nitrogen assimilation genes
whose transcript abundance was altered were part of the GInR regulon. Under nitrogen-
limited growth conditions, GInR activates the expression of genes involved in nitrogen
assimilation, including those encoding nitrate and ammonium transporters, assimilatory
nitrate/nitrite reductases, and glutamine synthetases (26). The increase in transcript
abundance observed for the GInR-regulated genes found in the RNase mutants is not the
result of increased g/nR transcript levels and increased GInR, as g/nR transcript
abundance did not change significantly in either mutant across the developmental
timepoints relative to the wild type. One possibility is that the activity of GInR is

modulated post-translationally under these conditions in S. venezuelae.

There is evidence for the post-translational modification of GInR in S. coelicolor,
where GInR is phosphorylated on serine and threonine residues under nitrogen-rich
conditions and is dephosphorylated under nitrogen-limited conditions (15). When GInR
is phosphorylated, it is unable to bind its target promoters (15). Of the eight
phosphorylated residues in S. coelicolor GInR, five are conserved and located in the
predicted DNA-binding domain of S. venezuelae GInR, suggesting that phosphorylation
may also impact GInR activity in S. venezuelae. However, at this point it is not known
what protein might be responsible for phosphorylating GInR. There are at least 45
proteins with annotated serine/threonine kinase domains in S. venezuelae, several of
which are conserved in S. coelicolor (where the GInR phosphorylation work was done).
Further work assessing differences in the expression and behaviour of these kinases, and
in GInR phosphorylation patterns in the wild type and RNase mutant S. venezuelae

strains, would provide valuable insight into the regulation of GInR and its targets.

Changes in the transcript abundance of the nitrogen assimilation regulatory gene
nnaR (vnz_13340) may also contribute to the observed changes in other nitrogen
assimilation genes. In S. coelicolor nnaR is both a target of GInR and a co-activator of

nitrate/nitrite assimilation genes, specifically nirB, nasA, and narK (101). In S.

75



MSc. Thesis — E. Mulholland; McMaster University—Biology

venezuelae, the nnaR promoter region is associated in vivo with GInR, but is not directly
bound by the protein in vitro (93). nnaR transcripts were significantly more abundant
relative to the wild type in both of our RNase mutants during later stages of growth, but
from the RNA-sequencing data alone it is not possible to determine if this is one of the
causes of increased abundance of the other nitrogen assimilation genes. We have
deleted nnaR separately in the S. venezuelae wild type, Arnc, and Arnj backgrounds
(Table 3.1 and Supplemental Methods) and will be using these strains in future

experiments to investigate the potential effects of nnaR in the context of RNase Il and J.

We did not observe changes in transcript abundance between the wild type and
RNase mutant strains in relA, which encodes the major ppGpp producing enzyme in
Streptomyces. We did observe changes in the transcript levels of rshA. In S. coelicolor,
increased transcription of rshA is linked to the accumulation of ppGpp during later
stages of growth (102). Although it is not possible to tell from just the RNA-sequencing
data whether the increased transcript abundance of rshA during vegetative growth (and
the decreased abundance during late stage growth) is due to stabilization effects or
changes in transcription, the connection is intriguing. Reporter assays with the rshA
promoter and stability assays for the rshA transcript in the wild type and RNase mutant
S. venezuelae strains could shed light on the mechanism underlying its increased and

decreased transcript levels.

Another factor that must be considered within this regulatory network is the
global phosphate regulator, PhoP. Of all the metabolic and developmental regulators
that we investigated in our RNA-sequencing data, the genes with the most significantly
altered transcript levels from the wild type to the RNase mutants were the two genes
that encode the PhoRP two-component system. This system responds to phosphate-
limited growth conditions by upregulating genes involved in phosphate uptake (29).
PhoR is a kinase that auto-phosphorylates under low phosphate growth conditions and

then transfers the phosphate group to the transcriptional regulator PhoP (29). In both of
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the RNase mutants we found phoR and phoP had significantly lower transcript levels
relative to the wild type during vegetative growth. PhoP competes with GInR to bind the
promoters of several nitrogen assimilation genes and, when bound, represses their
expression; its target promoters include ginR, gIinA and glinll (glutamine synthetases),
and amtB (ammonium transporter) (30). If PhoP was less abundant in the RNase
mutants, as is suggested by the RNA-sequencing data, then GInR would have less
competition in binding to their shared targets, potentially leading to a concomitant

increase in transcription of these shared target genes.

We are in the process of creating a phoP overexpression construct that can be
integrated into the chromosome of the Arnj, Arnc, and wild type S. venezuelae strains. If
a loss of competition between GInR and PhoP is responsible for the dysregulation of
downstream genes like nirB and glnll, then overexpression of phoP should return the
transcript levels of these genes in the mutants to near wild type levels. This will also help
us to determine what effects are the result of changes in phoP and what is specific to the

loss of RNase J or lll.

There is evidence for a connection between the PhoP regulon and RNase J in B.
subtilis. In a B. subtilis strain where the two paralogs of rnj were either deleted (rnjB) or
depleted (rnjA), transcripts for 14 genes in the PhoP regulon (excluding phoP itself) were
more abundant in the mutant compared to the wild type (47). Interestingly, this is the
opposite trend of what we observed in our data from the Arnj S. venezuelae strain,
where phoP and genes in the PhoP regulon were significantly lower in transcript

abundance.

Work in S. coelicolor has also linked RNase Il with phosphate and nitrogen
metabolism. RNA-sequencing data comparing a Arnc strain of S. coelicolor with the wild
type revealed that a gene encoding a glutamine synthetase, and genes in the PhoP
regulon, both had higher transcript levels in the rnc mutant (103). RNA-sequencing was

coupled with RNA-immunoprecipitation using a catalytically inactive RNase Ill protein to
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identify specific transcripts targeted by RNase Ill in S. coelicolor (103). phoR, pstS, and
g/lnA were all transcripts associated with RNase lll in the immunoprecipitation assays
and were more abundant in the rnc mutant (103). If RNase Ill directly targeted phoR,
pstS and glnA in S. venezuelae then we would expect their transcript abundance to
increase in the Arnc strain. What we found, however, was that phoR and pstS transcript
levels both decreased in our S. venezuelae Arnc strain, which indicates that these

transcripts are more likely indirectly affected by RNase Il in S. venezuelae.

6.2.4 The deletion of rnj or rnc from S. venezuelae affects the transcript levels of genes in
biosynthetic clusters

We also investigated transcript level changes in genes within annotated
biosynthetic clusters in S. venezuelae. We found five biosynthetic clusters that contained
regions with altered transcript abundance, as well as changes in the transcript levels of
multiple regulators of specialized metabolism, including the gene for the nucleoid-

associated protein Lsr2.

Lsr2 is a global repressor of biosynthetic clusters, so the decrease in /sr2 in the
RNase mutants during vegetative growth might account for the early increase in the
transcript abundance of genes in Lsr2-targeted biosynthetic clusters (88). The fact that
most biosynthetic cluster genes that had altered transcript levels were located near
known Lsr2 binding locations adds support to this hypothesis. However, the specific
connection between the loss of RNase Ill or J and the decrease in /sr2 remains elusive;
perhaps Isr2 is connected to other metabolic and biosynthetic regulators that we

observed changing in the RNase mutants.

Inorganic phosphate availability is also linked to specialized metabolism in
Streptomyces, where abundant phosphate represses the production of specialized
compounds (104). As discussed in section 5.5.1, we found that there were major
changes in the transcript abundance of genes that regulate and participate in phosphate

uptake. In S. coelicolor, PhoP (active under phosphate limitation) activates the
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expression of afsS, which in turn activates pathway specific regulators for the antibiotic
clusters that produce actinorhodin and undecylprodigiosin (105). The afsS promoter is
also bound by the regulator AfsR, which responds to S-adenosylmethionine
concentrations (105). AfsR and PhoP are both activators of afsS, but they compete for
binding in the afsS promoter region (105). We did not observe any significant changes in
the transcript abundance of afsR, while afsS transcript abundance was only significantly
lower at one time point in the Arnc mutant. The molecular mechanisms of the
phosphate effect in S. venezuelae are not as well defined as in S. coelicolor. However, if
PhoP and AfsR share a similar relationship in S. venezuelae as they do in S. coelicolor,
then perhaps a change in PhoP abundance affects the competitive balance between

PhoP and AfsR, with downstream effects on antibiotic production.

A final consideration is whether or not the chloramphenicol compound (which is
the product of the most dramatically and consistently affected cluster in the RNase
mutants) is actually produced in excess in the RNase mutants compared with the wild
type. Screening for inhibitory activity from the Arnc and Arnj strains using bioassays
against indicator organisms, coupled with HPLC analyses, would allow us to determine
whether increased transcription of the chloramphenicol cluster is associated with

increased production of the chloramphenicol molecule in the RNase mutants.

6.2.5 The specific roles of RNase J or Il in mediating transcriptional and metabolic change

Previous work has reported on the various phenotypic and biosynthetic effects of
deleting rnj or rnc from Streptomyces species (43, 44, 53). We have shown here that
these phenotypic changes are accompanied by a dramatic alteration in the transcript
abundance of genes involved in primary and specialized metabolism in the RNase
mutants. And while we are beginning to unravel the relationships between these
metabolic genes and their regulators, the question remains: why does the loss of RNase

Jor lll from S. venezuelae result in these specific changes?
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With just our time course data, it is difficult to say whether changes in the
transcript abundance of specific genes are the result of direct or indirect RNase effects.
However, in the context of the many metabolism-associated genes we identified as
being more abundant in the mutants (nirB, nasA, glnll, amtB, etc.), it seems unlikely that
all these changes are the result of direct transcript stabilization due to the deletion of
RNase J or lll. In the case of phoRP and several genes in the PhoP regulon that were less

abundant in the RNase mutants, the effect of RNase Ill or J is certainly indirect.

Beyond rRNA precursors, several direct targets have been identified each for
RNase J and RNase Il in common model organisms. In B. subtilis, RNase J was originally
identified for its ability to cleave thrS (threonyl-tRNA synthetase) leader RNA; cleavage in
the leader region of this transcript stabilizes the downstream transcript (48). RNase J
also targets g/imS RNA in B. subtilis (106). The 5" UTR of the g/mS transcript forms a
ribozyme that is activated by glucosamine-6-phosphate to self-cleave and the
downstream fragment is then accessible for degradation by RNase J (106). RNase Il
targets a hairpin structure in its own mRNA transcript to autoregulate its expression
(107). It has also been implicated in mediating multiple toxin antitoxin systems. For
example, in E. coli, RNase lll targets the IstR-1/tisAB complex and degrades the tisB toxin
mRNA (108). As discussed in section 6.2.3, RNA-immunoprecipitation assays in S.
coelicolor have also identified many RNase lll-associated target RNA molecules, with the
expectation that some are directly cleaved by RNase Il while others may only be bound

by RNase Il (103).

One tool that will help us elucidate the direct effects of RNase J and Il in S.
venezuelae is the FLAG-tagged catalytically inactive and active RNase constructs that we
created. RNA-immunoprecipitation with catalytically inactive RNases has been used
successfully in S. coelicolor to identify targets of RNase Ill and it is a technique that will
allow us to clarify the specific and direct effects of RNase J and Il in S. venezuelae (103).

Transcripts that are identified in these immunoprecipitation assays can be correlated
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with our RNA-sequencing data to determine if RNase J or Ill directly target them. We
have not yet been able to confirm the expression of our FLAG-tagged RNase J construct
by western blot in S. venezuelae, but we know that introducing the active and inactive
RNase J constructs into a Arnj S. venezuelae background resulted in the expected

phenotypes so our attention will be focused on optimizing tag detection.

The link between deleting these RNases and the associated changes in transcript
levels of various genes may also stem from changes in RNA polymerase activity or
ribosome availability. In both the Arnj and Arnc strains, there is an accumulation of
inactive ribosome dimers (44). Actively translating ribosomes help to stabilize most
mMRNA transcripts (by occluding RNase access to this RNA substrate) and a reduction in
the number of active ribosomes could decrease transcript stability (37). Furthermore,
recent work in B. subtilis revealed that RNase J has an additional quality control function
where it can help dislodge stalled RNA polymerase (RNAP) complexes; a Arnj mutant in
B. subtilis had increased coverage of RNAP on DNA, but decreased transcript abundance
for several genes as a result of stalling RNAP (41). The “torpedo effect” by which RNase J
functions to remove stalled RNAP complexes in B. subtilis depends on its 5'-3’
exonuclease activity (41). As this activity and directionality have been shown for RNase J
in Streptomyces, it is conceivable that RNase J may have a similar quality control role in
S. venezuelae (41, 53). In this case, loss of RNase J from S. venezuelae could lead to
decreased transcriptional activity and reduced transcript abundance, which could impact
downstream metabolic responses. Perhaps these indirect effects could explain the
decrease in transcript abundance of phoR and phoP, which in turn could affect the

activity of other global metabolic regulators and the expression of their targets.

81



MSc. Thesis — E. Mulholland; McMaster University—Biology

7. Conclusion

In this work, we explored two components of gene regulation in S. venezuelae,
namely G-quadruplex structures and RNases. We were unable to draw conclusions
about an interaction between TrmB and GQs in S. venezuelae, but these structures
remain of interest in GC-rich bacteria like Streptomyces. Our work to define the
transcript profiles of Arnj and Arnc S. venezuelae mutants revealed surprising changes in
the transcript levels of genes whose products are involved in multiple metabolic
networks and in the regulation of many biosynthetic clusters. Taken together this work
highlights the interconnected nature of development and both primary and specialized
metabolism in S. venezuelae. It demonstrates a central role for RNases in the regulation
of these major cellular functions and presents many exciting directions for future

investigation.
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Appendices

Al. Supplemental methods
Genetic modification of the S. venezuelae chromosome

The deletion of nnaR (vnz_13340) from the S. venezuelae chromosome (Table
3.1) was done using PCR targeting as previously described (72). Briefly, the cosmid Sv-5-
A04, carrying vnz_13340 was modified to replace vnz_13340 with a hygromycin B
selection marker and origin of transfer to create the cosmid Sv-5-A04
vnz_13340::hygoriT (Table 3.2). Successful replacement of nnaR with the resistance
cassette was confirmed through PCR with primers located at the forward position of the
cassette (vnz13340RED_F) and downstream of the wild type gene (vnz13340down_R)
(Table 3.4). This cosmid was then introduced to wild type, Arnj, and Arnc strains of S.
venezuelae via conjugation and colonies were screened for a double crossover event
(hygromycin B resistance and kanamycin sensitivity) marking the replacement of the
gene of interest with the antibiotic resistance cassette. Potential mutants for each
background strain were then confirmed through colony PCR on S. venezuelae colonies.
To confirm the presence and correct location of the cassette, the same PCR reaction
with vnz13340RED_F and vnz13340down_R was conducted on the S. venezuelae
colonies as on the mutant cosmid. Additionally, PCR was also conducted using a primer
specific to the internal coding sequence of vnz 13340 (vnz_13340int_F) and the
downstream primer (vnz13340down_R) (Table 3.4). The presence of product from the
first reaction and the absence of product from the second reaction confirmed the

deletion of vnz_13340 in each strain.

Collection of S. venezuelae for RNA stability assays

S. venezuelae strains were inoculated from overnight cultures to an ODeoo of 0.05
in 100 mL of MYM medium in a 500 mL baffled flask and then grown for 16 hours. The
flask was then removed from the incubator and samples for stability assays were

collected by removing 14 mL of culture at each time point and transferring them to a
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tube on ice containing 1.35 mL of 95% ethanol and 150 uL of phenol (pH 6.6) (stop
growth solution). Samples were immediately vortexed to stop S. venezuelae growth. One
sample was collected before the addition of rifampicin to the flask (designated ‘time 0’),
and then samples were collected at 2, 4, 6, 8, and 10 minutes post-rifampicin addition.
Rifampicin (working concentration of 50 mg/mL) was added as 0.012 volumes of the
amount of culture in the flask. Cells in each sample were collected by centrifugation and

RNA was extracted as in section 3.4.

Assessing relative RNA stability with qPCR

Luna® Universal gPCR Master Mix (NEB) was used for qPCR with 2.5 pL of cDNA
(1:4 dilution) as template, and primers for genes of interest at a final concentration of 5
pmol/uL. The BioRad CFX96™ Real-Time PCR machine was used for amplification and
data were normalized to the 5S rRNA which is considered to be a stable RNA and was
not expected to be profoundly impacted by the assay. Analysis of relative RNA

abundance was done using the 222t method (109).

FLAG-tagged immunoprecipitation of FLAG-RNase J constructs

When FLAG-tagged constructs could not be detected within total protein extracts
we used immunoprecipitation to pull-down the tagged protein specifically for
subsequent blotting. Anti-FLAG® M2 Affinity Gel (Sigma) was used to purify FLAG-tagged
RNase J and RNase J H86A from S. venezuelae cell lysate. Cells were sub-cultured in
liguid MYM medium and 50 mL of culture was collected at 12, 18, and 20 hours of
growth then lysed (as described for protein purification). The affinity gel was prepared
as per manufacturer’s instructions and 20 uL of the gel was added per 1 mL of cell lysate.
The samples were mixed overnight on a roller shaker at 4°C and then washed with
1xTBS. Tagged protein was eluted with the addition of 4x SDS-loading dye and boiling at
95°C, as described in the manufacturer’s instructions. The supernatant from the boiled

protein was then used in subsequent western blotting experiments.
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Protein stability assays

A thermal shift assay with fluorescent dye was used to test the stability of TrmB
protein in different buffers (110). Approximately 40 pg of protein was mixed with 30 uL
of the buffer of interest, either methylation buffer at pH 7.6 or 8.5 (50 mM Tris-HCI, 5
mM MgCl;, 6 mM B-mercaptoethanol, 50 mM KCl), or TrmB storage buffer (5 mM Tris-
HCI pH 8.5, 50 mM NaCl, 10% glycerol) and 6 uL of SYPRO Orange. The final volume was
brought to 60 pL with MilliQ water and then split into three technical triplicate reactions
of 20 pL. Fluorescence values were observed in the BioRad CFX96™ Real-Time PCR

machine as the temperature of the sample increased by 1°C intervals from 4°C-95°C.
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