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rRNA PROMOTERS AS TARGETS FOR
TRANSCRIPTION FACTORS:
STRUCTURAL AND FUNCTIONAL STUDIES OF
PhERI AND CarD

Joseph S. Osmundson, Ph.D.

The Rockefeller University 2012

Transcription, the process of copying information encoded in DNA into RNA, to
facilitate the expression of encoded proteins, is a central process in all living organisms.
The expression and repression of subsets of genes allows different cell types in an
organism to maintain diverse physiological roles and permits individual cells to respond
to various environmental stimuli. Transcription in prokaryotic cells is performed by a
single macromolecular complex, RNA polymerase. In rapidly growing cells with
abundant resources, prokaryotic RNA polymerase is mostly located at ribosomal RNA
(rRNA) promoters, actively transcribing the large, structured RNAs required for protein
translation. As resources become more scarce, RNA polymerase directly responds to
cellular signals that lead to the repression of rRNA transcription. This regulation has
long been thought to be driven primarily by small molecule effectors that signal scarcity.

In this thesis, I will report work done on two transcription factors in prokaryotes
that regulate RNA polymerase activity at rRNA promoters. The Staphylococcus aureus
(Sau) Phage GI1 protein PhERI (previously ORF67), was previously described as a
general RNA polymerase inhibitor. PhERI expression in Sau cells inhibits cell growth,

which could have therapeutic potential against this deadly pathogen.



I describe the structure of PhERI bound to Sauoc A4, the region of RNA
polymerase to which it binds. While PhERI interacts with RNAP through o, I show that
RNA polymerase activity at most -10/-35 promoters is not affected. Structural,
biochemical and genomic approaches demonstrate that PhERI interacts with 64 near the
-35 element of all promoters, but blocks the binding of an additional RNA polymerase
subunit, the a-CTD, to UP-element DNA sequences. PhERI therefore only inhibits RNA
polymerase activity at promoters requiring UP-element activation, most notably the
rRNA promoters. This work not only delineates the mechanism of PhERI but also
describes novel -10/-35 promoters in Staphlococcus aureus, defines rRNA promoters in
this organism for the first time, and shows UP-element activation is required for rRNA
transcription.

The mycobacterial protein CarD is known to interact with RNA polymerase, but
its impact on transcription directly at promoters has not been described. The structure of
the Thermus Thermophilus CarD was solved in the lab, allowing a model for the
interaction between CarD and RNA polymerase to be built. I show that CarD stimulates
RNA polymerase activity at rRNA promoters, but not all promoters, by directly
stabilizing the RNA polymerase open complex on promoter DNA. These two proteins
both exploit unique parameters of RNA polymerase at rRNA promoters to specifically

regulate RNA polymerase activity at these functionally important promoters.
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Chapter 1:

Introduction

Staphylococcus aureus

Staphylococcus aureus (Sau) is a gram-positive bacterium that causes a wide
variety of infections of the skin as well as pneumonia, meningitis, endocarditis, and
sepsis (Lowy, 1998). Sau infections can range from mild to extremely serious and if left
untreated can be lethal (Klein et al., 2007a). Interestingly, Sau persistently colonizes the
nasal cavity of more than 20% of the human population and intermittent colonization
occurs in more than half of healthy individuals (Burian et al., 2010). The switch from
non-pathogenic to pathogenic growth requires multiple integrated signals and large-scale
changes in gene expression (George and Muir, 2007). The molecular determinants of
these life-style choices are largely undetermined.

While Sau infections are generally well controlled by antibiotics, resistance to
penicillin was reported by the late 1940s (Benner and Morthlan.V, 1967; Tong and
Rossmann, 1997). As additional classes of antibiotics were discovered and introduced
into patients, Sau continued to gain resistance. Methicillin-resistant Sau (MRSA) arose
by the late 1950s, leaving few treatment options for serious Sau infections (Tong et al.,
2012). The glycopeptide drug vancomycin, which inhibits cell wall synthesis, has
become the antibiotic of last resort for MRSA infections, although recently strains have
arisen that are resistant to this drug as well (Howden et al., 2010; Nordmann et al., 2007).

Because of the widespread antibiotic resistance, Sau has become an increasingly costly



infection to treat and mortality rates have risen drastically, particularly from hospital-
acquired infections (Klein et al., 2007a).

New antibiotics, including linezolid and trigecycline, which target the bacterial
ribosome, have been developed to address antibiotic resistant strains of Sau and other
bacteria (Tong et al., 2012). Resistance to linezolid has already been described in
patients, and can stem from point mutations at the drug-binding site or from horizontal
gene transfer of the chloramphenicol resistance plasmid cfir (Rossolini et al., 2010).
Given the rapid rise of Sau resistance to past therapies, novel antibiotics are likely to be
necessary to treat resistant Sau infections in the near future. Additionally, the recently
developed antibiotics against Sau inhibit cell growth by previously exploited
mechanisms, allowing resistance to rapidly spread by horizontal gene transfer of
previously existing gene clusters (Rossolini et al., 2010; Ruiz de Gopegui et al., 2012;
Witte and Cuny, 2011). Unexploited targets for antimicrobial therapy could potentially

lead to antibiotics that are less susceptible to resistance.

Bacteriophages and drug discovery

Bacteriophages (phages) are viruses that infect bacterial cells (1925;
Bronfenbrenner and Korb, 1925). Phage infections can be lysogenic, wherein the phage
genome is integrated into the host cell genome and the phage is transmitted vertically
through cell division, or lytic, with the phage rapidly hijacking the host cell machinery to
favor replication of the phage and production of phage proteins, ultimately leading to
lysis of the host bacterium (Echols, 1972; Oppenheim et al., 2005). Upon the initial

injection of the phage genome of a double stranded DNA phage into the host cell, the



host transcriptional machinery will transcribe early phage genes (Kadesch et al., 1982;
Rosenberg et al., 1982; Siebenlist, 1979). While some phage encode a dedicated RNA
polymerase for subsequent transcription of phage genes (Chamberlin et al., 1970), others
will use the host machinery throughout the phage life-cycle (Oppenheim et al., 2005).

As early as the 1920s, scientists recognized the therapeutic potential of phage to
treat bacterial infections to their ability to specifically and rapidly lyse bacterial cells
(Mills, 1956; Smith, 1924). With the discovery of potent antibiotics, using phages as
direct therapeutic agents fell out of favor in the West but continued to be used
therapeutically in the former Soviet Union (Bacteriophages and their Implications on
Future Biotechnology: A Review IN PRESS).

Phages are advantageous therapeutically because they can infect and lyse a
specific bacterial species, whereas antibiotics tend to affect bacterial species
indiscriminately. However, the potential for phages to provoke an immune response in
the patient and the inherent issues with using active biological entities in patients has
prevented their widespread use (Kelly et al., 2011; Paul et al., 2011). Phage lytic enzymes
are the individual proteins that facilitate the lysis of the host cell and subsequent release
of phage particles (Fischetti, 2010; Paul et al., 2011). Lytic enzymes alone have the
ability to lyse bacteria in a species-specific fashion and several phage lytic enzymes are
currently being developed for use in topical creams or for direct use in patients,
particularly to clear colonizing Sau bacteria prior to surgery (Fischetti, 2008, 2010;
Grandgirard et al., 2008; Koller et al., 2008; Pastagia et al., 2011). Because lytic
enzymes are full-length proteins, which are inherently difficult to deliver to infected cells

and tissues, their therapeutic use may be somewhat limited. Despite the difficulties, the



increasingly desperate need for novel anti-microbial agents has driven the recent
reemergence of direct phage therapies (Kelly et al., 2011).

While phages have been studied for their therapeutic potential, they have also
been used since the early days of modern molecular biology as simple models to study
systems such as transcriptional regulation (Gribskov and Burgess, 1986; Kassavetis and
Geiduschek, 1984; Minakhin and Severinov, 2005; Oppenheim et al., 2005; Orsini et al.,
1993; Ptashne, 1992) and DNA replication (Allison et al., 1977; Black and Peng, 2006;
Doublie et al., 1998; Ray et al., 1975; Yano and Rothman-Denes, 2011). Because of its
small genome and binary life-style choices between lytic and lysogenic, the phage
lambda (L) provides a model for how gene regulation, mediated by direct interactions
between RNA polymerase and protein factors, is related to a developmental switch
(Oppenheim et al., 2005). Studies on the phage M13 have revealed the molecular
mechanisms of DNA replication in Escherichia coli (Eco) cells (Allison et al., 1977; Ray
et al., 1975). The M13 phage genome is still used in the majority of biochemical assays
studying the in vitro activity of prokaryotic DNA polymerase (Yeeles and Marians,
2011). Work using phages as model systems provided the basis for our understanding of
some of the most central tenants of modern biology, such as the central dogma, and
provided hypotheses that were subsequently tested and validated in more complex model
systems.

Phage are incredibly abundant and diverse, and the mechanisms through which
they inhibit host cell growth may reveal currently unexploited drug targets. Phage are
among the most abundant life forms on planet earth, estimated to number at 10’ total

particles (Bergh et al., 1989; Whitman et al., 1998). Phage play critical roles in the



ecology, evolution (Bohannan and Lenski, 2000), and pathogenicity (Wagner and
Waldor, 2002) of prokaryotic cells. The large number of phage particles also represents
a immense and largely untapped source of biological diversity: phages that have been
sequenced contain large numbers of putative open reading frames (ORFs) with no known
homolog (Liu et al., 2004). Understanding how phage, in their vast diversity, arrest host
cell growth is likely to reveal novel mechanisms of inhibition that could provide targets
for the design of new small molecule inhibitors.

Recent work has mined phage genomes for proteins or peptides that inhibit cell
growth in Sau. Kwan et al. (2005) undertook a massive sequencing project of Sau
phages and created a library of more than 900 putative phage ORFs in an inducible vector
that was transformed into Sau (Kwan et al., 2005; Liu et al., 2004). ORFs that inhibited
cell growth were considered inhibitors of essential cell functions (Fig 1.1a). The work
highlighted one phage protein, phage 77 ORF104, which inhibits DNA replication
through an interaction with dnal (Figl.1b). Small molecule inhibitors of dnal were
shown to have the same effect on cell growth as ORF104, illustrating the potential to use
phage genomics to identify essential cellular functions and aid in the design of small
molecules to target these functions. The G1 phage protein PhERI (Phage Encoded rRNA
Inhibitor; previously ORF67) was also identified in this screen. While ORF104 targeted
DNA replication (Fig 1.1b), PhERI was described as a putative RNA polymerase
(RNAP) inhibitor because its expression decreased the levels of RNA in a pulse-chase

experiment (Fig 1.1¢) (Liu et al., 2004).
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Figure 1.1: PhERI is a putative RNA polymerase inhibitor. a) Screen for
OREFs that inhibit cell growth in Sau. ORFs were cloned into an inducible
vector and cells were grown in the absence (upper panel) or the presence
(lower panel) of inducer in Sau RN4220. ORF104, indicated with red
arrows, shows strong inhibition of growth in Sau. b) ORF104 inhibits DNA
synthesis. Cells were pulse labeled with radiolabeled DNA, RNA, and
amino acids at different time points after the induction of ORF104.
ORF104 inhibits DNA synthesis. c¢) PhERI inhibits RNA synthesis. Cells
were pulse labeled with radiolabeled DNA, RNA, and amino acids at
different time points after the induction of PhERI. PhERI inhibits synthesis
of RNA. Adapted from (Liu et al., 2004).



Structure and function of prokaryotic RNAP

Transcription in prokaryotes is performed by the ~400 kDa core RNAP enzyme
(subunit composition o,Bp’w; (Darst, 2001)). Promoter recognition and initiation require
an additional promoter-specificity subunit, 6, which binds to the core RNAP to form the
holoenzyme (Murakami and Darst, 2003). Holoenzyme can interact with promoter DNA
in a sequence specific manner through the o factor. The initial interactions are with
double stranded DNA to form a closed complex. The ¢ factor then facilitates melting of
the transcription bubble around the -10 element (to form an open complex) and initiation
of transcription.

Structural studies of RNAPs have been critical in our understanding of these
complex molecular machines. Crystal structures of thermophillic RNAP enzymes
(Murakami and Darst, 2003; Vassylyev et al., 2002; Zhang et al., 1999) and electron
microscopy (EM) studies of the Eco RNAP (Darst et al., 1989; Finn et al., 2000;
Polyakov et al., 1995) revealed the overall architecture of the enzyme (Fig 1.2). The
active site, and its catalytic magnesium ion, is buried in a cleft at the interface between
the B and B’ subunits deep within the RNAP enzyme. The B and B’ subunits form a
clamp around the active site (Fig 1.2a). Opposite the cleft is the RNA-exit channel,
through which the nascently transcribed RNA will be expelled (Fig 1.2b), and the
secondary channel, through which substrate NTPs can enter the active site (Fig 1.2a).
Structures of RNAP crystallized with elongation-complex substrates (Gnatt et al., 2001;
Kettenberger et al., 2004; Mustaev and Korzheva, 2001) illuminated the molecular
architecture of RNAP enzymes as it is actively transcribing genes (Fig 1.2c). DNA binds

to RNAP through the open space provided by the clamp; the template strand then enters



Figure 1.2: Xray crystal structures of prokaryotic core RNAP. a) Surface

map of core RNAP. a is shown in blue, 3 is light green and 8’ dark green,
and w in yellow. This view is looking through the RNAP secondary channel
at the active site magnesium (red sphere). b) Surface map of core RNAP,
colored as above, showing the RNA-exit channel. c) Structure of core
RNAP, colored as above, bound to transcription elongation complex (TEC)
substrates. DNA (orange) enters the active site through the cleft in the
RNAP clamp. RNA exits RNAP through the RNA-exit channel.



the active site through a series of interactions with positively charged RNAP residues
(Fig 1.2c and d). Structural studies of RNAP at different states of the transcription cycle
highlight the conformational changes required as RNAP binds to and melts promoter
DNA, begins to initiate RNA synthesis, and clears the promoter to enter the stable

elongation stage of transcription.

Structural studies of non-thermophilic RNAP

To date, all high-resolution structural data on prokaryotic RNAPs come from
structural studies of thermophilic bacteria (Campbell et al., 2001; Darst, 2001; Murakami
et al., 2002b; Vassylyev et al., 2002; Vassylyev et al., 2007). Eco RNAP has been
extensively studied using biochemical and genetic techniques, but has thus far resisted
high-resolution structural studies despite extensive effort (Twist et al., 2011a).
Functional differences between Eco RNAP and its thermophilic homologs have led to the
misinterpretation of high-resolution structures (Vrentas et al., 2008). Additionally, many
protein factors that regulate RNAP function in Eco have no homologs in thermophilic
bacteria, and therefore cannot be studied by crystallography without issues arising from
cross-species artifacts. Eco RNAP is also modulated by many phage proteins, which
have been extensively characterized by biochemical techniques (Geiduschek, 1991;
Snyder et al.,, 1976; Stevens, 1977; Twist et al., 2011b), wherecas RNAP from the
thermophilic bacteria have fewer known phage-encoded regulators.

To study the structure of RNAP from non-thermophilic organisms such as Sau
and Eco, hybrid methods have been necessary. Cryo-EM studies have led to density

maps of RNAP at sub-atomic resolution (Darst et al., 1989; Finn et al., 2000; Polyakov et
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Figure 1.3: Single particle cryo-EM density map (at 14A resolution, left
panel,) and the fit of the Eco RNAP homology model into the EM density

(EM density map is shown as the gray envelope, and the Eco atomic model

is shown as a ribbon and colored according to the key shown in the inset,

right panel). Adapted from (Opalka et al., 2010).
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al., 1995). High-resolution structures and homology models from X-ray crystallography
can be fit into the lower resolution EM data to provide molecular models. Recent work
illustrates how this method can be used to build a model of Eco RNAP to molecular
resolution (Opalka et al., 2010) (Fig 1.3). However, these hybrid methods do not allow
for the study of small-molecule binding and do not easily elucidate small-scale
conformational changes between different states in the transcription cycle. Structural
studies on RNAP from other organisms may provide well-diffracting crystals that
explain, in molecular detail, the functional differences and the discrepancies in small-
molecule and protein factor binding to RNAP from thermophilic and non-thermophilic

bacteria.

Promoter recognition by RNAP

The group 1, or primary, o factors (¢’° in Eco, 6" in Sau) are responsible for the
bulk of transcription during log-phase growth and are essential for viability (Gruber and
Gross, 2003). Prokaryotic housekeeping promoters generally consist of two DNA
elements that can be recognized by o only in the context of the RNAP holoenzyme.
Sequences at position -10 (consensus: TATAAT) and -35 (consensus: TTGACA) relative
to the transcription start site (+1) are directly recognized by ¢ domain 2 (o) and domain
4 (o4) respectively (Fig 1.4). The spacer sequence between these two elements does not
have a conserved sequence; however the length of the spacer (optimal spacing: 17bp) is
critical to promoter binding and subsequent transcription (Fig 1.4) (Harley and Reynolds,

1987).
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Figure 1.4: Schematic of group 1 ¢ factors and RNAP binding to promoters.

Group 1 o factors are multi-domain proteins connected by flexible linkers
(bottom panel). The -10 (with respect to the start site, +1) and -35 DNA
elements are recognized by o region 2 (o,) and 4 (o,) respectively. An A/T
rich UP-element upstream of the -35 element is recognized through an
interaction with the RNAP core o-CTD domain. Extended -10 (TGn)

elements and DNA in the spacer region are recognized by o, and ¢ region 3

(03).
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6" is comprised of multiple domains connected by flexible linkers (Fig 1.4)
(Paget and Helmann, 2003). The structures of independent domains have been solved
(Fig 1.5a) (Campbell et al., 2002), and ¢ bound to RNAP has been crystallized (Fig 1.6¢)
(Murakami et al., 2002b; Vassylyev et al., 2002). Structures of o, (Feklistov and Darst,
2011) and o4 (Campbell et al., 2002) have been solved in complex with DNA
corresponding to the -10 and -35 promoter elements respectively (Fig 1.5b). o4 interacts
with the double stranded -35 element through a conserved helix-turn-helix (HTH) DNA-
binding motif that sits in the major groove of promoter DNA (Fig 1.5b) Full-length ¢ in
solution is not able to bind to promoter DNA as the DNA binding determinants are not
accessible (Callaci et al., 1999; Camarero et al., 2001). c makes obligatory contacts with
RNAP, including an interaction between o4 and a region of the B-subunit, the B-flap (Fig
1.6a and b) (Murakami et al., 2002b; Vassylyev et al., 2002). Only when o is organized in
the context of the RNAP holoenzyme (Fig 1.6¢ and d) are its DNA-binding domains are
exposed and appropriately positioned to interact simultaneously with the -10 and -35
elements to facilitate DNA binding and subsequent melting and initiation of transcription
(Fig 1.6) (Campbell et al., 2002; Murakami et al., 2002a).

Housekeeping transcription is performed by the ¢'° class of o factors, including
the Sau o”, which recognize -10/-35 promoters as described above (Gruber and Gross,
2003). Alternative o factors can bind to RNAP and direct transcription to promoters
containing different sequence elements as a response to environmental stimuli (Ades,
2007; Feklistov and Darst, 2009; Testerman et al., 2002). Furthermore, subsets of -10/-
35 promoters have additional sequence elements that facilitate for RNAP binding and

transcription initiation. Extended -10 promoters, with the sequence TGn immediately
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Figure 1.5 (adjacent page): Structural analysis of 0 domains and o / DNA
interactions. a) Crystal structure of o, (left panel), 05 (central panel) and o,
(right panel). b) Structures of 0, and 0, interacting with the -10 and -35
DNA elements. 0o, (left panel) interacts with double stranded DNA
(consensus: TTGACA) though its major groove. 0, (right panel) interacts
with bases of the -10 element (consensus: TATAAT) as they unwind. c¢)
Crystal structure of o, interacting with the -35 element and the a-CTD

bound to an upstream UP-element.
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b) -35 element
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Figure 1.6: Structure of RNAP holoenzyme and Rpo. a) Structure of o,

(orange, the Helix-turn-helix responsible for DNA recognition is shown in
red) interacting with the RNAP B-flap tip helix (green). b) Structure of o,
and the B-flap, as above, showing the interaction between o, and the -35
element of promoter DNA. c) Structure of the RNAP holoenzyme bound to
upstream fork DNA, mimicking the interactions of the closed promoter
complex. RNAP is colored green and o is colored orange. d) Model of the
RNAP open promoter complex (Rpo). RNAP is shown in green and the [3-
flap is highlighted in bright green. o is shown in orange and the promoter

DNA is orange.
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upstream of the -10 element, do not require the interaction between the -35 element and
o4 (Bown et al., 1997). These promoters are recognized through an interaction between
the extended -10 and o regions 2 and 3 (Barne et al., 1997; Sanderson et al., 2003). The
region between nucleotides -6 and the -3, known as the discriminator, is also an important
determinant of the stability of promoter DNA bound to RNAP, and therefore of the
strength of promoter binding, promoter stability and subsequent transcription at certain

promoters (Feklistov et al., 2006; Haugen et al., 2008; Travers, 1984).

Kinetics of RNAP initiation at prokaryotic promoters

While structural biology has been critical to our detailed understanding of the
interactions between RNAP and promoter DNA, the process of transcription initiation
proceeds through many unstable, transient intermediates that are difficult to capture by
structural studies. RNAP holoenzyme must first interact with DNA in its double stranded
state though interactions well upstream of the promoter start site, including the UP-
element (see below) and the -35 element (Saecker et al., 2011). In order to initiate
transcription, RNAP must melt the promoter DNA so that the single-stranded template
strand can enter the enzyme’s active site. Kinetic and footprinting studies demonstrate
that the transition between the closed RNAP promoter complex and the stable open
promoter complex (Rpo) in which promoter DNA is melted and in the enzyme active site,
proceeds via at least two short lived intermediates, and involves conformational changes
in both RNAP and promoter DNA (Chen et al., 2010; Saecker et al., 2011). The kinetic

steps involved in transcription initiation are outlined in Fig 1.7a.
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Figure 1.7 (adjacent page): Kinetics and structural changes required for
promoter recognition, DNA melting, transcription initiation and promoter
clearance. a) Kinetic scheme of transcription initiation. Core RNAP
(RNAPc) binds to a o factor to form holoenzyme (RNAPh) which can then
interact specifically with double stranded DNA elements such as the -35
element and UP-element to form the unstable closed promoter complex
(RNAPh-closed). Several isomerization steps are required to form the open
promoter complex (RNAPh-open) in which promoter DNA is melted and
the template strand is in the RNAP active site. NTPs can then enter the
active site through the secondary channel and produce abortive RNA
products several nucleotides in length. Once an RNA product is made of
sufficient length to push o region 3.2 out of the RNA-exit channel and break
the interactions between 0, and 0, with promoter DNA, RNAP will clear the
promoter and enter the stable, processive, elongation phase. b) Overview of
structural changes required for transcription initiation, adapted from

(Murakami and Darst, 2003).
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Once Rpo is formed, RNA production can begin at the active center by the
diffusion of nucleotide tri-phosphates (NTPs) through the secondary channel. However,
the stable interactions between ¢ and DNA, and the fact that ¢ region 3.2 (c32) is
blocking the RNA path to the RNA-exit channel, lead to the production of short
transcripts only a few bases long (Munson and Reznikoff, 1981; Sen et al., 1998). RNAP
remains bound to promoter DNA and produces abortive transcripts until an RNA product
is made that is long enough to push 63, out of the exit channel and break RNAP contacts
with ¢ and promoter DNA (Fig 1.7b) (Murakami and Darst, 2003). The force required to
escape from abortive initiation is provided by “scrunching,” as RNAP pulls downstream
DNA into the active site, but remains bound to promoter DNA, producing a stressed
intermediate (Revyakin et al., 2006). Once RNAP has escaped the promoter, it forms a
transcription elongation complex (TEC), which is capable of transcribing to the end of
the gene in a highly processive manner (Mustaev and Korzheva, 2001; Nudler, 1999;
Nudler et al., 1996). The RNAP structural modulations required for DNA binding,

melting, initiation and escape are outlined in Fig 1.7b.

Structural biology of promoter melting and Rpo formation

Structures of the RNAP holoenzyme (Fig 1.6¢) and ¢ bound to promoter DNA
fragments (Fig 1.6b) provide a basis for molecular models of RNAP promoter
recognition, DNA melting and transcription initiation (Darst, 2001; Murakami et al.,
2002a). Initial interactions between promoter DNA and RNAP holoenzyme form the
RNAP closed complex, in which o4 is bound to the -35 promoter element but the DNA is

double stranded (Saecker et al., 2011). A recently solved structure of o, bound to single
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stranded -10 element promoter DNA fragments (Fig 1.8) informs the mechanism of DNA
melting by the RNAP holoenzyme. o, contains pockets that specifically recognize the
highly conserved A at position -11 (Fig 1.8a) and the T at -7 (Fig 1.8b) as they flip out of
the DNA double helix. This structure not only demonstrates the molecular mechanism for
sequence specific recognition at the -10 element but shows unambiguously that RNAP
holoezyme can only recognize single-stranded DNA bases as they flip out of the double
stranded helix, effectively coupling DNA melting and sequence-specific DNA
recognition (Feklistov and Darst, 2011). DNA melting ultimately forms a roughly 11-
base single stranded transcription bubble (Siebenlist, 1979) that places promoter DNA

inside a protein enclosed, positively-charged channel leading to the RNAP active center.

Ribosomal RNA promoters exhibit unique Kinetics that are exploited for tight

regulation

During exponential growth, prokaryotic cells expend significant energetic
resources producing the enzymatic machinery required for robust translation.  The
majority of transcription in growing cells is at ribosomal RNA (rRNA) promoters (rrn
promoters) (Gourse et al., 1996). However, as cells approach saturation and resources
become scarce, rRNA production is dramatically reduced and the transcriptional profile is
rapidly altered. A series of direct and indirect signals are responsible for the regulation of
transcription at rrn promoters. These combined signals affect the switch between rapidly
dividing cells with ample resources and cells at stationary phase with limited resources,

termed the stringent response (Chatterji and Ojha, 2001; Traxler et al., 2008).
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Figure 1.8: Structure of 0, bound to single stranded oligos with the -10

element sequence. a) The conserved -11 A base (tAtaat) is tightly
recognized by a protein pocket in 0. b) The conserved -7T base (tataaT) is
tightly recognized by a protein pocket in 0. The less conserved bases
(TaTAAt) remain stacked in a helical-like conformation and are recognized

through the phosphate backbone.
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The stringent response is well studied in Eco. As cells reach saturating levels, the
intracellular concentration of NTPs and amino acids, the substrates for transcription and
translation respectively, decrease. Amino acid starvation activates a ribosomal associated
protein, relA (Friesen et al., 1976), which converts GTP into the stress-signal ppGpp, also
known as magic spot (Paul et al., 2004; Traxler et al., 2008). ppGpp has direct effects on
RNAP activity, although the nature of its interaction with RNAP is still debated (Jishage
et al., 2002; Laurie et al., 2003; Perederina et al., 2004; Vrentas et al., 2008).

rrn promoters are targeted by ppGpp activity through a decrease in the stability of
open promoter complexes (Barker et al., 2001a; Barker et al., 2001b; Gourse et al., 1998).
Most -10/-35 promoters tested are not rate-limited by the stability of the OPC; once OPCs
form, they are generally a stable intermediate (Saecker et al., 2011). rrn promoters,
however, have characteristically unstable OPCs due to G/C-rich sequences in the
discriminator elements (Pemberton et al., 2000), and can therefore be effectively
regulated by stabilization or destabilization of this intermediate in the transcription cycle
(Barker et al., 2001Db).

In Eco, the protein DksA potentiates the effect of ppGpp on rrn promoters (Paul et
al., 2004; Perederina et al., 2004). DksA binds directly to RNAP and decreases activity at
rrn promoters in vitro and DksA mutants lose the ability to regulate rRNA expression as
the cells approach stationary phase (Paul et al., 2004). The structure of DksA reveals that
the protein is an extended coiled-coil with a small globular domain (Fig 1.9a). Structural
homology to the cleavage factor GreA (Fig 1.9b) suggests that DksA binds directly to the

RNAP secondary channel and the coiled-coil may place DksA residues near the RNAP
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b) A

Figure 1.9: Structure of DksA a) Crystal structure of Dksa. DksA consists
of a small globular domain and a long, helical coiled-coil. b) Crystal
structure of Eco GreA, highlighting the structural homology with DksA. c¢)
Model of DksA bound to the RNAP secondary channel. The co-crystal
structure of Thermus thermophilus RNAP and the GreA Tth homolog Gthl
was used to align the helical coil of DksA (blue) with the co-crystalized
Gfhl to produce a model of DksA bound in the secondary channel. Pdb
codes: Dksa: 1TJL; GreA: 1GRIJ; Tth RNAP/Gfh1: 3AOH.
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active site (Fig 1.9c¢) (Perederina et al., 2004). In vitro, DksA and ppGpp act
synergistically to inhibit RNAP activity at rrn promoters (Paul et al., 2004).

Recent work highlighted the differences between rrn promoters and rRNA
regulation in gram-negative bacteria, such as Eco, and the gram-positive model organism
Bacillus subtilus (Bsub) (Krasny and Gourse, 2004). Kransy and Gourse found no DksA
homolog in Bsub, although RelA is conserved. In Bsub, RNAP is not regulated directly
through an interaction with ppGpp. Rather, Bsub rrn promoters are sensitive to the
concentration of initiating nucleotide, GTP, and therefore relA may function to reduce the
intracellular GTP concentration and thereby inhibit synthesis of rRNAs (Krasny and
Gourse, 2004), whereas in Eco ppGpp interacts directly with RNAP to modulate its
activity.

These organisms clearly evolved different mechanisms to control the stringent
response (Fig 1.10). Because rrn promoters have been studied in relatively few
organisms, including Eco, Bsub and Thermus thermophilus (Tth) (Vrentas et al., 2008), it
is difficult to evaluate whether these regulatory mechanisms are conserved or whether
different bacterial families have evolved as yet unexplored mechanisms of controlling the
stringent response. Sau, similar to Bsub, has no DksA homolog but has a clear RelA
homolog. However, rRNA promoters and their regulation in this organism are entirely

uncharacterized.

UP-Element function

In addition to the regulation described above, it was initially noted that mutations

upstream of the -35 element in an Eco rrn promoter had a remarkable effect on RNAP
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Figure 1.10: Model of rrn promoter regulation in E. coli and B. subtilis. In
E. coli, the RNAP a-CTD binds the UP-element and interacts with the co-
activator Fis. The small molecule ppGpp binds directly to RNAP and
modulates the stability of the open promoter complex, which affects RNAP
activity at these promoters. In B. subtilis, the a-CTD also interacts with
promoter UP-elements, but not with a co-activator. ppGpp does not affect
RNAP activity directly, but likely decreases the concentration of the
initiating nucleotide at rrn promoters, GTP, and thereby decreases RNAP

activity. Adapted from: (Krasny and Gourse, 2004).

26



activity (Gaal et al., 1989). Subsequent work showed that this effect was mediated by an
A/T-rich DNA sequence upstream of the -35 element, termed the UP-element (Fig 1.5)
(Estrem et al., 1998). The RNAP core a-subunit consists of two domains. While a dimer
of the N-terminal domains is assembled in the core RNAP enzyme, the C-terminal
domains (CTD) are linked to RNAP only by flexible linkers. The a-CTD can interact
directly with DNA and is responsible for recognizing the upstream A/T rich DNA
sequence (Fig 1.5) (Blatter et al., 1994; Estrem et al., 1999; Gaal et al., 1996; Ross et al.,
1993). The o-CTD/UP-element interaction is required for robust transcription from
rRNA promoters in both Eco and Bsub (Gaal et al., 1989; Krasny and Gourse, 2004;
Newlands et al., 1991) although the requirement in Eco is more pronounced (Fig 1.10).
A recent study solved the X-ray crystal structure of 64 and the a-CTD, which also interact
with one another, bound to a -35 and UP-element containing DNA fragment (Fig 1.5¢).
UP-element activation provides an explanation for the extraordinary strength of the rrn

promoters in vivo and is also a potential site of regulation for rRNA transcription.

In vitro studies of Sau RNAP

Because of its medical relevance, Sau has been extensively studied. Many
strains, including MRSA strains, have been fully sequenced (Baba et al., 2008; Holden et
al., 2004; Iandolo et al., 2002; Nair et al., 2011; Ohta et al., 2004) and genetic approaches
have been used in an attempt to understand the regulatory steps in the switch between
non-pathogenic and pathogenic growth (Felden et al., 2011; Tuchscherr et al., 2011).
Relatively fewer studies have attempted to use a purified, in vitro transcription system to

study gene expression in Sau (Deora and Misra, 1996; Rao et al., 1995; Reynolds and
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Wigneshweraraj, 2011). Most of the in vitro biochemistry has also focused on RNAP
activity at pathogenicity promoters characterized by weak -10/-35 elements, suboptimal
spacer length and binding sites for additional regulatory proteins (Rao et al., 1995;
Reynolds and Wigneshweraraj, 2011). Mechanistic studies on RNAP activity at typical
-10/-35 promoters have yet to be published. Because the genome of Sau is A/T-rich
(Quail et al., 2012), promoter DNA may have different topology than in other organisms.
The Sau RNAP is not active at all Eco promoters tested, but no sequence specificity was
identified to explain the discrepancy in RNAP activity between these organisms (Rao et
al., 1995). Furthermore, it is unclear how small molecules, such as ppGpp affect RNAP
activity in Sau, and whether Sau RNAP is susceptible to inhibition by small molecules

that bind to RNAP from other organisms.

PhERI binds directly to Sau RNAP

ORF67 (PhERI) was initially identified as a growth inhibitor in Sau cells. Further
research attempted to identify the Sau binding partner of PhERI (Dehbi et al., 2008).
PhERI was immobilized on a column and Sau cell lysates were allowed to bind. Only
Sau RNAP was found to bind specifically to immobilized PhERI. To identify the RNAP
subunit and domains to which PhERI binds, a yeast 2-hybrid approach was used. PhERI
binds to Sau’s group 1 o factor, 6, and the interaction was localized to o”4 (Fig 1.11a).
By FRET, PhERI was found to disrupt the interaction between RNAP and promoter
DNA. PhERI, and not a control ORF, was shown to inhibit purified Sau RNAP and Eco
RNAP complexed with Sau 6™ in vitro on a -10/-35 promoter, AP (Fig 1.11b) (Dehbi et

al., 2008). These results suggested that PAERI may be acting as a general anti-c factor.
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Anti-c factors bind to ¢ and modulate its activity

Because gene expression in prokaryotes is determined primarily at the step of
transcription initiation (Young et al., 2002), the activity of ¢ factors is tightly regulated
and can rapidly switch in response to diverse cellular stimuli (Kang et al., 1999; Raivio
and Silhavy, 2001). Anti-c factors are proteins of bacterial or phage origin that bind to ¢
and modulate its activity (Brown and Hughes, 1995; Helmann, 1999; Pene and Uzan,
2000). Anti-c factors can be further regulated by anti-anti-c factors and proteolysis, and
these various signals play an important role in diverse cellular processes including
sporulation, the biosynthesis of flagella, and switching to alternative ¢ factors (Campbell
et al., 2008).

The T4 phage protein AsiA is the most well-understood phage encoded anti-c
factor (Orsini et al., 1993). AsiA is expressed early in T4 infection and is responsible for
inhibiting Eco RNAP activity at Eco (Severinova et al., 1998), but not early phage,
promoters (Orsini et al., 2004). AsiA binds to 6’% and blocks the recognition of the -35
element (Lambert et al., 2004). The structure of AsiA bound to 6'’; was solved by NMR
and revealed that AsiA reorganizes the structure of 6’4 such that the highly conserved
HTH required for -35 recognition is converted into an extended helix, incapable of DNA
binding (Fig 1.12a) (Lambert et al., 2004). Early phage promoters are able to
compensate for the inability of 6’4 to recognize the -35 element through the presence of
a strong UP-element or an extended -10 element (Orsini et al., 2004). AsiA forms a
protein-protein interaction with a second phage protein, MotA, which can then recruit the

RNAP/AsiA/MotA complex to phage promoters (Ouhammouch et al., 1995). AsiA is
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Figure 1.12: Structure of anti-o factors reveals their mechanism. a) The

conserved structure of 0, with helix-turn-helix (HTH) responsible for DNA
recognition colored in red (left panel). Interaction with AsiA (blue)
reorganizes the structure of o, (orange) so that the HTH (red) becomes an
extended helix incapable of interacting with promoter DNA. b) RSD blocks
the DNA and RNAP binding surfaces of 0,. Co-crystal structure of RSD
(blue) and o, (orange) with the HTH responsible for DNA-recognition
colored red (left panel) The interaction with Rsd sterically blocks the DNA
binding site of o, (central panel) and the P-flap tip helix (green, left panel)

required for proper interaction between o and core RNAP.
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therefore both an inhibitor of RNAP activity and, through its interaction with MotA, a co-
activator of phage gene expression.

o switching in Eco and sporuation in Bacillus subtillis are controlled by the
activity of bacterially encoded anti-c factors. The Eco protein RSD binds to ¢’° through
an interaction with region 4 and is responsible for sequestering ¢’°, which has the highest
affinity of cellular ¢ factors for RNAP (Maeda et al., 2000), to induce alternative
transcriptional profiles (Jishage and Ishihama, 1999). RSD was crystallized in complex
with 0704. While the conformation of ¢ is maintained in the presence of RSD, RSD
blocks both the DNA binding and the core binding surfaces of o'’ (Fig. 1.12b)
(Patikoglou et al., 2007). Bacterial and phage anti-c factors have evolved various
mechanisms to disrupt ¢ function and thereby alter RNAP activity. Structural studies
have been central to our understanding of the detailed molecular mechanisms through
which these anti-c factors bind to and modulate RNAP activity.

The first section of this work will detail my attempts to understand the molecular
mechanism of PhERI. Using X-ray crystallography, I solved the structure of PhERI
bound to Sau 6A4. The structure described the interaction between the two proteins in
atomic detail, yet cannot alone explain the inhibitory function of this protein on RNAP
activity. Subsequent biochemical, genetic and bioinformatic work shows that PhERI
specifically targets transcription from rRNA promoters by blocking UP-element
activation by the RNAP a-CTD (PhERI: Phage Encoded rRNA Inhibitor). PhERI is the
first example of a transcription factor that binds to ¢ but that modulates RNAP activity

through an interaction with another region or RNAP.
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Chapter 2:
Structural Studies of the

PhERI / ¢*, Complex

PhERI was identified as an inhibitor of cell growth in Sau (Liu et al., 2004). It
was subsequently shown to bind directly to Sau RNAP through an interaction with ¢4
and inhibit transcription in vitro (Dehbi et al., 2008). These results suggest that PhERI
may function as a general anti-c factor. Structural studies on this class of proteins have
been particularly useful in determining the details of their interactions with ¢ and their
mechanisms of action (Fig. 1.12) (Campbell et al., 2008). This chapter will describe my
structural studies of PhERI and its interaction with 6™4. I solved X-ray crystal structures
of PhERI bound to Sau o;. Unlike other anti-o factors, PhERI does not appear to
interact with the DNA or core binding determinants of 6”4. Additional biochemical and
genetic data that validate the crystal structures will be presented. The bacterial 2-hybrid
work identifying a ¢”4 mutant that is deficient in PhERI binding was performed by
Cristina Montero-Diaz, a graduate student in the lab of Ann Hocschild’s lab at Harvard

Medical School.

3.0 A Structure of the PhERI / 6™, complex

PhERI is a 25kDa protein with no sequence homology to any protein of known
function (Fig 2.1a). Previous work had determined that PhERI does not interact with Eco

6’® (Dehbi et al., 2008); therefore PhERI is not toxic when expressed in Eco cells, as is
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Figure 2.1 (adjacent page): Primary sequence of PhERI and Sau o#. a)
Primary sequence and predicted secondary structure of PhERI. Secondary
structure prediction was performed with PSIPRED. Predicted [-sheets are
indicated with a yellow arrow and o-helices with a pink cylinder. b)
Primary structure and alignment of the group 1 sigma factor from Sau, Eco
and Taq. Regions 2, 3 and 4, responsible for DNA recognition, are shown.
Secondary structure in region 4 is indicated as white boxes. Red indicates

highly conserved residues.
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often the case with anti-o factors. o" has been studied structurally in many contexts
(Campbell et al., 2002; Murakami et al., 2002a; Murakami et al., 2002b; Patikoglou et al.,
2007), but Sau domain 4 has not been crystallized. I used alignments with the Eco and
Thermus aquaticus (Taq) group 1 o factors (Fig 2.1a) to identify the Sau ¢”;. I cloned
PhERI into a co-expression cassette, as previously described (Campbell and Darst, 2000),
with Sau 6*; (Fig 2.2a). For protein purification, "4 was cloned with a precision protease
cleavable N-terminal 6(his) tag. Initially, I tested the solubility of PhERI alone, o™,
alone, and the two proteins together. While PhERI alone was largely insoluble (Fig 2.2b,
lane 8), it was solublized when expressed with 6”4 (Fig 2.2b, lane 11). This is indicative
of a stable biochemical interaction between the two proteins.

The PhERI / 6”4 complex was purified (Fig 2.2¢) and screened for crystallization
conditions. Large crystals formed under several conditions, and one condition (Fig 2.3a)
(JCSG+ condition 59: 0.16 M Ca acetate, 0.08 M Na cacodylate pH 6.5, 14.4% PEG
8000, 20% Glycerol) produced crystals that diffracted to near 3.0 A (Fig 2.3b). Although
the conserved structure of 0A4 has been solved and could have been used as a molecular
replacement search model, anti-c factors have been shown to alter the conformation of c.
Furthermore, 64 is small, at ~10kD, and therefore may not have been sufficient to phase
the structure of the complex. We purified seleno-methionine substituted protein complex
to determine initial phase information experimentally.

Native PhERI /0A4 crystals diffracted to 3.0A and selenomethionine substituted
protein crystals diffracted to 3.4A with sufficient anomalous signal to locate the selenium
sites and determine initial electron density maps after density modification (Fig 2.3c).

Selenium sites were found with Shake-and-bake and the initial phases were determined
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Figure 2.2: Cloning, expression and purification of the PhERI/0#, complex.
a) Co-expression cassette for PhnERI/ 04, expression in Eco cells. PhERI
and 0%, are cloned as a single operon, both genes contain a ribosome
binding site (RBS). 0#, is cloned with a 6(his) tag and cleavable precision
protease (ppx) site for subsequent purification steps. b) Expression of
PhERI/ 04, complex in Eco cells. Lanes 1, 5 and 9: Preinduction. Lanes 2,
6 and 10: Post induction. Lanes 3, 7 and 11: Soluble protein. Lanes 4, 8
and 12: Insoluble protein. c) Purified PhERI/sigAd4 complex. 4-12% SDS-
PAGE gel of PhERI/sigAd4 complex after purification on the sephadex 75

column.
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Figure 2.3: Crystallization, data collections and experimental electron
density maps of the JCSG59 PhERI/ 0, crystals. a) PhERI/ 04, crystals.

b) Diffraction pattern. Data were collected at X3A at NSLS at the
Brookhaven National Laboratory. Native crystals diffracted to 3.0A.
¢) Experimental electron density map showing the C-terminal helix of

PhERI. Electron density is shown in blue and is contoured to a sigma of 1.
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with SHARP. The crystallographic asymmetric unit contained two PhERI / o%

complexes were in the asymmetric unit. Initial models were built and refined against the
native dataset.

6”4 was not conformationally altered in either crystallographically independent
complex PhERI (Fig 2.4). PhERI appeared as a largely helical protein with strong
electron density for its C-terminal domain (Fig 2.4). However, the N-terminal region of
PhERI was not well defined in the electron density. I could build some backbone in this
region, and it appears that the secondary structure is largely characterized by B-sheets, as
predicted (Fig 2.1a), but the density was not strong enough to build side chains or
determine the sequence register. PhERI clearly does not reorganize the conformation of
0A4, but the details of the interaction between the two proteins remained unclear due to
the relatively low resolution and the poor quality of the electron density map in PhERI’s

N-terminal region.

2.0 A Structure of PhERI /6, complex

A second crystal condition, ProteinComplex 38 (12% 1-propanol, 0.1M MES, pH
6.5, 10% PEG 5000 MME) produced crystals (Fig 2.5a) that diffracted to significantly
higher resolution. To determine initial phases, I also crystallized seleno-methionine
substituted protein complex. I collected native data on this crystal form to 2.0A (Fig.
2.5b) and seleno-methionine substituted data to 2.2A. Phases were solved with SHARP
and density modification was performed using Solomon. A model was build into the
electron density (Fig 2.5¢) and refined against the native dataset. This crystal form had

only one PhERI / 6™ complex in the asymmetric unit.
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Figure 2.4: Initial model of the PhERI / 04, co-crystal structure. There are
two PhERI / 04, complexes in the asymmetric unit. PhERI is shown in blue
and 0#, in orange. The PhERI C-terminal domain, which is largely helical,
is well defined in the density. The N-terminal domain, which is predicted to
be B-sheet, is poorly defined in the density. 0*, is not structurally rearranged

though its interaction with PhERI.
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Figure 2.5: ProteinComplex 38 PhERI / 0%, crystals. a) PhERI / 0%,
crystals. b) Diffraction of the PC38 PhERI/ o4, crystals. Data were
collected at the Advanced Photon Source. Crystals diffract to 2.0A. ¢)
Experimental electron density maps showing the final PhAERI / 04, model in

yellow. Maps are countered to 1.0 sigma.
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In this crystal form, I could build and refine both the N-terminal and the C-
terminal domain of PhERI (Fig. 2.6a). Using the model from the PC38 structure, I was
able to determine the sequence register and subsequently build much of the N-terminal
domain in one protein complex in the JCSG59 structure (Fig 2.7). The second complex
in the asymmetric unit of the JCSGS59 structure has clear density for the N-terminal
domain, however I was unable to build any side chains, even with the sequence register
provided by the high-resolution model (Fig. 2.6a).

A comparison of the 3 crystallographically distinct PhERI / 6*4 complexes, two
from the JCSG+59 crystal form and one from PC38 crystal form, shows that the PhERI /
o"4 complex is highly similar (Fig. 2.8). Regions that differ between the 3 structures are
also regions with elevated B-factors in the 2.0A structure, indicating conformational

flexibility within the crystal (Fig 2.8).

Overall PhERI /6", structure

As noted above, PhERI does not alter the conformation of 6™4 (Fig. 2.6b, rmsd of
1.02 between Sau 6A4 and the 1.8A structure of Tth 0A4). PhERI does not share any
structural homology to any previously solved crystal structures and does not contain a
previously described fold.

PhERI forms an extensive molecular interface with 6”4 (Figure 2.6a) through both
its N-terminal beta-sheet rich domain (purple, 1031.8A% of buried surface area) and its C-
terminal helical domain (blue, 1757.3A of buried surface area), burying a total of
2789.1A%. The two proteins form extensive hydrogen bonds and salt bridges (Fig 2.9a)

and hydrophobic interactions (Fig. 2.9b).
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Figure 2.6: 2.0A Structure of PhERI / 04, complex. a)The PhERI / 04,
complex. 04, is shown in orange, the PAERI-NTD in purple and the PhERI-
CTD in blue. b) 0#, is not reorganized through its interaction with PhERI.
Structure of Sau 04, from the PhERI / 0#, complex (orange) aligned to the

high-resolution (1 .SA) structure of Taq 0, (orange).
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Figure 2.7 (adjacent page): 3.0 A structure of PhERI / 0*,. a) Placement of
the poorly defined PhERI-NTD in the 3.0 A electron density map using the
2.0A model. 2Fo-Fc map contoured to 1.0 sigma after initial refinement
with 04, and the PhERI CTD. Clear density for the 3-sheets is seen, but side
chains are not visible. b) Final 3.0A structure of PhERI/ o*, showing 2
complexes in the asymmetric unit. PhERI is shown in blue (CTD) and

purple (NTD) and 04, is shown in orange.
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Table 2.1. Crystallographic statistics for PhERI/c™; co-complex crystals (JCSG59).

Native Sel

Data collection
Space group C2 C2
Cell dimensions

a, b, c(A) 219.13, 57.03, 56.95 219.63, 56.83, 57.35

a, B,y (°) 90, 104.79, 90 90, 104.49, 90

Peak

Wavelength 1.03839 0.9790
Resolution (A) 40-3.0 20-3.4
Roym OF Rinerge 0.056 (.62) 0.124 (0.61)
1/ 0ol 36 (2.6) 2.1
Completeness (%) 100 (98.9) 99.8 (99.3)
Redundancy 6.1(6.2) 2.72.7)
Refinement
Resolution (A) 37-3.0
No. reflections 13812
Ryork / Riee 0.2765/0.3317
No. atoms

Protein 3332

Ligand/ion 0

Water 0
B-factors

Protein 40.79

Water
R.m.s deviations

Bond lengths (A) 0.004

Bond angles (°)  0.824

*Values in parentheses are for highest-resolution shell.
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Figure 2.8: Comparison of the 3 PhERI/ o*, structures. a) The 2.0A
structure (blue) and 3.0A structures (Yellow and red) are aligned. The three
independent structures are highly similar (RMSD=). b) 2.0A structure of
PhERI/0#, colored by crystallographic B-factor. Regions that are flexible in
the 2.0A structure, as indicated by relatively elevated B-factor (red) show

flexibility between the 3 crystal forms, as shown in a.
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Table 2.2. Crystallographic statistics for PhAERI/c™; co-complex crystals (PC38).

Native Sel

Data collection
Space group P2,2,2, P2,2,2;
Cell dimensions

a, b, c(A) 38.38, 64.72, 108.72 38.35, 64.87, 109.74

a, B,y (°) 90, 90, 90 90, 90, 90

Peak

Wavelength 0.97949 0.97918
Resolution (A) 30-2.0 30.0-2.20
Roym OF Rinerge 0.047 (0.879) 0.057 (0.734)
1/ 0ol 43 (2.75) 22 (2.6)
Completeness (%) 98.3 (98.3) 98 (97.6)
Redundancy 5.5(5.2) 3.1 (3.1
Refinement
Resolution (A) 26.5-1.996
No. reflections 18679
Ryork / Riee 0.2192/0.2506
No. atoms

Protein 2085

Ligand/ion 0

Water 56
B-factors

Protein 40.79

Water
R.m.s deviations

Bond lengths (A) 0.004

Bond angles (°)  0.775

*Values in parentheses are for highest-resolution shell.
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The structure of 6”4 has been determined in many contexts, including bound to
DNA (Campbell et al., 2002), RNAP (Murakami et al., 2002b; Vassylyev et al., 2002),
RNAP and DNA (Murakami et al., 2002b), and anti-c factors (Lambert et al., 2004;
Westblade et al., 2004). Although PhERI interacts with a large portion of 64, the highly
conserved helix-turn-helix (HTH) DNA-binding motif required for recognition of the -35
element (Campbell et al., 2002), and the region responsible for binding the RNAP B-flap
(Figure 4c) (Murakami et al., 2002b) are exposed in the presence of PhERI, and PhERI
does not appear that it would sterically clash with either of these 6”4 ligands (see Figure

2.10).

Model of PhERI bound to the RNAP holoenzyme

To understand how PhERI may function in the context of the RNAP holoenzyme,
I docked PhERI onto models of the RNAP-holoenzyme open promoter complex (RPo) by
superimposing the structural core of 64 (Fig. 2.10a) (Jain et al., 2005; Murakami et al.,
2002b). PhERI binds to an external surface of holoenzyme and appears poised to interact
with promoter DNA both upstream and downstream of the -35 element, flanking the o™,
HTH-recognition helix positioned in the major groove of the -35 element (Fig. 2.10).
PhERI has a stretch of positively charged residues in its N-terminal region, which are in
close proximity to DNA between the -35 to -40 positions (Fig 2.10c). PhERI also does
not block the protein-protein interaction between o”4 and the RNAP o-CTD. PhERI is
however in close proximity to promoter DNA in the region upstream of the -35 element,

near the promoter binding site of the a-CTD (Fig 2.10).
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Figure 2.9: Interaction map between PhERI and 0#,. a) Hydrogen bond and
ionic interaction map. Residues are listed and interactions are shown by
lines connecting two residues. Hydrogen bonds are shown in green,
hydrogen bonds that are mediated by a water molecule are shown in blue
and ionic interactions are shown in red. Interactions with the protein
backbone are signified by a line touching the residue number while
interactions mediated by the protein side chain are shown by lines starting
next to the residue number. Residues that differ between Sau and Eco are
highlighted with an asterisk. Residues found to be binding determinants by
the subsequent 2-hybrid analysis are shown with a red asterisk. b)
Hydrophobic interaction map. Residues are listed as in part a and lines
between residues denote Van der Waals interactions between the two

proteins.
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Figure 2.10: Model of PhERI bound to the RNAP open promoter complex

(Rpo). a) PhERI was modeled onto the RNAP (Rpo) complex by aligning
the conserved structure of oA, from the 2.0A PhERI co-complex and 04,
from the Rpo model. RNAP is shown in green, promoter DNA in orange
(with the -35 element colored red), PhERI is colored blue/purple as in
Figure 2.6. b) Zoomed view of the PhERI /RNAP interaction(s). PhERI
interacts with an external surface of Rpo. The RNAP a-CTD is shown
(yellow) interacting with an UP-element. ¢) PhERI does not appear to block
the DNA or core binding surfaces of 0*,. PhERI is shown as a surface
representation colored as above. The -35 element is colored red, and bases
upstream of the -35 are labeled. The B-flap is shown in pink to highlight the
[-flap / 04, interaction. Positively charged residues in PhERI well poised to

interact with promoter DNA are highlighted in red.
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Identification of a ¢* mutant that does not bind PhERI

To validate the structure, and provide a useful biochemical tool to study PhERI’s
function, Cristina Montero-Diaz in Ann Hochschild’s lab performed a screen for a GA4
mutant that would abolish the interaction with PhERI. PhERI does not bind to Eco 0704,
while it does bind to Sau ¢”;. These domains are highly conserved between the two
organisms (Fig 2.11a) and therefore we could construct hybrid 64 domains and test their
interaction with PhERI by bacterial two-hybrid. Briefly, one of the proteins of interest is
fused to the DNA-binding protein Acl and the other replaces the a-CTD of RNAP. In the
presence of a suitably strong protein-protein interaction, the Acl/RNAP complex will
drive the transcription of a test promoter.

Two-hybrid experiments mapped the PhERI /c*; interaction to between Sau
residues 309 and 335 (Fig 2.11). The interaction was further probed by swapping
individual residues from the Sau to the Eco sequence. Four point mutations (D309A,
E312A, N313K, V335Q) were required in combination to completely disrupt the PhERI /
o4 interaction (Fig 2.11b and c). Mutations at these residues are not predicted to alter
the interaction between ¢ and RNAP or 6 and DNA.

The o residues identified in the 2-hybrid analysis sit at the interface between o
and PhERI in the co-crystal structure. Sau o E312 and N313 form both hydrogen
bonding and ionic interactions with two positively charged residues in PhERI (K2 and
K195). The mutations E312A and N313K would not only disrupt these interactions but it
would also introduce another positively charged residue in close proximity to the
positively charged patch of PhERI (Fig 2.12a). V335 sits in a hydrophobic pocket in

PhERI; the introduction of the polar glutamine residue at this location is likely
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Figure 2.11 (adjacent page): Identification of a Sau 04 mutant deficient in
PhERI binding. a) Alignment of Eco 67°, which cannot bind PhERI and Sau
o”, which can. b) Bacterial 2-hybrid analysis to identify the Sau residues
that confer PhERI binding specificity. PhERI was fused to lambda cl and
o*, replaced the RNAP a-CTD. Binding of the 2 proteins was monitored
by the expression of a test gene, LacZ. The analysis of hybrid 1 (containing
Sau residues 309-335) and hybrid 2 (lacking these residues) identified the
region of 0# interacting with PhERI. The mutation of 4 individual residues
(Sau 0%, quadruple: D301A, E312A, N313K, V335Q) eliminated the
interaction between SigAd4 and PhERI in the 2-hybrid experiment.

Adapted from Diaz and Hochschild (personal communication).
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unfavorable (Fig. 2.12b) . The mutations selected in the screen for their importance to the
PhERI / 6*; interaction are in agreement with the structural information provided by the

X-ray crystal structures.

Biochemical analysis of ¢* mutant

To show that the 6" mutant identified in the bacterial 2-hybrid screen is deficient
in PhERI binding but not RNAP binding, I performed a native gel shift analysis. PhERI,
Sau RNAP, ¢*, and the ¢* quadruple mutant (4M, D309A, E312A, N313K, V335Q)
were purified. On a native gel there is clear evidence for an interaction between PhERI
and Sau holoenzyme, as previously described (Fig 2.12¢ lanes 2 and 3). While the ¢
mutant clearly interacts with RNAP core to form holoenzyme (Fig. 2.12c¢ lane 4), no shift
is evident upon the addition of PhERI (Fig. 2.12c lane 5). Additionally, the interaction
between o™ and PhERI is clearly visualized on the same gel (Fig. 2.12¢ lanes 2 and 3),
but is absent when the 6* 4M is used. Because the interaction surface between the two
proteins is essentially the same in 3 independent structures and is validated by an in vivo
bacterial 2-hybrid mutational analysis and in vitro gel shift assay, I am confident that I

have identified the functionally relevant binding determinants of PhERI for the RNAP

holoenzyme.
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Figure 2.12: Structural analysis of the 04, quadruple mutant. a) The co-
crystal structure of PhERI (purple: NTD, blue: CTD) interacting with 0%,.
Mutations at 0* position 312 and 313 would disrupt the interaction between
E312 and PhERI K2 and K195 and add a positively charged residue likely
to be repelled. b) 0* V335 is situated in a hydrophobic pocket in PhERI,
where the polar Q would be unfavorable. c) PhERI does not interact with
the 02 mutant in vitro. Purified Sau core, 0*, 04 quadruple mutant (M) and
PhERI were incubated on ice at the indicated concentrations and run on a

4-12% native PAGE PhAST gel.
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PhERI structural homology

BLAST searches for proteins with sequence homology to PhERI provided several
homologous proteins from sequenced phage genomes. One homolog, was encoded in the
Sau phage Twort; four others were found in phages that infect other fermicutes but not
Sau. The relatively high levels of conservation between PhERI homologs argue that the
proteins are functionally conserved (Fig 2.13).

The program Consurf can be used to map the conservation of residues onto
protein structures. This analysis shows clearly that nearly all of the universally conserved
residues in all the PhERI homologs are in the hydrophobic core of the protein, indicating
that the overall fold of the homologs is similar. The most highly conserved region of
PhERI maps to the interaction surface with o”4 (Fig 2.14), while the rest of PhERI’s
surface shows relatively low levels of sequence conservation. Because the region
responsible for the direct interaction with 6”4 is highly conserved, these homologous
proteins are likely to be functionally related as well as structurally related.

A PhERI homolog was identified in an additional Sau specific phage, Twort. To
test whether Twort ORF65 bound to Sau ¢” I cloned and purified the protein. Twort
ORF65 also forms an interaction, as visualized on a native gel, with Sau o* (Fig. 2.14c).
Interestingly, using the mutant ¢”* that was identified as deficient in PhERI binding also
eliminated the interaction with Twort ORF65 (Fig 2.14¢). This shows that not only does
Twort ORF65 also bind to o” but that it likely interacts by the same molecular
determinants as the G1 protein PhERI. The two proteins are also sufficiently conserved

to produce a structural model of ORF65 based on the structure of PhERI. These data
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Figure 2.13: Alignment of PhERI homologs. The program ConSurf was
used to produce a structure-based alignment. Residues are colored by
conservation (blue = non-conserved ; red = highly conserved, see the color
code in the inset). The PhERI homologs are labeled by the phage genome
in which they were identified:

ORF67: Sau phage G1 PhERI

ORF65: Sau phage Twort PhERI

Lac142: Lactobacillus phage Lb338 PhERI

EF24: Enterococcus phage phiEF24C PhERI

AS511: Listeria phage A511 PhERI
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Figure 2.14: Structural conversation of PhERI. a) The structure of PhERI
from the 2.0A co-crystal structure with 0%, is shown as a surface map
colored by conservation. The structural conservation map was made by the
program ConSurf. Highly conserved residues are shown in blue and poorly
conserved residues in red. b) Highly conserved PhERI residues map to the
binding site of 0*,. 04, is shown in orange as a cartoon model. Residues
that are highly conserved (blue) cluster around the 0, binding site. c¢) The
PhERI homolog from the Sau phage Twort interacts with 64, but not the o
mutant deficient in PhERI binding. Purified proteins were incubated at the

indicated concentrations and run on a 4-12% native PhAST gel.
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strongly suggest that the two proteins are not only structural but also functional

homologs.

PhERI is conformationally stabilized through its interaction with 0A4

I solved the structure of PhERI complexed with Sau GA4. To test whether PhERI
undergoes any conformational changes upon binding o, I attempted to crystallize PhERI
alone. PhERI was purified and extensively screened for crystallization conditions.
However, I found no evidence for PhERI crystallization under any conditions.

Proteins with conformational flexibility are difficult to study by X-ray
crystallography because they are less likely to form the normally repeating units required
for crystal packing. We used limited proteolysis as a tool to examine the conformational
stability of PhERI alone and with its binding partner. Stably folded proteins are more
resistant to digestion by proteases as many of their cleavage sites are buried within the
core of the protein. PhERI alone is readily degraded by trypsin, indicative of a poorly
folded protein (Fig 2.15a). However, when incubated with ¢* or ¢4, PhERI becomes
significantly more resistant to degradation (compare Fig 2.15a lane 4 and 2.15b lane 10).
Because we solved the crystal structure of PhERI bound to 0A4 we know that a stable and
well-folded complex is formed between the two proteins. However, it appears that
PhERI may be largely unstructured or exhibit high levels of conformational flexibility

when not bound to c.
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Figure 2.15 (adjacent page): PhERI is structurally stabilized by its
interaction with 0#,. Limited proteolysis of PhERI alone (a) and PhERI in
complex with 04, (b). The complex was formed on ice in 1x proteolysis
buffer at SuM and incubated at 30°C with protein:protease concentrations of
1:0, 1000:1, 100:1, 50:1, 10:1, 5:1. After 20 minutes, reactions were
stopped by the addition of ImM PMSF and run on a 4-12% SDS-PAGE gel.
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Conclusions

Structural techniques have been incredibly insightful in determining the molecular
mechanisms of anti-c factors (Fig 1.12). The group 1 o factors are well studied both
structurally and biochemically (Figs 1.3, 1.4, 1.7 and 1.12). The residues that interact
with DNA and RNAP are known (Fig 1.4), and anti-c factors typically block or disrupt
these required o functions.

The co-crystal structures I solved of PhERI bound to ¢4 provide the molecular
details of the interaction between the two proteins (Figs 2.6 and 2.9). The three structures
are similar (Fig 2.8), and are in agreement with 2-hybrid and biochemical data on the
interaction between the two proteins (Fig 2.11 and 2.12). 1 believe the structural analysis
of PhERI binding to 64 accurately describes the nature of the protein-protein interaction.

However, the mechanism through which PhERI inhibits Sau RNAP is not
immediately apparent from the co-crystal structure. PhERI does not alter the
conformation of 64 nor does it appear to sterically block the residues required for DNA
recognition or core RNAP binding (Fig 2.6 and 2.10). Previous work, suggesting that
PhERI disrupts -35 element recognition by RNAP (Dehbi et al., 2008), is not supported
by our structural data.

PhERI also does not appear to have any structural homology to previously studied
anti-o factors or any previously described protein fold. Because PhERI joins RNAP
through an interaction with o”4, and mutants in this region ablate PhERI binding to
RNAP, PhERI is located well upstream of the transcription bubble, and more than 60A
from the RNAP active center. 6”4 recognition of the -35 element occurs at an early stage

in transcription initiation, when promoter DNA is fully double stranded. PhERI, because
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it interacts with o4 was logically hypothesized to affect transcription by blocking o™,
activity. Our structural data do not preclude PhERI acting by blocking DNA binding, or
indeed being in a different conformation in the context of the full holoenzyme or open
promoter complex than it is when bound to ¢*; alone as visualized in the structure.
However, the structure does not support the previous hypothesis that PhERI blocks the -
35 element DNA recognition (Dehbi et al., 2008). Biochemical and transcriptome data
that I will present in chapters 3-5 conclusively show that PhERI indeed does not block
-35 element recognition by RNAP holoenzyme.

The structural analysis described in this chapter provided valuable information
detailing the interaction of PhERI with Sau RNAP. However, in this case, the molecular
details of the interaction between PhERI and RNAP is not sufficient to propose a
mechanism of inhibition for this protein factor. Subsequent chapters will describe the
biochemical, genetic and genomic tools we used to characterize the activity of PhERI at

Sau promoters.
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Chapter 3:

PhERI Inhibits rRNA Transcription in vitro

The crystal structure of the PhERI / Sau 6”4 complex, described in the previous
chapter, provides a structural model for the interaction between PhERI and Sau RNAP.
However, unlike previously studied anti-c factors, PhERI does not appear to block the
functional surfaces of o”4 (Figs 2.6 and 2.10). The previous hypothesis that PhERI
inhibited -35 element recognition (Dehbi et al., 2008) is not supported by the co-crystal
structure, but no alternative hypotheses are immediate apparent from the structural data
alone.

RNAP activity has been studied using biochemical and genetic tools in model
organisms for decades (Craig et al., 1998; deHaseth et al., 1998; Hinkle and Chamberlin,
1972a, b; Severinov and Darst, 1997; Siegele et al., 1988). Eco RNAP has been
extensively studied at various host and phage promoters (Kumar et al., 1993; Lemke et
al., 2011; Nechaev and Severinov, 1999; Pemberton et al., 2000; Saecker et al., 2002).
The genetic tools available in Eco have made mutant polymerases readily available;
many of these mutants are characterized for their ability to perform the various kinetic
steps in the transcription cycle (Artsimovitch et al., 2003; Bartlett et al., 1998; Gardella et
al., 1989; Severinov and Darst, 1997; Sun et al., 2004). The ability to use Eco RNAP to
study PhERI function would allow us to rapidly test which kinetic steps (i.e. -35
recognition, open promoter complex stability, UP-element binding, closed to open

complex isomerization) and which promoters (-35 element dependent versus -35 element
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independent) are affected by this phage protein. The initial biochemical studies on PhERI
used a hybrid RNAP holoenzyme comprising Eco core RNAP and Sau ¢ (Dehbi et al.,
2008).

Transcription in Sau has not been extensively studied in vitro (Deora and Misra,
1996; Rao et al., 1995; Reynolds and Wigneshweraraj, 2011). While the Sau RNAP and
6" have been identified and purified (Deora and Misra, 1996), few promoters have been
tested and none have been studied in detail at various kinetic steps by footprinting. The
most well studied promoters are involved in the switch from non-pathogenic to
pathogenic growth, are characterized by weak -10/-35 elements, have non-optimal spacer
length, and are known to be controlled by additional transcriptional activators and
repressors (Agr P1 and P2, Fig 3.1a) (Deora and Misra, 1996; Rao et al., 1995; Reynolds
and Wigneshweraraj, 2011).

In this chapter, I show that PhERI does not bind to or inhibit the previously
studied Eco/Sau hybrid RNA holoenzyme. To study the mechanism of PhERI, I
developed a fully native Sau in vitro transcription system and identified -10/-35
promoters in the Sau genome. I show that PhERI inhibits RNAP activity in a promoter-
specific manner: PhERI is a potent inhibitor of transcription from the Sau rRNA
promoters (rrnA and rrnB), but not all -10/-35 promoters in vitro, which is incompatible
with a mechanism wherein PhERI blocks -35 recognition. Because the primary
functional regions of 6”4 are not sterically blocked in the crystal structure of the PhERI /
o™4 complex and not all -10/-35 promoters are inhibited in vitro, PhAERI must modulate a
step other than -35 recognition or alter the interaction of RNAP with promoter DNA

without directly affecting the activity of the o factor. rRNA transcription is known to
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affect the rate of cell division in prokaryotes; we hypothesize that PhERI inhibits Sau

growth directly through inhibiting RNAP activity at the rrn promoters.

PhERI does not inhibit the hybrid Eco/Sau RNAP holoenzyme

I initially attempted to replicate the results of Dehbi er al. (2008) by testing
PhERI’s activity using Sau 6" / Eco core RNAP on the well characterized -10/-35 Apy
promoter. Previous results showed that PhERI, but not a control phage protein, inhibits
the hybrid RNAP at this promoter (Dehbi et al., 2008). In contrast, I show that PhERI,
even at 100-fold molar excess, does not inhibit the hybrid RNAP holoenzyme at this
same promoter (Fig 3.1b). Dehbi et al. only tested one PhERI concentration (2uM, with
RNAP at 25nM), and showed only one time point after the initiation of transcription.
Additionally, Dehbi et al. titrate Sau o™ (100-500nM) above Eco core RNAP levels
(25nM); while RNAP activity should saturate as 100% of core RNAP is bound by ¢*,
transcription levels do not (Dehbi et al., 2008).

Due to these inconsistent results, I decided to compare the ability of PhERI to
bind to Sau holoenzyme and the hybrid Eco/Sau holoenzyme by native gel shift (Fig
3.1c). While PhERI clearly shifts Sau holoenzyme (Fig 3.1c¢ lanes 2 and 3), I see no
evidence for a shift when the hybrid Eco / Sau enzyme is used (Fig 3.1c lane 6 and lane
4). Because I show that PhERI does not inhibit the hybrid Eco / Sau RNAP holoenzmye
(Fig 3.1b), or even appear to interact with the hybrid holo (Fig. 3.1c), and because the
biochemical results reported by Dehbi et al. were experimentally flawed, I decided to test

the function of PhERI in a native Sau in vitro transcription system.
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Figure 3.1 (adjacent page): PhERI does not inhibit the Sau 04/Eco core
hybrid holoenzyme on the ApL promoter. a) Sequence of the ApL promoter.
The -10 and -35 element are highlighted in red. b) PhERI does not inhibit
the hybrid Eco core/Sau 0 holoenzyme at the ApL promoter. PhERI, at
1uM or 5puM, was bound to Sau 0* (100nM) and Eco core RNAP (50nM).
Promoter DNA (50nM) was added and the reaction was incubated in 1x
transcription buffer at 37°C. Reactions were initiated with NTPs (200uM
GTP,CTP, and UTP, 50uM ATP and 0.1ul P32 ATP), stopped with 2x stop
buffer at the times indicated and visualized on a 12% Urea-PAGE gel by
autoradiography. c¢) PhERI forms a stable interaction with the Sau
holoenzyme (lane 2 and lane 3), but not with the Eco core/Sau o* hybrid
holoenzyme (lane 5 and lane 6). The proteins, at the indicated concentration,

were incubated on ice for 10 minutes and run on a 4-12% native Phast gel.
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A pL taaattatctctggc ggtg-taaataccactggc ggt-gagc acAtca

Agr P3 acgactagttaagaaaaa-aataaatgcttttagcatgt-ataactAg
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Sau RNAP has been purified for biochemical analysis by native protein
purification (Deora and Misra, 1996; Rao et al., 1995), overexpression of tagged subunits
(Dehbi et al., 2008) and affinity purification using RNAP antibiodies (Reynolds and
Wigneshweraraj, 2011). Using overexpressed subunits leads to an excess of the tagged
domain of RNAP, and non-stoichiometric RNAPs have been shown to produce erroneous
biochemical results (Vrentas et al., 2008). I therefore purifed native, untagged Sau
RNAP from NCTC8325 cells, essentially as described previously (Fig 3.2; see Materials
and Methods) (Deora and Misra, 1996).

I initially sought to replicate the in vivo result that PhERI inhibits RNAP activity
(Dehbi et al., 2008). To this end, I used Sau genomic DNA as a template for
transcription in vitro to test PhERI at all Sau promoters, similar to the experiment
showing inhibitory activity in vivo. Standard transcription assays were performed,
radiolabeling the RNA product with P*2, with genomic DNA (gDNA) as the template. To
show the wvalidity of this approach, I tested the inhibitory activity of the well-
characterized anti-c factor AsiA using Eco RNAP holoenzyme and Eco gDNA as the
template. As expected, AsiA was a potent inhibitor of RNAP activity in this assay (Fig
3.3a). Because Sau RNAP was active in only in low concentrations of NaCl, I tested
different buffer and salt conditions to optimize the transcription assay for Sau RNAP (Fig
3.3b). For subsequent experiments I used 0.1M NaCl, which was well tolerated by Sau
RNAP, and proteins were stored in 0.2M sodium glutamate to avoid adding additional
NacCl to the reactions with the protein buffers.

PhERI inhibits promoter-specific Sau RNAP-holoenzyme transcription from Sau

gDNA (Fig. 3.3c, red bars), but not Eco RNAP-holoenzyme (Fig. 3.3c, yellow bars) nor
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Figure 3.2: Purification of Sau core RNAP. a) Schematic of native,
untagged Sau RNAP purification. b) 4-12% SDS-PAGE gel of Sau RNAP

after the final purification step. Individual subunits are labeled.
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Figure 3.3 (adjacent page): PhERI inhibits transcription from Sau RNAP but
not Eco RNAP. a) The T4 anti-phage protein AsiA inhibits Eco RNAP
holoenzyme activity using Eco gDNA as a template. b) High
concentrations of NaCl inhibit Sau RNAP. c¢) PhERI inhibits transcription
from Sau genomic DNA. Reactions contained o (100nM), PhERI at the
indicated concentrations and core RNAP (50 nM), 50ng gDNA in 1x Sau
transcription buffer. Reactions were initiated with 200uM GTP,CTP, and
UTP, 50uM ATP and 0.1ul P32 ATP, stopped after 5 minutes, pipetted onto
DES81 paper, washed and quantified. Reactions were performed with Sau
holoenzyme (red bars), Eco RNAP core complexed with Sau o# (blue bars),
Eco holoenzyme (yellow bars) and Sau holoenzyme containing the o4

mutant resistant to PhERI binding (green bars).
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the hybrid holoenzyme formed by Eco RNAP/ Sau ¢” (Fig. 3.3c, blue bars), consistent
with our in vitro results (Fig. 3.1b). Inhibition of Sau RNAP-holoenzyme by PhERI was
dependent on the Sau ¢ / PhERI interaction, since RNAP containing the mutant Sau ¢
that abolished the PhERI interaction (but was normal in other respects, Fig. 2.11 and
2.12) was not inhibited (Fig. 3.3c, green bars). PhERI inhibition therefore requires a

native Sau in vitro transcription system.

PhERI does not inhibit Sau -10/-35 promoters

While it is reassuring that PhERI has the same effect in vitro as in vivo, to study
its mechanism we must identify individual promoters that are inhibited by this protein.
Transcription from gDNA will not allow mechanistic assays as this experiment tests an
ensemble of promoters with different binding affinities for RNAP and different kinetics
of promoter recognition and transcriptional initiation.

Many early mechanistic studies of RNAP from Eco used phage promoters as
template DNA (Letalaer and Jeanteur, 1971; Roberts, 1969; Rosenberg et al., 1982;
Severinov and Goldfarb, 1994; Siebenlist, 1979; Siebenlist and Gilbert, 1980). In many
phage, early phage promoters bind RNAP with high affinity and show robust activity to
compete with host promoters for RNAP occupancy early in the phage infection. The
phage T7 promoter T7A1 and the A phage promoters pL and pR have been particularly
useful for in vitro studies because of their stable intermediates and high levels of RNAP
activity (Kadesch et al., 1982; Rosenberg et al., 1982).

Recent work sequenced the genome of many Sau phages (Kwan et al., 2005). In

particular, I examined the genome of the Sau phage G1, which encodes PhERI. Due to
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the short intergenic regions and the similarity of the phage promoters to the consensus
sequence, | easily identified many strong phage promoters (Fig 3.4). The G1 promoters
identified are all near to consensus and have ideal spacer length (17bp); most additionally
have an extended -10 element and an A/T rich sequence upstream of the -35 element.
These strong promoters are likely to be selected to compete for Sau RNAP upon the
initial injection of the phage genome into the host cell. The coding region for PhERI is
located downstream of one of these strong promoters (G1-pPhERI, Fig 3.5a). Therefore
PhERI is almost certainly an early phage gene, transcribed by Sau RNAP upon initial
phage infection.

To examine PhERI’s function, I tested its activity at the phage promoter that
drives its expression, GIpPhERI (Fig 3.5b). While RNAP has robust activity at this
promoter, transcription is not affected by the presence of PhERI (Fig 3.5b). If PhERI is
altering the interaction between 6”4 and the -35 element, the phage promoters may not be
informative as the majority have an extended -10 element and may therefore not require ¢
recognition of the -35 element.

To find -10/-35 promoters that may be affected by PhERI, I searched the Sau
genome. While Sau virulence related promoters have been studied previously (Reynolds
and Wigneshweraraj, 2011), I decided to search for promoters with more characteristic
promoter elements that may be constitutively active in rapidly dividing cells. Early
phage gene products often inhibit the host DNA replication (Datta et al., 2005; Yano and
Rothman-Denes, 2011); inhibiting replication not only stops the cells from dividing but

also allows the resources normally required for host replication to be allocated to the
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92 aaattagtttagaaaaggtaTTGACAtcctaacatatagaTGgTAATATaagagtataga
135 aaaaagtttaaaaaaaactaTTGACAgtcacttgaaaccaTGaTATTATtaagataacaa
197 atatttttttaagataactaTTGACAacctagaaacaacaTGtTAATATtaagataacaa
159 aaaaaagttaaagaaaagtgTTGACAccttacaagatacaTGtTATTATtaagataacaa
236 aaaagtttaagaaacctaTTGACAttaggtttcttttattaTATACTaagagtataag
174 aaaaagttggtctttttttaTTGACAatttataatatctaTGaTACACTatataagaatt
20 aaataaagtaaagaatataaTTGACAaatataaaaaactaTGtTATAATaaataagtaaa
35 ttctecttetttttttaTTGACAaggtttaaaatataTGgTATAGTattattaagtt
41 tagaactagaataaaagtaTTGACAaattaaaactaataaatTATAATaaaggtataac
293 aaaaagttggtctttttttaTTGACActttaaaatttataTGtTATTATaaatataataa
67 ttttttaaaatataccacTTGACAttttatatgttaggTGgTATAATtattttataaa
5 aagttattagtaattttgtaTTGACAcaagagtagtatcataaTATACTactcttataca
79 aggaaagtttaataaataagTTGACAgaaagttaataataTGgTATACTtataaagtaat
181 caagaaatttaataaaagtaTTGACAatatagttaacttaTGtTATACTatataagtaat
100 aataaagttaaagattagggTTGACAgctcctatagtttaTGaTATAGTatatgtatact
219 aaaaactttacattaaaggcTTGACAgatgaagcattttaataTATACTaaaagtataaa
140 cattttcttaaaaataagtaTTGACAcctttgtacttttgtatTATACTtagtatataac

consensus nnnnnnnnnnnnnnnnnnnnTTGACAnnnnnnnnnnnnnnTGNTATAATnnnNNNNNNNN

Figure 3.4: Promoters identified in the G1 Phage genome. ORF number is
listed on the right and the putative promoter is listed. -35,-10 and extended

-10 elements are highlighted in red.
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Figure 3.5 (adjacent page): PhERI does not inhibit Sau RNAP at -10/-35
promoters for DNA replication and repair factors. a) Sequence of promoters
used in subsequent experiments. -35 and -10 elements are highlighted in
red. b) PhERI does not inhibit transcription from its own promoter. PhERI
was incubated with o* (100nm), Sau core RNAP (50nM) and linear
promoter DNA (50uM) in 1x Sau transcription buffer. Reactions were
initiated by the addition of NTPs as described above, stopped with 2x
formamide buffer, and visualized on a 12% Urea-PAGE gel by
autoradiography. Bands were quantified in ImageQuant and the percent
activity, relative to holoenzyme, is listed below each lane. c¢) PhERI does
not inhibit RNAP activity at the dnaA, aag, and pollll promoters.

Transcription assays were performed as in b.
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a) dnaA tttttagcaacatattcacaggtatTTGACAtatagagaactgaaaaagTATAATtgtgtgg

aag agtacacatctatatggagactcatTTGAAAgtcaacgcttcgttaacTATACTaaaaatAt
pollll gaacatttttattaattgttcaaTTAAGAagtaaaggtattatcaTGcTATAATgagaggt

G1-pPhERI agtttaattttttaaaatataccacTTGACAttttatatgttaggTGgTATAATtattttAt

b) pPhERI
core ] + + +
o wt  wt  wt

PhERI(UM) o 10 25

b "
1 1. 1
0 0 0
dnaA aag pollll
- - -
core + + + + + + + +
+ + + +
C ) o wt wt wt wt wt wt wt wt wt wt wt wt
. 2
PhERI (uM) ?ﬁ‘?.? . 0o o0s 1 25
A-’v 'l
e

Relative activity 1.0 1.2 1.2 11 1.0 1.0 0.9 0.1

78



transcription and replication of the phage genome. I therefore looked for promoters
upstream of genes required for DNA replication.

Identifying promoters in sequenced genomes is not a straightforward
computational problem. Many promoters are highly divergent from the -10/-35
consensus sequences. Furthermore, Sau is A/T-rich, which creates many false positives
for the -10 element (sequence: TATAAT). To facilitate the search for promoter
sequences, we built a perl-based script to identify putative promoters. The program uses
the likelihood of base identity at promoter positions in previously described promoters to
score every 6 bases in a particular sequence (Fig 3.6) (short sequences are quickly
searched, but the program can handle an entire prokaryotic genome in a matter of
minutes). The initial search can be for either the -10 or the -35 sequence, and the
threshold can be set by the user. Once a 6-base sequence has a score above the threshold,
the program moves 15 bases downstream of a -35 sequence or 15 bases upstream of a -10
sequence and searches for the other promoter element. Spacers between 15 and 20 bases
are allowed, and potential promoter sequences are output to a logfile. This program was
built by a talented programmer, Michael Mosley, in collaboration with the author. While
the author defined the parameters of the search algorithm, the details of the programming
are out of the area of his expertise.

Using a combination of the Perl program described above and manual searches in
the genome, I identified putative promoters upstream of three components of the DNA
replication/repair machinery: dnaA, DNA polymerase I1I, and aag, a DNA repair factor

(fig 3.5a). While Sau RNAP shows robust activity at the dnaA and aag promoters, PhERI
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Figure 3.6: Bioinformatic tool used to identify putative promoters.
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Promoters were scored using an algorithm that used the likelihood of

nucleotides at each promoter position. b) Example of promoter scoring. A

consensus -10 element (TATAAT) sequence (1) was changed, base by base
(2-4) to a consensus -35 sequence (TTGACA).
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does not affect transcription (Fig 3.5c). PhERI has a small effect at very high
concentrations on the already weak pollll promoter.

PhERI does not inhibit the G1 phage promoter pPhERI or the dnaA, aag or pollll
promoters. Because these promoters, particularly the dnaA and aag promoters, almost
certainly require an interaction with the -35 element (i.e. they have no extended -10
element), PhERI is unlikely to block the interaction between o, and the -35 element.

This is in agreement with the structural analysis presented in the previous chapter.

PhERI inhibits RNAP at rRNA promoters

While PhERI appears to have no effect on the individual promoters I tested, it
does inhibit RNAP activity in vitro when genomic DNA is used as the template (Fig
3.3c). The majority of transcription in log-growing prokaryotic cells is from the rRNA
promoters (Gourse et al., 1996). We therefore hypothesized the PhERI may be inhibiting
transcription from these promoters. The rRNA promoters in Sau have not been identified
or studied previously, but the sequenced genome contains 5 rRNA operons, each
containing the genes for the 16s, 23s and 5s rRNAs (Fig 3.7a). 1 searched for the
promoters that would drive the expression of these operons. Two rRNA operons
contained at least one easily identifiable promoter sequence within 200 bases of the
sequence of the first structured RNA (Fig 3.7b).

Sau RNAP is active at the putative rrn promoters in vitro (Fig 3.7c), and
furthermore PhERI inhibits this activity (Fig 3.7 ¢). While PhERI has no activity, even at

high molar excess, at previously studied promoters, at the rrn promoters roughly
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Figure 3.7: PhERI inhibits Sau RNAP at the rrn promoters. a) Schematic of
the rrnA operon highlighting the 16s, 23s and 5s rRNA genes. b) Sequence
of the rrn promoters tested in subsequent experiments. -35 and -10 elements
are highlighted in red. c). PhERI inhibits Sau RNAP at the rrn promoters.
PhERI (at the listed concentration) was incubated with ¢ (100nm), Sau
core RNAP (50nM) and linear promoter DNA (50nM) in 1x Sau
transcription buffer. Reactions were initiated by the addition of NTPs as
described above, stopped with 2x formamide buffer, and visualized on a
12% Urea-PAGE gel by autoradiography. Bands were quantified in
ImageQuant and the percent activity, relative to holoenzyme, is listed below

each lane.

82



equimolar concentration of PhERI is sufficient to produce strong inhibition (0.1uM
PhERI and 0.1uM c%).

These results demonstrate that PhERI is not a general inhibitor of RNAP activity
but rather is a specific inhibitor only at certain promoters. Because PhERI does not
inhibit RNAP activity at several -10/-35 promoters, it is unlikely to block the activities of
6”4 (DNA and core binding) required for RNAP activity most promoters. Therefore,
PhERI must be modulating some other parameter specific to rrn and perhaps other Sau
promoters. In subsequent chapters I will show that these results are reproducible in vivo
and search for additional Sau promoters inhibited by PhERI. These studies will lead to a

detailed model of PhERI’s function at the molecular level.
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Chapter 4:
RNA-seq Reveals PhERI

Sensitive Promoters in vivo

The structural and biochemical studies of PhERI, and its activity at various
promoters, have demonstrated that it is unlikely to act as a general anti-c factor. While
PhERI interacts with 6”4 and forms a stable complex with the Sau RNAP holoenzyme
(Fig 2.12), it fails to inhibit most promoters in vitro (Fig 3.5). Nonetheless, PhERI is a
potent inhibitor of RNAP activity at the rrn promoters (Fig 3.7), which transcribe the
structural rRNAs required for ribosomal biogenesis. How PhERI is able to target specific
promoters, while having no apparent effect on others, is unclear.

To address PhERI’s mechanism of inhibition at rrn promoters I used a genomic
approach to simultaneously test the activity of PhERI on a large number and variety of
Sau promoters. While in vitro analysis allows us to probe a small number of promoters
in great detail, having a large number of PhERI-sensitive promoters may allow us to
compare sequence features common to these promoters and make hypotheses about how
PhERI inhibits RNAP activity. Studies examining the differential expression of genes by
transcription factors and small molecules in Sau have successfully used gene-chip
technologies to find differentially regulated genes (Hubscher et al., 2007; O'Neill et al.,
2009; Truong-Bolduc et al., 2011).

In this chapter, I will describe my in vivo studies of the differential expression of

genes by PhERI. I designed a PhERI expression vector that allows the inducible
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expression of PhERI in Sau cells. I first show that PhERI inhibits rRNA synthesis in
vivo, confirming our in vitro results. 1 will then describe a high-throughput RNA-seq
analysis of cells expressing PhERI. These studies confirm that PhERI is not a general
inhibitor of RNAP activity, and provide a library of PhERI-sensitive promoters that will
be used in the next chapter to elucidate the mechanism of PhERI inhibition. I will also
use the RNA-seq data to evaluate previous in vifro transcription experiments in Sau,
determine robustly expressed mRNAs in vivo whose promoters may be useful for in vitro

analyses, and compare gene expression profiles between Sau strains.

Construction of an Sau PhERI inducible vector

Sau has a well-developed genetic system including many vectors for expressing
exogenous proteins (Corrigan and Foster, 2009; Dehbi et al., 2008; Truong-Bolduc et al.,
2011). There is an electrocompetent Sau strain that is readily transformable. This strain,
RN4220, is quite similar to the standard, non-pathogenic lab strain NCTC8325. The
genomes of both strains have been sequenced and differ only by 121 single nucleotide
polymorphisms (SNPs) and several small-scale insertions and deletions (indels) (Nair et
al., 2011). The indels are clustered around phage-based transposable elements. Although
some of the SNPs are in potentially important coding regions, including virulence and
DNA repair factors, functional differences between the two strains are largely unreported
(Nair et al., 2011).

PhERI was discovered in a high-throughput screen for proteins that inhibited Sau
cell growth (Dehbi et al., 2008; Kwan et al., 2005; Liu et al., 2004). Because PhERI

expression is known to be toxic in Sau cells (Liu et al., 2004), I opted to use an inducible
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expression vector that has low levels of leaky expression (Corrigan and Foster, 2009).
Many Sau expression plasmids drive healthy expression of the protein of interest but
have constant low-level expression in the absence of inducer, which would greatly
complicate our analysis. A recently described vector showed essentially no leaky
expression of the gene of interest; further specificity was added by inducing with
anhydrotetracycline, which has a reduced affinity for the bacterial ribosome and an
increased ability to drive transcription from tet-inducible vectors (Fig 4.1) (Corrigan and
Foster, 2009). I cloned both the phage G1 PhERI and its homolog from phage Twort,
ORF65, into pRMC2 with Sau optimized Shine-dalgarno sequences upstream of the start
codon. pRMC2, pRMC2-PhERI and pRMC2-TORF65 were electroporated into RN4220
cells and grown on plates containing chloramphenicol. In the absence of inducer, all
strains grew with a doubling time comparable to that of the wild type (wt) RN4220 and
NCTC8325 strains (Fig 4.2b).

When grown in the presence of even low levels of inducer, pPRMC2-PhERI and
pRMC2-TwortORF65 cells exhibit no evidence of cell growth over the course of several
hours (Fig 4b (blue curve)). The phage Twort homolog, ORF65, clearly has the same
function in vitro as phage G1 PhERI, as would be expected from its high level of
sequence conservation and predicted structural similarity (Fig 4.2a). When cells were
allowed to begin the logarithmic growth phase before the addition of inducer, pRMC2-
PhERI and pRMC2-TwortORF65 containing cells exhibited an incomplete arrest of cell
growth (Fig 4.2 a (orange and purple curves respectively) and b (orange curve)). While
doubling times were significantly longer, the cells continued to divide, albeit slowly, and

I saw no evidence for cell lysis or death.
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Figure 4.1: pPRMC2 vector used for in vivo expression of PhERI.

a) Schematic view of pRMC2 showing the genes and cloning sites on the
plasmid. b) pRMC?2 has reduced leaky expression of the cloned gene. A
previous Sau expression vector pALC2073, shows expression of the cloned
protein. Lysates were applied to a membrane and an antibody specific to the
cloned protein was used to detect protein expression. pRMCI1, of which
pRMC2 is a derivative, shows no evidence of leaky expression of the

protein. Adapted from Corrigan and Foster, 2009.
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Figure 4.2 (adjacent page). PhERI expression in Sau cells inhibits cell
growth. a) PhERI and Twort ORF65 were cloned into the Sau expression
vector pRMC2 and transformed into Sau RN4220 cells by electroporation.
Cells containg pRMC2-PhERI or empty pRMC2 were grown in TS media
containing chloramphenicol (25pug/ml). PhERI/ORF65 expression was
induced by adding 100ng/ml anhydrotetracycline at the time indicated by
the arrow and bacterial growth was monitored by the OD600. b) PhERI
does not fully inhibit cell growth. When PhERI expression is induced at the
beginning of the culture (as indicated by the blue arrow), no cell growth is
evident. However, inducing PhERI expression after cells have entered the
exponential growth phase (as indicated by the orange arrow and orange
curve), cell growth is inhibited compared to normally growing cells (green,
blue and red curves) but not completely. c) Cells as grown for the
subsequent RNA-seq experiments. To purify cellular RNA for genomic
analysis, RN4220 cells containing empty pRMC2 or pPRMC2-PhERI were
grown and inducer was added at an OD600 of 0.2 (red arrow). Cells were

collected at OD600 of 0.4 for RNA purification (green and purple arrows).
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PhERI inhibits rRNA svnthesis in vivo

I first wanted to test whether PhERI is a direct inhibitor of RNAP activity at the
rrn promoters in vivo. tRNAs are the most abundantly expressed RNAs in prokaryotic
cells and are therefore excluded from both microarray and RNA-seq analyses. Because
of their abundance, the 16s and 23s rRNAs can be easily visualized on a standard agarose
or polyacrylamide gel stained with ethidium bromide (Fig 4.3a).

To test the impact of PhERI expression on rRNA abundance in cells, I added
inducer to pPRMC2-PhERI containing cells in early-growth phase (ODgp = 0.2) and took
aliquots of cells at different times after induction. Cellular RNA was purified from 2x10°
cells using the RNA-easy kit (Qiagen) adapted for high-yield purification from Sau cells.

rRNA levels in Sau cells expressing PhERI do not significantly decrease even
hours 4 hours after the addition of inducer (Fig 4.3a). While mRNAs are generally short-
lived in prokaryotic cells, with a half-lives on the order of minutes, structured RNAs such
as TRNAs are quite stable (Deutscher, 2003). The lack of depletion of rRNAs in pRMC2-
PhERI cells could be because PhERI is not inhibiting rRNA synthesis in vivo or because
rRNAs that have been produced prior to the expression of PhERI remain stable in Sau
cells.

To differentiate between these possibilities, I used metabolic labeling to
specifically visualize nascently transcribed RNA molecules. Adding radiolabeled
inorganic phosphate to the growth medium causes radioactivity to be incorporated into all
cellular nucleic acids within minutes. Because labeling is performed with P*2,
radiolabeled transcripts can be separated by electrophoresis and visualized by standard

techniques on a phosphoimaging screen (Wade et al., 1964).
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Figure 4.3: PhERI expression inhibits rRNA synthesis in vivo. a) PhERI
expression does not reduce rRNA concentrations in Sau cells. Cells were
collected at different time points before and after the induction of PhERI
expression. b) PhERI inhibits new rRNA synthesis. Inducer was added to
Sau RN4220 cells containing pRMC2 or pRMC2-PhERI, and new RNA
synthesis labeled by subsequent the addition of P32 to the growth media.
RNA was purified from 2x108 pRMC2 and pRMC2-PhERI cells, run on a
6% Urea-PAGE gel, stained with GelRed to visualize all RNAs b) and
exposed to a phosphoimaging cassette to visualize newly synthesized RNA
c). d) Bulk RNA yield was quantified using a NanoDrop and newly
synthesized RNA by quantifying the 16s and 23s rRNA bands on

autoradiography images using ImageQuant.
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I added inducer to pRMC2 and pRMC2-PhERI cells at early log-phase (OD =
0.2), allowed 20 minutes for PhERI to be expressed, and labeled nascently transcribed
RNAs by addition of inorganic P* to the growth media for 20 minutes. 2 x 10° cells
were collected from the pRMC2 and pRMC2-PhERI strains and RNA was purified as
described above. Total purified RNA was run on a 6% Urea-PAGE gel and visualized
both by ethidium bromide staining (Fig 4.3b) and by autoradiography (Fig 4.3c). While
the levels of RNA were unchanged between the cells expressing PhERI and those
containing empty vector (Fig 4.3b), as visualized by the ethedium bromide staining and
nano-drop quantification of total purified RNA (Fig 4.3d), nascent rRNA synthesis was
significantly attenuated in the cells expressing PhERI (Fig 4.3c and e). This indicates
that while rRNAs are not significantly depleted in cells expressing PhERI, PhERI does
inhibit the synthesis of new rRNAs by Sau RNAP. This is consistent with the direct

inhibition I showed at rrn promoters in vitro.

RNA-seq analysis in Sau

Gene chip analyses have been used extensively in Sau to test the differential
expression of all genes in the genome under various conditions (Hubscher et al., 2007,
O'Neill et al., 2009; Truong-Bolduc et al., 2011). While microarrays have become
standard in Sau, I decided to use a relatively new technology: RNA-seq. The first RNA-
seq analysis in Sau was published only after we began our analysis (Felden et al., 2011).

In both RNA-seq and genechip analyses, RNA is purified from cells and a cDNA
library is prepared. Genechip technology tests the relative expression between the

samples by annealing the library prepared from cells to DNA fragments immobilized on a
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microchip. RNA-seq also requires a cDNA library. Once the library has been prepared,
the samples are sequenced directly using Illumina technology. The output from RNA-seq
technology is short sequences that can be mapped to unique locations in the genome. The
number of sequences mapping to an individual location give the relative expression levels
of that RNA in the original sample.

In addition to the relative expression levels between samples, which are provided
in genechip analyses, RNA-seq provides additional layers of information. Regions with
sufficient read coverage actually provide information about the genome sequence. SNPs
can be mapped, both between samples and between the samples and a reference genome.
As opposed to traditional genechip technologies, RNA-seq gives information for the
expression levels over the entire length of the mRNA, including non-coding 5’ and 3’
UTRs. RNA-seq has been used, with additional preparation steps, to map promoter start
sites (Mendoza-Vargas et al., 2009) and to locate RNAP binding sites on a genome-wide
scale (Churchman and Weissman, 2011). RNA-seq technologies provide not only the
ability to compare the expression of the same mRNA between two samples, but also
information about the relative levels of expression of different mRNAs within samples.
The added data provided by RNA-seq proved useful when identifying promoter
sequences in the Sau genome and evaluating which promoters may be well suited for

further study in vitro.

Sample preparation and validation for RNA-seq analysis

To prepare the samples for RNA-seq, I purified RNA from Sau cells, as described

above. Cells were grown to early log phase (ODgo = 0.2) and inducer was added. Cells
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were then collected at ODgpo = 0.4 and RNAs were immediately stabilized by adding
BioStabilize (Fig 4.2c) (Qiagen). Cells were then lysed as described above and RNAs
purified by the RNeasy kit. Cellular RNA was checked for degradation by
electrophoresis on an agarose gel, where the intact 23s and 16s rRNA bands can be
visualized (Fig 4.4a). To prepare the samples for RNA-seq, rRNAs must be removed as
they constitute the vast majority of the sample and can overwhelm the sequencing results.
This is easily achieved in eukaryotic samples through an amplification step selecting for
poly-A containing mRNAs. Prokaryotic mRNAs do not contain poly-A tails; therefore
rRNAs must be physically removed from the sample. A recently developed kit uses
immobilized oligos complimentary to the conserved 23s and 16s rRNA sequences to
anneal to the large rRNAs in the sample and allow all other cellular RNAs, including the
mRNAs, to flow through (Fig4.4b).

After this step, cellular RNA was examined on a bioanalyser chip (Fig 4.4b),
which separates nucleic acids by size similar to standard gel electrophoresis, but allows
the visualization of very small amounts of DNA or RNA. While it appeared that our
rRNA depleted sample contained very little nucleic acid by nanodrop, there is clear
evidence for a band on the bioanalyser chip corresponding to RNAs of roughly 200 bases
(Fig 4.4b). The rRNA removal kit does not remove the 5s rRNA, tRNAs or other
abundant, but small, cellular RNA species. This band at 200 bases likely corresponds to
these cellular RNA species, while the mRNA in the sample correspond to the less
abundant smear above this band. At this point, we decided to prepare a cDNA library
using the standard random-primed PCR technique used for mRNA enriched eukaryotic

samples (Fig 4.4c). The sample preparation, sequencing, sequence alignment and
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Figure 4.4 (adjacent page): RNA purification and sequencing strategy. a)
Total cellular RNA was purified from Sau cells expressing PhERI, and
control cells containing empty vector. RNA quality was assessed on an
agarose gel by visualizing the intact 16s and 23s rRNA bands. b) rRNA
reduction was performed using standard procedure to remove the highly
abundant 16s and 23s rRNAs prior to sequencing. RNA quality was
assessed by running the samples on a BioAnalyzer. c¢) RNA-seq cDNA
libraries were made by standard procedures and RNA quality was assessed
by running the samples on a BioAnalyzer. d) cDNA libraries were analyzed
for the presence of PhERI mRNA, which should only be present in cells
containing pPRMC2-PhERI. A PCR was performed using primers to amplify
a 100bp fragment of PhERI from the RNA-seq library prepared from cells
containing pRMC2 (lane 3) and pRMC2-PhERI (lane 4). e) Total PhERI

sequencing reads that map to the gene for PhERI.
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analysis were done in close collaboration with the Genomics Resource Center at The
Rockefeller University. Connie Zhao and Scott Dewell were both essential at every stage
of the RNA-seq sample preparation and data analysis.

Because standard cDNA library preparations are not generally performed with
prokaryotic samples, I decided to check the mRNA levels in our cDNA library by non-
quantitative PCR. The mRNA encoding for PhERI should only be present in the cells
containing pRMC2-PhERI and absent in the cells containing the empty pRMC2 vector. I
amplified an approximately 100bp fragment of PhERI from each prepared library, as well
as from a prokaryotic expression plasmid containing the gene for PhERI. A strong band
was amplified only from the library prepared from cells containing pRMC2-PhERI (Fig
4.4d lane 4), and not from control cells containing pRMC2 only (Fig 4.4d lane 3),
confirming that the cDNA libraries do indeed contain cDNA corresponding to cellular
mRNA and the samples differ predictably.

The two cDNA libraries were then sequenced directly by RNA-seq on an [llumina
HiSeq2000 for 51 cycles using the standard protocols. Raw data was processed using
SCS/RTA software to yield 51bp reads and subsequently aligned to the Sau NCTC 8325
genome using TopHat. We aligned to the NCTC 8325 genome, as opposed to using the
genome for the strain we used, RN4220, because the quality of genome sequence is much
higher, it differs from RN4220 in coding regions only by 121 SNPs, it is more fully
annotated and is available in a downloadable format suitable for subsequent analyses.
We also performed a search for reads corresponding to PAERI mRNA. Confirming the
result from the PCR analysis of the cDNA libraries, only 47 total reads mapped to the

PhERI mRNA in the cells containing pRMC2, while 17403 reads mapped to PhERI from
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the pPRMC2-PhERI library (Fig 4.5¢). The RNA-seq data provided extremely good
coverage, in part due to the relatively small size of the Sau genome compared to
eukaryotic samples. Alignments reported from TopHat were processed by the Cufflinks
software package (Trapnell et al., 2010) to determine differential expression of genes and

transcripts between conditions.

RNA-seq analyvsis of differential gene expression by PhERI

An analysis of the differences in expression between control cells and cells
expressing PhERI confirms that very few genes are expressed at significantly different
levels between the two samples (Fig 4.5a). Importantly, the promoters I previously tested
for PhERI activity in vitro (dnaA, aag, pollll) showed no significant differences between
the two samples in vivo (Fig4.5b). The promoters that have been studied in vitro in
previous work (Deora and Misra, 1996; Rao et al., 1995; Reynolds and Wigneshweraraj,
2011) also showed no difference in expression levels between cells expressing PhERI and
control cells (Fig 4.6). Furthermore, these transcripts exhibited low levels of expression
in log-growing cells, illustrating that while they may be important for the transcriptional
switch to pathogenic growth, they are not useful tools to determine the mechanisms of
transcriptional regulation under general growth conditions.

The Cufflinks software gives an output of all genes differentially expressed
between samples. The statistical analysis evaluates expression levels and data quality at
all loci to evaluate the probability of significant differential expression. In the analysis
performed by Cufflinks, genes differentially regulated by 3 or more fold were found to be

significant, when the data quality and number of reads were sufficient. By this analysis,
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Figure 4.5 (adjacent page): RNA-seq reveals promoters sensitive to PhERI
inhibition in vivo. a) PhERI expression in Sau RN4220 cells does not
inhibit RNA levels from 95% of promoters. RNAs were sequenced directly
and visualized by Integrated Genomics Viewer (IGV). Position on the
genome is shown on the horizontal axis and the number of RNA reads per
million total reads is shown on the vertical axis. Upper panel (green)
represents RNA-seq data from pRMC2-PhERI cells and the lower panel
(red) represents RNA-seq data from control pRMC2 cells. b) PhERI
expression does not inhibit transcription from DNA replication promoters in
vivo. RNA-seq data visualized as above from the dnaA, aag, and polllI loci.
c) Genes negative regulated by PhERI in vivo. RNA-seq data visualized as
above from the cold shock protein 1 (cspl), cold shock protein 2 (csp2), and
pstp loci. PhERI inhibits transcription in vitro from promoters that are
susceptible in vivo. In vitro transcription assays were performed as

described above from purified, linear promoter DNA.
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fewer than 4% of all genes were repressed by PhERI expression (Table A.la), while a
further 5% were upregulated by PhERI (Table A.1b). More than 90% of transcripts were
not differentially regulated by PhERI, confirming that most group 1 o dependent
promoters are not affected by PhERI. Again, this is consistent with a model in which
PhERI does not disrupt essential functions of 6*4. In particular, this data is inconsistent
with a model in which PhERI blocks -35 element recognition by ¢4 because this would
lead to repression of a large fraction of the -10/-35 promoters that do not contain other
sequence elements (such as an extended -10 element).

The RNA-seq analysis only reveals RNA transcript levels, it does not differentiate
between direct and indirect regulation of gene expression, nor does it reveal whether
differential gene expression is due to changes in promoter binding and initiation or
mRNA stability. To evaluate whether PhERI directly affects transcription at sensitive
promoters identified using RNA-seq, I tested hits using the Sau in vitro transcription
system.

mRNA processing enzymes can remove 5’ and 3’ UTRs from mRNAs in cells.
Mapping promoter start sites requires enriching for primary transcripts that have not
undergone processing in vivo (Mendoza-Vargas et al.,, 2009). For our analysis, I
sequenced mRNAs from cells without subsequent enrichment for primary transcripts.
Much of our RNA-seq data shows evidence of processing, with RNA-seq reads mapping
to just upstream of the start codon for many predicted genes (Figure 4.7a). Generally,
there is no putative promoter element immediately upstream of these transcripts (Figure
4.7a), arguing that the transcription start site is further upstream and the mRNA has been

processed in vivo. However, some mRNAs in our data show clear evidence for a long 5’
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Figure 4.7: RNA-seq data aided in the identification of Sau promoters.
While many genes had mRNAs with clear evidence of processing by
cellular enzymes (RNA-seq reads beginning at or near the start codon, with
no evidence of a promoter sequence upstream of the start codon), a subset of
genes showed clear RNA-seq reads in a 5' UTR. Several of these genes
contain a promoter sequence (-35 and -10 elements highlighted in red)
upstream of the location where RNA reads begin mapping to the Sau

genome.
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UTR (Figure 4.7b). Additionally, many of these transcripts have strong putative
promoters just upstream of the mapped 5° end of the mRNA (Figure 4.7c). This
information is not generally provided by microarray analysis that contains only
information about RNA expression in the coding region.

Likely candidate genes for PhERI inhibition assays in vitro had three
characteristics: 1) High expression in the absence of PhERI (therefore likely downstream
of a strong promoter); 2) High level of repression upon PhERI expression and 3) RNA-
seq guided promoter identification, as described in the previous paragraph (Fig. 4.7).

Cspl, Csp2 and PSTP were identified as repressed in vivo by the expression of
PhERI by the above analysis. When I tested these three promoters in vitro, there was
clear evidence for inhibition by PhERI (Fig 4.5¢). This inhibition was dependent on the
interaction between PhERI and 6”4 as holoenzyme containing the ™ mutant deficient in
PhERI binding was not affected. These data demonstrate that, at least at these 3
promoters, the depletion of cellular mRNA identified through the RNA-seq analysis is
due to a direct inhibition of RNAP activity at the promoter. In addition to the rrn
promoters shown in the previous chapter to be inhibited by PhERI, these promoters
provide additional information to make hypotheses about the promoter elements that

drive PhERI specificity.

PhERI inhibition of Sau cell growth

The RNA-seq data provide a comprehensive analysis of all transcripts regulated
by the expression of PhERI. I purified RNA from cells expressing PhERI after the

growth inhibition had begun and therefore the factor(s) leading to cell growth arrest
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should be evident in our data. I show that PhERI inhibits rRNA synthesis in vivo (Fig
4.3) through direct regulation of RNAP activity at the rrn promoters (Fig 3.6). Inhibition
of rRNA synthesis is a key regulatory step in the switch from logarithmic growth phase
to stationary phase. rRNA synthesis therefore can directly regulate the rate at which
prokaryotic cells divide (Gourse et al., 1996). Although PhERI’s growth inhibition in
cells is likely due to its activity at rrn promoters, it could be acting through the repression
of gene expression of another required factor for cell division.

Recently published work used a combination of screening and genetic validation
to identify a comprehensive list of required genes in Sau (Xu et al., 2010). The analysis
was focused on identifying novel targets for small molecule inhibitors, and known drugs
indeed do target many of the ORFs identified.

rRNA genes and other protein and RNA factors required for translation were
found to be essential for normal cell growth in Sau (Xu et al., 2010), highlighting the
important role of robust translation for logarithmic cell growth. 81 of the 308 (27%)
genes found to be required for growth were related to translation.

I cross referenced all the genes shown to be downregulated by the expression of
PhERI with the comprehensive list of all genes known to be required for cell growth in
Sau. Only seven mRNAs downregulated by PhERI are essential, three of which (serS
and pheS, tRNA synthetases, and rpsE, a ribosomal protein) are required for translation.
Another recent paper showed that the regulation of RNAP activity at the promoters for
ribosomal proteins is similar to that of the rrn promoters (Lemke et al., 2011) indicating
that PhERI may act directly on these promoters by the same mechanism as at the rrn

promoters.
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Three additional downregulated genes are involved in metabolism and
biosynthesis: glucose 6-phosphate isomerase (pgi), required for glycolysis; accB,
required for fatty acid biosynthesis; and glutamine synthetase (glnA). The final gene is
annotated as a putative mRNA degredation and processing factor, RNaseJ1/J2. Given
that rRNA synthesis is known to directly regulate cell division in other organisms, that
the inhibition of rRNA synthesis is known to be a direct effect of PhERI, and that only 4
required genes are downregulated by PhERI in vivo that do not directly affect translation,

I conclude that PhERI blocks Sau cell division by inhibiting the rrn promoters directly.

Genes Upregulated by PhERI

I generally focused my analysis on genes found to be downregulated in PhERI
expressing cells. PhERI was identified as a transcriptional inhibitor and my work focuses
on defining the mechanism of that inhibition. However, in the high throughput in vivo
analysis, more genes were stimulated by PhERI’s presence than repressed. The
upregulation of mRNAs by PhERI could be a direct effect on RNAP activity at promoters
or an indirect effect of the repression of transcription at other promoters. In Eco, the
downregulation of RNAP activity at rrn promoters frees a large concentration of RNAP;
promoters, in particular the amino acid biosynthesis promoters, are directly sensitive to
the concentration of free RNAP. Therefore, when the cellular concentration of RNAP
increases due to decreased expression of rRNAs, transcription at these promoters is
stimulated (Barker et al., 2001a).

Among the genes upregulated in the presence of PhERI are three phosphate

transporters. My data from this chapter showing that PhERI is a direct repressor of rRNA
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transcription in vivo relies on metabolic labeling. Radiolabled inorganic phosphate is
added to the media, which cells import and incorporate into their nucleic acids. A
decrease in phosphate transport, therefore, could explain the decrease in radioactive
signal incorporated into the rRNAs in the cells expressing PhERI. However, the opposite
is the case: phosphate transporters are upregulated in cells expressing PhERI and yet the
radioactive signal indicating nascent rRNA transcription has decreased. This data
supports the hypothesis that the decrease in signal for nascently transcribed rRNAs is due
to a genuine and direct inhibition of RNAP by PhERI at the rrn promoters.

Inhibition of transcription at rRNA promoters is an important step in the stringent
response as cells progress to stationary phase. Work in Eco shows that promoters
regulating amino acid biosynthesis are directly regulated by the increased concentration
of RNAP due to inhibition of rRNA synthesis. Among the genes upregulated by the
expression of PhERI are several amino acid biosynthesis genes, which are indirectly
upregulated by rRNA repression in Eco (Table A.1b). Recent work examined the global
transcription changes in Sau induced by the small molecule Mupirocin, which induces the
stringent response. In addition to the upregulation of amino acid synthesis related genes,
genes for cellular transport processes were also upregulated (Reiss et al., 2012). 1 find
evidence for upregulation of transport processes upon the induction of PhERI expression
(Table A.1b). This indicates that PhERI inhibits rRNA synthesis in vivo, and therefore
indirectly stimulates transcription at other promoters, and that regulation of the switch
between log-growing cells and cells at stationary phase may have some conserved
elements between Eco and Sau, including the indirect upregulation of amino acid

biosynthesis genes.
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Comparison of relative gene expression between Sau strains

Unlike microarray transcriptome analysis, RNA-seq provides information about
relative expression of different genes throughout the genome. I used the RNA-seq data
from all genes in the Sau genome to evaluate which genes are most highly expressed in
log-growing cells. Recent work has examined the genomic differences between the
commonly used, electroporatable Sau strain RN4220 (Nair et al., 2011) and its parent
strain NCTC8325-4 (O'Neill, 2010). NCTC8325-4 differs from the fully sequenced
NCTC8325 by the curing of 3 phage infections (O'Neill, 2010). To evaluate the
transcriptional differences between NCTC8325-4 and RN4220, and to ensure that
RN4220 carrying an empty expression vector was not misrepresentative of baseline
transcription in NCTC8325-4, we sequenced RNA purified from NCT8325-4 cells
containing no expression vector.

I evaluated the levels of gene expression in NCTC8325-4 and RN4220. Among
the 100 most highly expressed genes, none differed significantly in expression levels
between these two strains (Table A.2). Similarly, among the genes with no evidence for
RNA-seq reads, none differed between the two.

Among the 100 most highly expressed genes in RN4220 and NCTC8325-4, the
majority (62) were ribosomal proteins or proteins otherwise involved in translation (the
30 most abundant mRNAs in RN4220 and NCTC8325-4 are shown in Table A.2). This
is in good agreement with the observation that log-growing prokaryotic cells expend most
of their transcriptional resources on maintaining the translational machinery. Other

highly expressed mRNAs corresponded to genes for gylcolysis and sugar metabolism
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(12), fatty acid biosynthesis (6), chaperones (3), transcription/transcription regulation (3),
and redox regulation (3). 9 of the 100 most abundant mRNAs were for conserved
proteins of unknown function. The remaining 2 genes were a GTPase required for cell
division and protein translocase.

An additional 212 genes, mostly of unknown function, had no evidence for RNA-
seq reads in either NCTC8325-4 or RN4220. Whether any of these genes are upregulated
as cells enter stationary phase, or respond to cellular stress signals, is unknown but could

potentially be evaluated by sequencing RNA from cells under various conditions.

Analyvsis of Single Nucleotide Polymorphisms between RN4220 and NCTC8325-4

The genome of RN4220 was recently sequenced (Nair et al., 2011). In the genome
sequence of RN4220, SNPs were identified that differ from NCTC8325 and NCTC8325-
4. The authors suggested that RN4220 may be deficient in factors required for normal
cellular responses to stress and virulence regulation (Nair et al., 2011). Additional work
characterized SNPs in NCTC8325-4 relative to NCTC8325 (O'Neill et al., 2009).
Through our RNA-seq analysis, we can identify SNPs in both the NCTC8325-4 and the
RN4220 transcriptome, and map these SNPs to the NCTC8325 genome.

NTCT8325-4, as analyzed by O’Neill (2010), was found to differ from the
NCTC8325 genome at 12 locations, and RN4220 had 121 SNPs, including those
previously identified in NTCT8325-4. However, there is clear evidence for SNPs
identified as unique to RN4220 in NCTC8325-4 (Figure 4.8 c-¢). Importantly, SNPs
known to be unique to RN4220 and to cause functional differences between these two

strains, such as the frame shift in the virulence transcriptional regulator AgrA (Figure
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Figure 4.8 (adjacent page): Single nucleotide polymorphisms (SNPs)
between RN4220 and NCTC8325-4. a) A previously identified single
nucleotide insertion at the c-terminus of the AgrA gene causes a frame shift
mutation. The blue bars indicate the single nucleotide deletion, which is
present only in RN4220 cells. RNA-seq data was visualized by the
Integrated Genomics Viewer (IGV). b) The previously identified non-
synonmyous SNP in the UvrC gene is found only in RN4220 cells and not
NCTC8325-4 cells. c¢) A SNP in the GroEL gene that was previously
identified in RN4220, but not NCTC8325-4, is identified in both strains. d)
A SNP in the EzrA gene that was previously identified in RN4220, but not
NCTC8325-4, is identified in both strains.
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4.8a) and the DNA repair factor UvrC (Figure 4.8b), are found only in RN4220.
However, the SNPs in GroEL (Figure 4.8c), RimM (Figure 4.8d), and EzrA (Figure
4.8e), which the authors of the genome sequence of RN4220 argued may effect the
fitness of this strain (Nair et al., 2011), were found in the ancestral NCTC8325 genome as
well as in RN4220. Roughly half of the additional SNPs identified as unique to RN4220
were similarly found in NCTC8325 in our analysis, but not in the analysis done by
O’Neill (Table A.3a). Subsequent to our analysis, these results were confirmed by
resequencing the NCTC8325 genome (Berscheid et al., 2012). These mutations (RimM,
EzrA, MurA, and GroEL) are therefore present in the parental strain NCTC8325 and are
not unique to either NCTC8325-4 or RN4220. Berscheid ef al. further show that RN4220
and the parental strain NTCT8325 have the same fitness levels in laboratory tests. I
identified five novel SNPs in NCTC8325-4 (Table A.3b) that are previously unreported.

RNA-seq can only identify SNPs in genomic regions present in the transcriptome.
However, many of the non-coding SNPs identified in the RN4220 genome (Nair et al.,
2011) were located in 5° or 3’ UTRs that were covered in our transcriptome data. I could
therefore also identify these SNPs in our data (Figure 4.9a) and show that while some
were unique to RN4220, others were also found in NCTC8325 (listed in table 4.3). Other
SNPs were located in regions that were not covered in our analysis, and I therefore
cannot verify their presence in RN4220.

An additional advantage of the RNA-seq method is that sequencing reads
correspond to a single molecule of RNA purified from cells. Therefore, not only can
SNPs be mapped to individual locations in the genome, but heterogeneity at

chromosomal locations is also apparent (Figure 4.9b). At some locations where a SNP
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Figure 4.9: RNA-seq reveals SNPs in 5° and 3° UTRs as well as
heterogeneity within the genomic sample. a) RNA-seq data provided strong
coverage of many 5’ and 3° UTRs, allowing us to unambiguously map SNPs
in these regions. SNPs A-2244467-G, G-2244495-A are shown in the
NCTC8325-4 RNA-seq data. b) Heterogeneity in the RNA-seq data.
Individual sequencing reads correspond to a single molecule of cellular
RNA, allowing the visualization of heterogeneity at genetic loci. Here we
show that previously identified SNPs (292179 and 292199) in RN4220 are
not only present in NCTC8325-4, but are a heterogeneous mix of wild type

and mutant at these loci.
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was reported in RN4220 but not NCTC8325-4, there is genetic variation in NCTC8325-
4; most reads contain the wild type nucleotide, but the mutation in RN4220 is also
present. This argues that RN4220 gained mutations that were present in NCTC8325-4 at

low frequency either due to selective forces or, more likely, due to bottleneck effects.

RNA-seq reveals differential gene expression between two Sau strains

The authors of the RN4220 genome sequence argue that the SNPs that differ
between the strains may cause functional differences in cellular responses to stress and to
the switch to virulent growth (Nair et al., 2011). Subsequent work showed that the
RN4220 and the parental strain NCTC8325 have similar fitness levels in laboratory
conditions (Berscheid et al., 2012). Because RN4220 is electrocompetent and capable of
being transformed by expression plasmids, it is well suited to genetic analysis and
laboratory studies (Schenk and Laddaga, 1992). To examine the differences in gene
expression between the two strains, we sequenced the transcriptome of NCTC8325-4
cells growing in the absence of plasmid or antibiotic used for selection. I then compared
gene expression between NCTC8325-4 cells and RN4220 cells containing pRMC2 and
selected by addition of chloremphencol to the growth media. While the genomes of all
these strains have been sequenced and examined for genomic variations (Berscheid et al.,
2012; Iandolo et al., 2002; Nair et al., 2011; O'Neill, 2010; Ohta et al., 2004),
transcriptional differences have not been examined to our knowledge.

35 genes were found to be differentially expressed between these two Sau strains,
representing 1.5% of all genes (Table A.4) by the Cufflinks software described above.

To validate the technique for transcriptome comparisons between the two strains, |
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examined a previously described transcriptional difference. RN4220 has a mutation in the
AgrA gene that causes a frame shift near the C-terminus of the protein (Figure 4.8a).
This mutation is known to cause disregulation of RNAIII; cells containing the AgrA
mutation show a delayed upregulation of RNAIII, which is a key regulator in the switch
to virulent growth (Traber and Novick, 2006). Only four genes are significantly
downregulated in RN4220 compared to NCTC8325-4 cells (Figure 4.10) (Table A.4a).
RNAIII is one of these genes, in agreement with the previous data on the mutation in
AgrA (Traber and Novick, 2006). These data show the power of RNA-seq compared to
other methods for transcriptome analysis: in one set of data I can identify both the SNP in
AgrA that alters its function and the downregulation of RNAIII that is a direct result of
this mutation. RNAIII is the most highly repressed gene in RN4220 compared to
NCTC8325-4, arguing for the importance of the mutation in AgrA for regulation at this
locus.

The other three downregulated genes in RN4220 are an acetoactate synthase,
which catalyzes the formation of 2-acetolactate from pyruvate during stationary phase
and an alpha-acetolactate decarboxylase from the same operon. The final downregulated
gene encodes a protein of unknown function. Interestingly, four SNPs identified in the
RN4220 genome (A-2244467-G, G-2244495-A, and deletions of C-2244932 and T-
2244933) all cluster around this gene (2244539-2244724). These mutations were
identified in the RN4220 genome sequence, but I see clear evidence for their presence in
NCTC8325 genome (Figure 4.9b). The function of this gene, and of these mutations, are

all unknown.

115



100

NCTC8325-4

o

RN4220
pRMC2

Reads / million total reads
RN4220
pRMC2-
PhERI

Figure 4.10:RNAII is downregulated in RN4220 compared to
NCTC8325-4. RNA-seq reads mapping to the gene for RNAIIl from
NCTC8325-4 (upper panel), RN4220-pRMC2 cells (middle panel) and
RN4220 cells expressing PhERI (lower panel). The previously described
frameshift mutation in AgrA has been shown to delay the expression of
RNAIII in RN4220 cells. In one data set, we are able to visualize the SNP
in AgrA (Figure 4a) and the subsequent downregulation of the non-coding

RNAIII.
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31 genes are upregulated in RN4220 carrying an expression cassette and under
antibiotic selection compared to NCTC8325-4 cells (Table A.4b). Among these
upregulated mRNAs, nine encode putative or confirmed ABC transporters. This may be
due to the addition of chloramphenicol to select for RN4220 cells containing pRMC2;
sequencing of RNA from RN4220 cells not containing an expression vector would clarify
if this difference is inherent to the strains or rather is a response to the addition of
antibiotic to the growth media. CIfB, a clumping factor, is also upregulated in RN4220.
This could potentially compensate for the CIfA mutation previously identified in

RN4220.

Identification of a putative orphan CRISPR element in Sau

Clustered regularly interspaced short paleidromic repeats (CRISPRs) are bacterial
RNA elements that provide an adaptive immune response to phage infection (Marraffini
and Sontheimer, 2010). CRISPRs are organized in bacterial genomes with many
interspaced repeats that create a long RNA followed by the Cas genes encoding the
protein machinery required to process the RNA into functional units. After processing,
crRNAs can interact with phage or invasive DNA with sequence specificity and induce
cleavage (Marraffini and Sontheimer, 2010). Sau is not thought to have a functional
CRISPR system; no genes in the Sau genome have any homology to previously identified
Cas proteins. Genomic searches for putative CRISPR elements in the Sau NCTC8325
genome reveal only three weak hits (Grissa et al., 2007).

I used our RNA-seq data to determine whether RNA is being expressed at any of

the putative CRISPR loci in Sau. While two of the three putative CRISPR elements were
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located in annotated ORFs, and contained no signal for an additional RNA element in our
RNA-seq data, the third putative CRISPR was located in an intergenic region and showed
clear evidence for RNA-seq reads (Figure 4.11). The putative CRISPR has only one
repeating unit and no downstream Cas genes that would be required for active crRNA
function (Marraffini and Sontheimer, 2010). BLAST searches for the CRISPR element
revealed that the spacers map to several locations in the Sau genome including both
coding and non-coding regions (Grissa et al., 2007). This element may be an orphan
CRISPR, and that reintroduction of Cas genes into Sau may activate this putative RNA

element.

RNA-seq to screen for PhERI suppressor mutations

RNA-seq allows gene expression and SNPs to be rapidly quantified in one dataset
as cells respond to various stimuli. The expression of a toxic protein, or the addition of
drugs or antibiotics to the growth media, provides a strong selective pressure on cells to
evade the effect of the protein or small molecule. Recent work has illustrated how RNA-
seq can be used to identify small-molecule binding targets in eukaryotic cells (Wacker et
al., 2012).

To evaluate whether there are PhERI resistance mutations in our RNA-seq data, |
searched for SNPs that were present only in RN4220 cells expressing PhERI. In our
data, PhERI was only induced for sufficient time to allow its expression and repression of
Sau cell growth. Longer expression times may allow more resistance mutations to
accumulate. Even with the short expression time, I identified two mutations present in

cells expressing PhERI, whereas I identified no mutations unique to cells containing only
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Figure 4.11: Identification of a putative CRISPR element in Sau. a) RNA-

seq reads mapping to an intergenic region containing a putative CRISPR
element. The putative CRISPR sequence is denoted by a red box. b) View

of the putative CRISPR element showing relative expression from
NCTC8325-4 and RN4220 cells. The putative CRISPR repeats are
highlighted in red.
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empty vector. The two mutations were both in coding regions (Figure 4.12). One was a
glycine to alanine mutation in the transcription elongation factor GreA (Laptenko et al.,
2003; Stebbins et al., 1995) and the other was a valine to alanine mutation in a putative
RNaselJ protein (Figure 4.12) (Even et al., 2005; Newman et al., 2011).

Gre factors are known to bind to RNAP and modulate its activity during
elongation phase (Borukhov et al., 1992). PhERI also interacts with RNAP but through
an interaction with the Sau o factor. It is unclear how a mutation in GreA, which has not
been studied in Sau, may alleviate PhERI activity, but finding mutations in another
RNAP binding protein is potentially physiologically relevant (Figure 4.13a). PhERI does
not significantly affect the expression levels of GreA; although GreA mRNA is roughly
1.5 fold more abundant in cells expressing PhERI, it is not statistically significant (p =
0.13).

The mutation in RNAseJ may also be functionally important. RNAse] is a
putative member of a family of proteins (RNAse J1/J2) required for mRNA processing
and degradation in gram-positive organisms (Even et al., 2005). Both putative RNasel
proteins in Sau are significantly downregulated by PhERI expression. One paralog was
found to be required for normal cell growth in Sau (Xu et al., 2010); the other paralog is
mutated in PhERI expressing cells. Whether this mutation (V29A) is functionally
relevant is under investigation (Figure 4.13). A mutation increasing the activity of this
required protein, which is downregulated by PhERI, may be particularly advantageous
for cells growing in the presence of PhERI.

I searched for mutations in the known binding partner of PhERI, the group 1 Sau

o factor. There is no evidence for accumulation of mutations in RpoD in the RNA-seq
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Figure 4.12: Identification of SNPs from cells expressing PhERI. a)
Identification of 2 SNPs only present in RN4220 cells expressing PhERI
(upper panel) but absent in RN4220 cells containing empty vector (middle
panel) or NCTC8325-4 cells (bottom panel). GreA (left panel) and a
putative RNAseJ1/J2 protein (right panel) both contain coding changes in
pRMC2-PhERI cells only. b) Alignment of the coding change in GreA
(G59A) compared to with sequences for the well studied GreA proteins
from Eco and Bsub. c¢) Alignment of the coding change in the putative
RNAseJ1/J2 protein (V29A), the other RNAseJ1/J2 paralog in Sau, and the

well studied homologous proteins from Tth and Bsub.
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Figure 4.13 (adjacent page): Structural models of the coding changes from
PhERI expression Sau cells. a) Crystal structure of Eco GreA. Eco G56
(Sau59) is highlighted in red. b) Model of the putative Sau RNAseJ1/J2
protein. Model was made using modeller-v9.10 with the high-resolution
Tth structure (pdb:3BK1) as a model. The domains are labeled (3-CASP
domain: yellow; f-lactamase domain: blue; C-terminal domain: green).
V29 is highlighted in red. c) Zoomed view on V29, the location of the
mutation in PhERI expressing cells. V29 is located in a hydrophobic pocket
and is contacting multiple aromatic and hydrophobic residues. d) Model of
V29A mutation (cyan) compared to the Sau wt model (dark blue). Multiple
hydrophobic residues are predicted to be in alternate conformations in the
V29A model. e) Structural changes in the [3-lactamase domain upon
binding to substrate. V29 is highlighted in red, yellow indicates the
structure bound to RNA substrate. The distance between the two beta-
strands in 12.5 in the apo enzyme, but 10.2 in the open form that is capable
of binding to substrate. All figures were generated in PyMol using the
indicated pdb files.
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data. Our structural and biochemical information demonstrate that the two proteins form
an extensive molecular interaction. 2-hybrid and biochemical data show that four
individual mutations in combination are required in 6”4 to eliminate PhERI binding.
Mutations eliminating the interaction between PhERI and RNAP would be likely to
completely alleviate PhERI repression of cell growth. However, the requirement for
multiple point mutations to eliminate the interaction and the short time that cells were
exposed to PhERI expression possibly prevent the accumulation of mutations in rpoD.
RNA-seq could be performed at additional times long after the expression of PhERI to
identify additional suppressor mutations, potentially in ™.

We demonstrate that RNA-seq is a valuable tool to examine gene expression in
Sau. RNA-seq provides the information that was previously accessible by microarray
analyses in this organism plus much additional data. I was able to identify promoters
specifically and directly inhibited by PhERI through differential gene expression 