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STRUCTURAL AND FUNCTIONAL
STUDIES OF MYCOBACTERIAL
GENERAL TRANSCRIPTION FACTORS
RbpA AND CarD

Elizabeth Hubin, Ph.D.

The Rockefeller University 2017

Gene expression in bacteria is highly regulated at the step of transcription initiation. For
decades, the vast majority of biochemical and kinetic studies have used Escherichia coli
(Eco) RNA polymerase (RNAP) as a model for studying prokaryotic transcription
initiation. However, properties of Eco RNAP are not representative of RNAPs from other
bacterial species. Transcription in mycobacteria is distinct from Eco by its formation of
unstable initiation complexes and its dependence on two transcription factors, RbpA and
CarD, which are essential in the pathogen Mycobacteria tuberculosis (Mtb).

In this thesis, I report the structural and biochemical characterization of RbpA and
describe how it works synergistically with CarD to compensate for the unstable RNAP-
promoter complexes formed in mycobacteria. I describe two crystal structures, Mtb
RbpA-SID/c™; complex and RbpA bound to a Mycobacterium smegmatis (Msm) RNAP
initiation complex, which reveal the structural mechanism of RbpA. The C-terminal c-
interacting domain (SID) of RbpA binds to domain 2 of & (6™,), while RbpA’s core

domain interacts with the B’ subunit of RNAP. A basic linker (BL) connecting these two



domains contacts promoter DNA upstream of the transcription bubble. Functional and
kinetic analyses reveal that the interaction between the RbpA-BL and promoter DNA is
the basis for transcription activation by RbpA.

A synergistic effect between RbpA and CarD, striking in both transcription assays
and in a kinetic assay measuring RPo formation, indicates that these two factors work
together to activate transcription. By teasing apart the effects of the two factors on kinetic
steps in RPo formation, this work shows that the RbpA and CarD cooperatively drive
formation of a kinetic intermediate species during RNAP open complex formation.

The work in this thesis provides a structural and functional understanding of
transcription stimulation by RbpA and CarD, which we hypothesize make up part of the
general transcription machinery in mycobacteria. There are currently no reported
structures of mycobacterial RNAP, so the structure of the Msm RNAP initiation complex
presented in this thesis will provide a platform for future studies studying the

mycobacterial transcription system.
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Chapter 1: Introduction

1.1 Mycobacterium tuberculosis

The bacterial pathogen Mycobacterium tuberculosis (Mtb) is the causative agent
of tuberculosis (TB), a serious infection in the lungs and an on-going world health
problem responsible for approximately 1.5 million deaths per year worldwide (Center for
Disease Control, 2015 data). Mtb has co-existed with humans for more than 40,000 years
(Wirth et al., 2008) and has evolved to persist latently in a human host for decades. Mth
has adapted to multiple immune evasion strategies, including the ability to replicate
within host macrophage cells (de Chastellier, 2009). An estimated 30% of the world’s
population is infected with latent Mtb (CDC, 2015 data), which presents no clinical
manifestations; however, reactivation of latent Mtb occurs in a subset of individuals,
generally in those who are elderly or immunocompromised, which can cause severe
illness and mortality. Further, at least 5% of TB cases across the globe are drug resistant
(CDC, 2015), which has exacerbated the health crisis, highlighting the need for novel
therapeutic strategies for tuberculosis infection.

In addition to Mtb, there are other tuberculosis-causing mycobacteria, genetically
very similar to Mtb—including Mycobacterium bovis (Mbo), used in many of the studies
described in this thesis. As a group, these bacteria are defined as the mycobacterium
tuberculosis complex (MTC). In comparison to Escherichia coli (E. coli or Eco), which
has a doubling time of 20-30 minutes, MTC bacteria are very slow growing, with a
doubling time of 14-24 hours. The slow growth of MTC bacteria makes in vivo studies of
the organisms difficult. Thus Mycobacteria smegmatis (Msm), with its doubling time of

~3 hours, is often used as a model organism to study MTC bacteria.



Through fine control of stress response genes, Mtb has adapted to survive an
onslaught of attacks from the host immune response (Flentie et al., 2016). Transcription
initiation is a major point of gene regulation in bacteria, and thus an understanding of the
Mitb transcription system would provide insight into essential regulatory processes unique

to an important pathogen.

1.2 General mechanism of bacterial transcription

Transcription, the process in which information encoded as DNA is copied into
messenger RNA (mRNA), is the first step of gene expression and subsequently the
primary point of gene control in prokaryotes. The transcription cycle can be divided into
three phases: initiation, elongation and termination (Figure 1.1). Transcription is
performed by the evolutionarily conserved ~400 kDa catalytic core RNA Polymerase
(RNAP) enzyme (subunit composition afB’®w) (Burgess, 1969; Burgess and Travers,
1970). Core RNAP interacts non-specifically with DNA and is active for transcription
elongation, but requires the promoter-specificity subunit, o, for promoter-specific
initiation of transcription (Burgess et al., 1969; Murakami and Darst, 2003). During
initiation, ¢ associates with core RNAP to form the holoenzyme, which is directed to
transcription start sites through sequence-specific interactions made between o and
promoter DNA. Upon binding, ¢ facilitates melting of the DNA to form a transcription
bubble, extending from the -11 to the +2 base (relative to the +1 start site), yielding the
transcriptionally competent open complex (RPo) (Bae et al., 2015; Murakami et al.,

2002b).
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Figure 1.1: Transcription cycle in bacteria. Transcription initiation begins when core
RNAP binds o, forming the holoenzyme, which is competent for sequence specific
binding of promoter DNA. o facilitates melting of promoter DNA to form a transcription
bubble (from the -11 to the +1 start site), yielding the transcriptionally active RNAP open
complex (RPo). In the presence of NTP substrate, the RNAP initiation complex will
repeatedly produce RNA transcripts until it produces a transcript long enough to disrupt
interactions between core RNAP and . As the RNAP enters into productive elongation,
o is stochastically released. Elongation continues until the RNAP encounters a
termination signal, at which point the RNAP releases the mRNA transcript and DNA.
Core RNAP and ¢ are recycled and can begin the pathway again.



In the presence of nucleotide substrate, the RPo begins RNA synthesis.
Ribonucleotide (rNTPs) bases pair with template strand DNA, and RNAP catalyzes
formation of the phosphodiester bond. Before entering transcription elongation, the
RNAP holoenzyme reiteratively produces short RNA transcripts (2-12 nucleotides in
length) until it produces a transcript long enough to destabilize interactions between core
RNAP and ¢ (Murakami and Darst, 2003). Upon release of o, the enzyme escapes the
promoter and enters into elongation. The RNAP transcription elongation complex (TEC)
continues until it encounters a termination signal (Washburn and Gottesman, 2015), at

which point RNAP releases the RNA transcript and dissociates from the DNA.

1.3 Promoter recognition by RNAP

In the bacterial cell, ¢ factors are key regulators of transcription initiation that
function by directing core to the appropriate transcription start sites. All bacteria contain
a single housekeeping (primary) o factor that directs the bulk of transcription during
exponential growth (6’° in Eco, 6 in Tag and mycobacteria) (Gruber and Gross, 2003;
Murakami et al., 2002b).

Primary o factors are composed of three highly conserved domains (o,, 03, G4)
connected by flexible linkers, as well as a poorly conserved (although characteristically
acidic), flexible N-terminal region (o;;). Most of these os also have a non-conserved
region (NCR) inserted within o, between regions 1.2 and 2 that vary significantly in size,
sequence, and structure between bacterial lineages.

The current paradigm for recognition of housekeeping genes is that primary o

factors recognize promoter DNA through interactions with DNA upstream of the +1 start



site (Figure 1.2). The -10 promoter element (or Pribnow box, consensus: TATAAT)
(Pribnow, 1975) and the -35 promoter element (consensus: TTGACA) are recognized by
o2 and o4, respectively. A 16-19 bp spacer region, with no consensus sequence but a
consensus length of 17 bp, separates the -10 and -35 elements.

Subsets of housekeeping promoters contain an “extended -10,” a TG at the -14
and -13 positions, which is contacted by 3. In Eco, promoters with weak or lacking -35
elements may depend on an extended -10 to help facilitate promoter binding and
transcription initiation (Keilty and Rosenberg, 1987; Mitchell et al., 2003). The region
between the -6 and -3, referred to as the discriminator, is recognized by 6, upon DNA
strand separation. The discriminator region is an important determinant of stability of the
RNAP-promoter complex (Haugen et al., 2006).

In addition to promoter elements recognized by ¢, some bacteria, including Eco,
have promoters that contain an upstream sequence recognized by the C-terminal domains
of the a subunit (aCTD), attached to the RNAP enzymes by flexible linkers. These A/T
rich sequences, approximately 40-60 bases upstream of the -35, are referred to as UP
elements. All of these DNA elements—the -35 element, -10 element, extended-10, UP-
element, and discriminator element—can modulate the strength of a promoter, affecting
both the kinetics of initial RNAP binding and RPo formation (Haugen et al., 2008; Ruff

et al., 2015).
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Figure 1.2: Recognition of housekeeping promoters by RNAP. Promoter elements
involved in sequence specific interactions are highlighted and color-coded corresponding
to the region of the holoenzyme by which they are recognized. Up element is colored
cyan, -35 element is blue, the extended -10 is red, the -10 element is yellow, and the
discriminator is orange. Flexible linkers that are connecting 6 domains and the a-CTDs
to core are shown as springs. Figure is adapted from Ruff et al., 2015.



Most bacteria also contain alternate ¢ factors that are expressed during stationary
phase or stress conditions and drive transcription of stress-response genes by recognizing
alternative promoter sequences. Group 2 sigma factors are similar in sequence and
structure to primary o factors (group 1) but are not required for viability, and they
sometimes lack region 1.1 and the NCR (Gruber and Gross, 2003). Group 3 ¢ factors are
more divergent and lack region 1.1 and a NCR, and group 4 o factors (also called ECF
factors) are the most divergent, only containing o, and o4 (Feklistov et al., 2014) The
number of alternate ¢ factors in the cell varies in different bacteria species—Eco has 7
(Osterberg et al., 2011), Mtb has 12 (Flentie et al., 2016), while Streptomyces coelicolor

(Sco) has as many as 65 (Bentley et al., 2002).

1. 4 Structure of prokaryotic RNAP

Crystal structures of RNAPs from thermophilic bacteria (Thermus aquaticus
(Taq) and Thermus thermophilus (Tth) (Bae et al., 2015b; Murakami et al., 2002b; 2002a;
Vassylyev et al., 2002; Zhang et al., 1999) and Escherichia coli (Eco) (Bae et al., 2013;
Murakami, 2013; Zuo and Steitz, 2015) have enabled a better understanding of the
process of transcription in bacteria. RNAP structures reveal that the overall shape of the
core enzyme resembles a crab claw, with the B and B’ subunits each forming a pincer
(Figure 1.3a). The active site contains a catalytic Mg”" ion and is buried in the main
channel defined by the B, B’ interface (Zhang et al., 1999). The main channel (~25 A in
diameter) accommodates the template strand DNA and the DNA-RNA hybrid at the

growing strand of the RNA chain, while a narrower secondary channel (10-12 A) allows
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Figure 1.3: Structure of prokaryotic RNAP. Structural models of RNAP generated
from crystal structures of 7ag RNAP (1KU2, Bae et al., 2015). B is shown in cyan, B’ is
pink, al and a2 are green, o is white, and o is orange. Template strand DNA is light gray
and non-template strand DNA is dark gray. -10 and -35 elements are shown in yellow.
Catalytic Mg”" is shown in red (A) RNAP core (B-D) initiation complexes.



free nucleotide substrate to enter into the active site (Zhang et al., 1999) (Figure 1.3b-d).
During elongation, nascently transcribed RNA is expelled through an RNA exit channel
(Murakami and Darst, 2003). Unbound o in solution does not bind promoter DNA as it is
compactly folded so DNA binding domains are inaccessible (Schwartz et al., 2008).
However, in the context of the holoenzyme, the DNA binding determinants of ¢ are
revealed and spatially positioned to interact with promoter elements (Figure 1.3c¢).
Holoenzyme structures reveal that each 6 domain, as well as the linkers, makes extensive
interactions with core, forming an interface >8000 A (Murakami et al., 2002a).

To date, all structures of bacterial RNAP have been from Eco or Thermus species.
Although many core RNAP subunits are highly conserved in sequence across all bacteria
phyla, the importance of determining RNAP from a wide range of bacteria is highlighted
by: 1) the existence of RNAP structural inserts specific to certain bacterial lineages that
have been proposed to modulate the activity of the enzyme, either directly or by
interacting with cis-acting regulators (Lane and Darst, 2010b; 2010a); 2) the existence of
essential transcriptional regulators that do not have homologues in Eco or Tag (Bao et al.,
2012; Paget et al., 2001; Stallings et al., 2009); 3) biochemical studies that reveal
significant functional differences in RNAP from various species that may be highlighted
in a structural analysis (Davis et al., 2015; Schroeder and deHaseth, 2005; Whipple and
Sonenshein, 1992); and 4) the study of small molecule drugs that do not inhibit Eco or

Tagq.



1.5 Structural and Kinetic mechanism of transcription initiation in bacteria

RPo is a multi-step pathway during which the initiation complex undergoes large
conformational changes and transitions through discrete intermediate states (Figure 1.4)
(Saecker et al., 2011). Kinetic studies with Eco RNAP on Eco promoter /acUVS and
T7A1 have been able to characterize three RNAP-promoter populations: an initial
“closed complex” intermediate (RPc); a second intermediate state (RP2 or RPi on
lacUV5 and T7A1); and then a final open complex (RPo) (Buc and McClure, 1985).
However, it is likely that additional intermediates occupy this pathway. On the promoter
APR, for instance, three intermediates have been identified—I//, 12, and /3 (Roe et al.,
1984; Saecker et al., 2002).

Intermediate states are unstable and transient and are therefore challenging to
characterize structurally; thus, structural models of RNAP-promoter intermediates have
been inferred by combining structural information with real-time DNAse and
hydroxyradical footprinting assays, which map DNA-protein interactions and DNA
distortions (Craig et al., 1998; Davis et al., 2007; Gries et al., 2010; Rutherford et al.,
2009; Saecker et al., 2002; Sclavi et al., 2005). Initial binding of RNAP to DNA results in
the RPc intermediate in which DNA is in duplex form, and downstream DNA is unbent.
RPc formation is thought to be mediated by holo-DNA interactions upstream of the -10
element, including the binding of o4 to the -35, the binding of o3 to the extended -10, and

the binding of the aCTD to the UP-element.

10



Figure 1.4 (Following page): Overview of structural changes during transcription
initiation. (A) The holoenzyme forms a closed complex (RPc) upon initial binding to
DNA. An intermediate (RP2) forms upon DNA bending and initial melting of the -10.
RPo forms when the DNA is melted, and the template strand is in the active site channel.
NTPs enter the active site through the secondary channel, and RNAP undergoes abortive
initiation until a transcript is long enough to dislodge o region 3.2 from the RNA exit
channel, breaking interactions between o4 and 63 and core RNAP. RNAP can then clear
the promoter, ¢ is stochastically lost, and RNAP enters elongation. Adapted from
Murakami and Darst, 2003. (B) Kinetic schematic of transcription initiation.

11
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Sequence-specific recognition of the -10 element is coupled with melting as o,
recognizes the flipped out -11A base, facilitating a 90 degree bend of the downstream
DNA (Feklistov and Darst, 2011). Subsequent interactions between o, and promoter
DNA result in an intermediate (RP2) in which the -10 element is melted and the bend at
the -10 element places the downstream DNA, which is still duplex, across the entrance to
the BB’ main channel (Murakami and Darst, 2003). Final open complex (RPo) occurs
upon formation of the full transcription bubble and accommodation of the downstream
DNA (single-stranded and duplex) into the appropriate sites within the main channel. At
this point the transcription bubble is fully formed (extending from the -11 to the +2 base),
and downstream duplex DNA from the +5 to the +12 position is clamped by the B and B’
subunits.

Upon formation of RPo, and as rNTPs diffuse through the secondary channel into
the active site, RNAP begins to catalyze the synthesis of RNA. For RNAP to successfully
enter into the elongation phase, it must break the strong contacts between ¢ and the
promoter. Prior to promoter escape, the enzyme undergoes a process called abortive
initiation (Munson and Reznikoff, 1981; Vo et al., 2003) where a loop in o3 (o32) blocks
the path of elongating RNA, so the enzyme continually produces short RNA transcripts
that are released, likely through the secondary channel (Murakami and Darst, 2003;
Vassylyev et al., 2002). Once RNAP is able to produce a transcript of 15-16 nucleotides
(Goldman et al., 2009), o3, 1s spatially dislodged by the RNA, and contacts between core
and o3 are weakened, allowing for RNAP to enter into elongation. After promoter

clearance, o is stochastically lost from the transcription elongation complex (TEC)
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(Shimamoto et al., 1986), but some population of holoenzyme is retained via the
interaction between the flap and 64 (Mooney et al., 2005).

Region 1.1 of o also plays a role in RPo formation. An Eco holoenzyme structure
without DNA shows that ¢, ; occupies the downstream DNA channel (Bae et al., 2013).
Placement of DNA into the channel during RPo formation must therefore be

accompanied by displacement of o ;.

1.6 Pausing during transcription initiation

During elongation, RNAP is prone to pausing on the promoter. Pausing serves as
a mechanism for transcription regulation, allowing for coordination of transcription and
translation and providing an opportunity for transcription regulators to bind to the RNAP
(Landick, 2006). Mechanisms for pausing are varied and can involve sequence specific
interactions between RNAP and nucleic acid strands (both DNA and RNA) or with
factors that interact with the TEC. Pausing can also occur when ¢ is bound to a TEC
(either by remaining bound to RNAP post initiation or by re-binding the elongation
complex), and o interacts with promoter sequences resembling a -10 element (Brodolin et
al., 2004; Mooney and Landick, 2003). Thus o-dependent pausing also represents a

mechanism of gene control employed by bacteria.

1.7 Mycobacteria RNAP forms unstable promoter complexes

For decades, the vast majority of biochemical and kinetic studies have used Eco
RNAP as a model for studying transcription initiation. However, recent studies have

shown that the properties of Eco RNAP are not representative of RNAPs from other
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bacterial species (Davis et al., 2015; Rammohan et al., 2015; Schroeder and deHaseth,
2005; Whipple and Sonenshein, 1992). Recent work studying the activity of Eco and
Mbo RNAPs on the same promoters has shown that Eco RNAP forms essentially
irreversible open complexes while Mbo RNAP forms an unstable open complex with a
half-life of a few minutes or less (Figure 1.5) (Davis et al., 2015). Further, Mbo RNAP
was found to be significantly more sensitive to chloride salt than Eco RNAP. Despite the
overall weaker activity of Mbo compared to Eco and the marked difference in RPo
stability, DNA footprinting assays mapping the DNA-protein interactions and DNA
distortions indicate that the RNAP/promoter physical interactions are similar between the
two enzymes. KMnO4 assays, which probe promoter melting, indicate that the two
RNAPs generate the same transcription bubbles and participate in roughly the same
protein/DNA interactions on the promoters studied.

The mycobacterial transcription system is also distinct from the Eco system in its
deviation from classical promoter architecture. Genome wide analysis reveals that
although mycobacteria do have a conserved -10 element (TAnnnT) similar to Eco, they
lack a consensus -35 element, and the majority of promoters have sequences in the -35
region position that bear no resemblance to the TTGACA consensus sequence in Eco
(Agarwal and Tyagi, 2006; Bashyam et al., 1996; Cortes et al., 2013; Newton-Foot and
Gey van Pittius, 2013). Further, only a small percentage of TAnnnT mycobacterial
promoters contain an extended -10 TGn motif (Cortes et al., 2013), which are commonly

present in Eco promoters lacking a -35.
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Figure 1.5: Mbo forms unstable promoter complexes relative to Eco. Abortive
initiation half-life assays, in which RPo is challenged by competitor, show that on both
the rrnAP3 promoter (AP3) and synthetic AC50 promoter, Eco forms an irreversible RPo
while Mbo has a half-life of a couple minutes or less. Adapted from Davis et al., 2014.
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Additionally, of the mycobacterial promoters that have been described in literature, there
is a noticeable absence of classical A/T rich UP elements that would form sequence-
specific interactions with the RNAP-aCTD (Arnvig, 2005); however, no genome-wide
analyses of this region have been reported, so further studies are necessary to determine
whether a subset of mycobacterial promoters do contain UP-elements.

The -10 element seems to be the dominant determinant of sequence-specific
promoter recognition for mycobacterial RNAP, and it is possible that the G/C rich nature
of the bacterial precludes it from having many of the classical promoter architecture
found in Eco. Generally, mycobacterial promoters, even those that contain a TTGACA-
like -35 element, have been described as weak compared to those in Eco. It has been
proposed that weaker promoters may be advantageous to the pathogenic nature of Mth
(Bashyam et al., 1996) because the bacteria can remain dormant and evade the host
immune system. Certainly weaker RNAP enzymes combined with weaker promoters

could contribute to the slow growth of MTC bacteria.

1.8 Transcription factor CarD stabilizes mycobacterial RPo

The weak activity of Mbo RNAP is, to some extent, rescued by the transcription
factor CarD, an essential transcription factor in M¢b that is not present in Eco (Stallings et
al., 2009). CarD was found to extend the half-life of Mbo RNAP on the endogenous
rRNA promoter 7#nAP3 (AP3) more than 10-fold (Figure 1.6) (Davis et al., 2015). CarD
activates transcription in a manner non-canonical to the classical model of transcription
activation established through the studies of activators in Eco (Bae et al., 2015a;

Srivastava et al., 2013).
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Figure 1.6: CarD stabilizes RPo. In abortive initiation half-life assays, CarD extends the
half-life of Mbo RNAP open complex on AP3 promoter more than 10 fold. Adapted from
Davis et al., 2014.
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In the classical paradigm, sequence-specific DNA-binding proteins recruit RNAP
to promoter DNA through interactions with o4, the aCTD, or both (Browning and Busby,
2004). In contrast, CarD binds the B1’ lobe of RNAP through its N-terminal RNAP
interacting domain (RID) (Srivastava et al., 2013; Stallings et al., 2009). A crystal
structure of the Thermus RNAP RPo bound to 7th CarD shows that the helical C-terminal
domain (CTD) of CarD interacts with the non-template strand DNA upstream of the
transcription bubble (-14-10) and wedges a conserved Trp residue, W86 (W8S in Mtb),
into the splayed minor groove at the -12 nt position (Figure 1.7) (Bae et al., 2015a),
providing a structural mechanism for how CarD physically prevents transcription bubble
collapse.

CarD i1s widely distributed among bacteria species (Bae et al., 2014); however, it
is notably absent in Eco but present in Bacillus and Thermus, which like mycobacteria,
have been shown to have less-stable promoter complexes than Eco (Schroeder and
deHaseth, 2005; Whipple and Sonenshein, 1992). In Msm, CarD has been shown to be a
global regulator of transcription, present at essentially all promoter regions (Landick et
al., 2014; Srivastava et al., 2013). Thus CarD can be thought of as a general transcription
factor, likely always present on the mycobacterial RNAP initiation complex, similar to an

additional subunit.
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extended
-10 element

Figure 1.7: CarD uses a minor groove mechanism to stabilize RPo. A crystal structure
of Tag intiation complex bound to Thermus CarD reveals the mechanism for RPo
stabilization by CarD. Top: RPo bound to CarD. Bottom: CarD wedges a conserved Trp
residue into a splayed minor grove at the upstream edge of the transcription bubble,
preventing bubble collapse. Adapted from Bae et al., 2015.
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1.8 RbpaA is an essential transcription factor in Mzb

Like CarD, the Actinobacterial-specific transcription activator RbpA is essential
for growth in Mtb (Forti, et al., 20011). RbpA was originally discovered in Sco, where it
was identified to be a major component of RNAP holoenzyme (Paget et al., 2001). RbpA
has been shown to specifically activate transcription by holoenzyme complexes
containing group 1 or group 2 ¢ factors (Bortoluzzi et al., 2013; Hu et al., 2012; Tabib-
Salazar et al., 2013).

The structural architecture of isolated RbpA has been defined by secondary
structure predictions and solution NMR (Bortoluzzi et al., 2013; Tabib-Salazar et al.,
2013) (Figure 1.8). A central core domain (CD) comprising a -barrel fold is flanked by
an unstructured 26 amino acid N-terminal tail and a C-terminal segment predicted to
harbor two a-helices linked to the CD by a 15-residue basic linker (BL). RbpA has been
shown to directly interact with o, of group 1 and group 2 o-factors. This interaction is
mediated by the protein’s C-terminal domain (which we designate the Sigma Interaction
Domain, SID), and point mutations that disrupt o-binding also disrupt RbpA function
(Tabib-Salazar et al., 2013).

RbpA has been shown to activate transcription from a wide range of Sco ¢™™B-,

HrdA_ " Mtb -, and Mtbh c®-dependent promoters in vitro (Hu et al., 2014; 2012;

Sco ©
Tabib-Salazar et al., 2013) and, like CarD, co-localizes with initiation complexes in vivo

(Tabib-Salazar et al., 2013); However, in comparison to CarD, much less is known about

the RbpA mechanism for transcription activation.
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Figure 1.8: Structural architecture of mycobacterial RbpA. Top: RbpA contains a
central core domain (CD) comprising a -barrel fold that is flanked by an unstructured 26
amino acid N-terminal tail and a C-terminal segment predicted to harbor two a-helices
linked to the CD by a 15 residue basic linker (BL). Bottom: NMR structure of CD and
NTD (Tabib-Salazar et al., 2013).
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1.9 Prokaryotic RNAP as a drug target

RNAP is the target for a number of small molecule inhibitors. The rifamycin class
of antibiotics is one the most potent and broad-spectrum antibiotic and is a first-line
therapeutic treatment for tuberculosis. A crystal structure of the antibiotic rifampicin
(Rif) bound to 7ag RNAP revealed the structural mechanism for Rif inhibition.
Rifampicin binds a pocket of the B subunit within the RNAP main channel, about 12 A
away from the active site, and directly blocks the path of the elongating RNA transcript.
As a result, the RNAP is only able to produce short transcripts 2-3 nt in length (Campbell
et al., 2001; Feklistov et al., 2008).

In addition to Rifamycins, many other small molecule antibiotics have been
identified that inhibit RNAP, targeting various regions of the enzyme, including
lipiarmycin (fidaxomicin), which is effectively used for the treatment of Clostridium.
dificile infection. The RNAP is a large molecular machine with a complex functional
cycle, and it is likely that there are additional targets on the enzyme that have not been
exploited. That RNAP is an attractive and proven drug target for anti-tuberculosis
therapies highlights the importance of having both a structural and functional

understanding of mycobacteria RNAP.
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Chapter 2:

Structural and Functional Analysis of the RbpA SID and BL

RbpA, an Actinobacterial-specific transcription activator that is essential in M¢b (Forti et
al., 2011) and necessary for normal growth in Sco (Newell et al., 2006), has been shown

to co-localize at initiation complexes with the primary o factor (¢

) in Sco in vivo
(Tabib-Salazar et al., 2013) and to stimulate transcription from a range of Mtb ™ (group
1) and 6" (group 2)—dependent promoters in vitro (Hu et al., 2014; 2012; Tabib-Salazar
et al., 2013). Interactions between RbpA and core RNAP have been proposed previously,
and putative interactions have been mapped to two widely spaced regions of RNAP (Dey
et al., 2011; Hu et al., 2012). However, in the absence of core RNAP, RbpA forms a
stable binary complex with the o, domain of housekeeping o-factors and has been shown
to interact with group 2 o-factors, but not group 3 or group 4 o factors (Hu et al., 2012;
Tabib-Salazar et al., 2013).

NMR structures comprising the RbpA flexible NTD and structured CD composed
of B-sheets (described in the introduction) have been reported (Bortoluzzi et al., 2013;
Tabib-Salazar et al., 2013); however, these structures did not resolve the C-terminal SID
that is responsible for binding o, and thus provide few clues to RbpA’s function. In this
chapter, I report the 2.2A resolution crystal structure of the M#h RbpA/c™, complex. The
structure reveals the molecular basis of the RbpA-SID interaction with 6 and the basis
of RbpA binding specificity for group 1 and group 2 o factors. Further, the structure

allowed us to generate a model of the RbpA-SID in the context of a transcription

initiation complex, which suggests that RbpA contacts promoter DNA. Using a

24



fluorescence-based binding assay, I tested and confirmed that RbpA plays a role in

modulating RNAP-DNA binding.

2.1 The importance of the SID in transcription activation

Using bacterial-2-hybrid experiments, Mark Paget’s group previously determined
that the RbpA’s C-terminal domain (SID) was responsible for binding o, identifying the
importance of this domain for RbpA function (Tabib-Salazar et al., 2013). In
collaboration with the Darst lab, they found that an RbpA truncation lacking the SID and
the BL (a 15-residue basic linker between the SID and the CD) was unable to activate
transcription in vitro (Hubin et al., 2015). They also found that a SUMO-tagged RbpA

construct comprising just the SID-BL (SUMO-RbpAS™PPH

) partially activated
transcription, but that full length RbpA was necessary for full activation (Hubin et al.,
2015). In independent experiments, however, [ investigated an untagged RbpA

comprising just the SID-BL (RbpAS™PB"

) and found that it activated as well as, if not
better than, WT RbpA in in vitro transcription assays (data presented in Chapter 4). In
this chapter I describe the structure of the SID-BL bound to ¢*, while further biochemical

and kinetic analysis of RbpA’s domain function will be discussed in Chapters 4 and 5.

2.2 Crystallization of Rpr-o-A; complex

For crystallization of an RbpA-o, complex, I expressed Hise-SUMO-6", fusion (o
residues 224-364) and RbpA from a co-expression cassette generated by Mark Paget’s
group (Figure 2.1a). The proteins formed a tight complex that could be co-purified by

nickel and gel filtration columns (Figure 2.1b). The Hise-SUMO tag was designed to be

25



Rbs  10-his SUMO

J‘(to'o

GF profile
< ‘Q\ |\
> 'bb 'Déo N
SIRANIR Elutions

His-SUMO o* D2

RbpA

Ni2* column Gel Filtration

Figure 2.1: Expression and purification of the complex between Mth RbpA and o,
(A) Recombinant proteins were overexpressed in E. coli cells from a co-expression
plasmid containing ¢, with a cleavable his-SUMO tag and untagged RbpA. (B) A

complex between RbpA and his-SUMO tagged o*, was purified through nickel column
and gel filtration (SD200).
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cleavable from o, by ULP1 protease; however, upon removal of the tag, the complex
precipitated. I therefore kept the tag on o”, throughout purification and crystallization
trials.

The complex was screened for crystallization conditions, and diffracting crystals
of similar morphology appeared under a number of different conditions. SDS-PAGE gels
of these crystals showed that proteolysis occurred within the drops, and that they
contained two major protein fragments (Figure 2.2a). MALDI-TOF analysis of the
crystal contents revealed that both proteins were N-terminally proteolytically degraded,
resulting in crystals containing a mixture of multiple ¢, fragments (lacking up to 18 N-
terminal residues) and multiple RbpA fragments (all including the BL and SID) (Figure
2.2b-c).

A 2.2 A data set was collected on crystals from one of the conditions (0.1 M Tris
pH 8.5, 0.5 M ammonium sulfate (Figure 2.3a-b). The data were phased by molecular
replacement with an Mrb ¢, homology model (ExPASy SWISS MODEL) based on a
previously solved structure of the corresponding domain from Tag ¢® (1KU2, Campbell
et al.,, 2002) (Figure 2.3c). Electron density maps revealed the RbpA-SID (Mrb
residues77-108) bound to o™, (Mtb residues 242-363) (Table 2.1). Although the MALDI-
TOF analysis indicated that the mixture of RbpA crystallized fragments included some
intact RbpA molecules as well as RbpA molecules lacking only the NTD, additional

electron density was absent, and the rest of RbpA was presumed disordered or absent.

27



A
Starting Crystals e |
material (PC C3) T an \
Yo WN ety Ao D11
5- gt fiem
P MMWWWN'WM"'M’”’WWWM i NS sy
o . i : B12
. > B i N N vf,“‘ N o
37- I ‘ -
%= - A | o3
I A\ [NANG
20 - - . AN - N
! "+ RbpA& T B
15- e I T fragments
e
10- -

C Peak assignments for RbpA

 Fragl
5 Frag2
>

> Frag3

l/ ’L -L * > Fragd
A,DRVLRGSRLGAYSYETDRINHD:! APR&lAR...G110

Peak assignments for o*,

SSADSVRAYLKQIGKV/-\LLNAEEE...ADQAR

> Frag2

Figure 2.2: Mass spectrometry indicates crystals are proteolytically trimmed RbpA-
¢*; complex. (A) Gel of crystals shows two protein fragments that did not match
molecular weight of the hiss-SUMO-6"2/RbpA complex (B) matrix-assisted laser
desorption ionization (MALDI) mass spectrometry profiles of four crystals (D11, B12,
C3, B9). Mass groups around 11.5 kDa and 14.5 kDa match gel bands, and correspond to
RbpA and ¢”; fragments, respectively. (C) Sequence assignment of fragments within the
crystals. Mass heterogeneities indicate both proteins are undergoing varying degrees of
protein degradation at their N-terminus.
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Figure 2.3: Crystals and data collection of ¢*,/RbpA complex. (A) Image of crystals
diffracted. (B) Diffraction pattern. Data was collected at BNL NSLS x-29 beam where
crystals diffracted to 2.2 A. (C) Alignment between Tag and Mtb ¢*,. Data were phased
with a homology model made using the structure of Tag ™.
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Table 2.1: Crystallographic Statistics for 6”,/RbpA complex

Data collection
Space group
Combined datasets
Cell dimensions

a, b, c

a, B,y
Wavelength (A)
Resolution (A)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
<I>/cl

Wilson B-factor

b
Rmerge

R b
cc1/2°
CC*b

Refinement
Ruwork I Riree
CCuwork/CCrree’®
No. non-hydrogen atoms
Protein
Ligand/ion
Water
Protein residues
B-factors
Protein
Ligand/ion
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Clashscore
Ramachandran favored (%)

Ramachandran outliers (%)

P3421

84.459, 84.459, 73.701
90, 90, 120
1.74

36.64—2.202 (2.282-2.202)°
182,175 (9,287)
15,679 (1,423)
11.6(6.2)

99 (96)

22.25 (2.07)
42.40

0.1189 (0.7155)
0.1244 (0.7709)
0.997 (0.998)
0.999 (0.999)

0.1951/0.2310 (0.2864/0.2966)

0.941/0.919 (0.818/0.841)

1260
19
58
154

56.41
96.27

0.005
0.7

5.88
98

0

CC, correlation coefficient.

Values in parentheses are highest resolution shells



The crystal structure reveals that the RbpA-SID comprises two a-helices (al, a2;
Figure 2.4), confirming previous sequence-based structural predictions of the domain
(Tabib-Salazar et al., 2013). In addition to the helical SID, four residues of the 15-residue
RbpA-BL connecting the RbpA-SID to the RCD are also visible in the structure. Both of
the RbpA-SID a-helices contact 6™, forming a significant intermolecular interface with a
buried surface area of 948 A,

The RbpA-SID makes extensive contacts with residues from both the conserved
regions of o, (regions 1.2 and 2.3) and the NCR (Figure 2.5a-b). Two conserved
arginine residues in the RbpA-SID (Sco RbpA R89 and R90, corresponding to Mth R88
and R89) that are critical for o binding were identified in previous studies (Tabib-Salazar
et al., 2013). The structure shows that these two residues form extensive electrostatic
interactions with o” (Figure 2.5¢c), explaining the mutagenesis studies. Specifically,
Mtb RbpA-R88, located in al of the SID, forms a salt bridge with o™ residue E254, while
RbpA-R89, located in the short linker between the two SID a-helices, makes salt bridges
with both E254 and D336 of ™.

A cluster of conserved hydrophobic RbpA residues (L94, L97, and L98;
Figs. 2B, C), located on RbpA-SID o2, make extensive van der Waals contacts with
residues of o™ (Figure 2.5¢c-d). The results of bacterial two-hybrid (BTH) assays with a
Sco RbpA mutant in which the residues corresponding to Mth RbpA L97 and L98 (Sco
RbpA V98 and L99) were changed to alanine confirmed the importance of interactions
observed in the crystal structure, revealing that these branched hydrophobic residues are

necessary for Sco RbpA/c” binding.
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Figure 2.4: Structure of RbpA-SID-6*; (A) Schematic of RbpA and ¢ architecture.
Domain 2 of ¢*is shown in orange with the NCR in fuschia and the remaining regions
colored gray. The SID and BL of RbpA are colored purple and the remaining regions are
gray. Regions visible in the crystal structure are flanked by dotted lines. (B) Crystal
structure of RbpA-SID-6™, is shown in ribbon and colored as in (A). Adapted from Hubin
etal., 2015.
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Figure 2.5 (Following page): RbpA contacts residues from both the conserved region
and NCR of ¢ (A) Schematic highlighting polar and ionic molecular interactions
between the RbpA SID and GAz. Interactions between residues are indicated by lines.
Ionic interactions are indicated red, hydrogen bonds are gray, and hydrogen bonds
mediated through water are blue. (B) Schematic showing nonpolar interactions between
RbpA SID and ¢*;. (C) Highlighted RbpA-SID residues required for o-binding. (D)
Selected portion of a simulated annealing composite omit electron density map at 1o.
Clear density for RbpA is shown. RbpA (purple) and o”, (orange with the NCR in
fuschia) are shown in stick, highlighting the hydrophobic interactions between RbpA
residues .94 and L98 with GANCR—Y258. Adapted from Hubin et al., 2015.
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The RbpA-SID/c*; structure provides a basis to understand why RbpA selectively
binds to group 1 and 2 ¢ factors but not group 3 ¢ factors or EFC ¢ factors. An alignment
of o, amino acid sequences of Mtb o™ (group 1) and ¢® (group 2) with Mth " (ECF)
(Figure 2.6) revealed that out of 21 Mtb 6" residues contacting RbpA, 16 were identical

in Mtb " while only four were identical in Mtb 6", explaining RbpA’s o selectivity.

2.3 Model of RbpA on holoenzyme reveals DNA bi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>