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Abstract

Structural Characterization of Mycobacterium tuberculosis RNA Polymerase
Binding Protein A (RbpA) and Its Interactions with Sigma Factors.

Alessio Bortoluzzi, July 2013

The RNA polymerase binding protein A (RbpA) is a 13 kDa protein, encoded by the
gene Rv2050, that was shown to be essential for the growth and survival of the
important human pathogen Mycobacterium tuberculosis. Although is not clear yet why
RbpA is essential in M. tuberculosis, significant progress has been made in the
characterization of the protein. For instance, it was shown that RbpA binds to the 3-
subunit of the RNA polymerase (RNAP) and activates transcription. Interestingly, it
was reported that RbpA can enhance the transcription activity of the RNAP containing
the primary o-subunit o® but does not have any detectable effect if the RNAP is
associated with the alternative o-subunit o'. Moreover, it was also shown that RbpA
might influence the response of M. tuberculosis to the current frontline anti-tuberculosis
drug rifampicin.

The research project described in this thesis contributes to the ongoing efforts to
characterize RbpA by providing the structure of the protein and identifying the principle
o-subunit 6, and the principle-like o-subunit 6°, as interaction partners. The solution
structure of RbpA reveals the presence of a central structured region and highly
dynamic N- and C- termini. Both termini are involved in the formation of a tight
complex with the o-subunit but only the C-terminal region appears to be essential for
this interaction. The finding that RbpA also binds to the RNAP o-subunit suggests new
possibilities for the mechanism of action used by RbpA to activate transcription.
Furthermore, preliminary data obtained using a ARv2050 conditional mutant strain of M.
tuberculosis suggest that the interaction with the o-subunit is essential for the
functionality of RbpA.
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Chapter 1

Introduction

1.1 Human tuberculosis: the current situation.
Tuberculosis (TB) is an infectious disease that has plagued humanity for thousands of
years. Molecular evidence of TB infection has been found in an Egyptian mummy (1),
proving that TB has existed in humankind for at least 5000 years. Several TB epidemics
have been recorded in the story of humanity, but it was probably during the industrial
revolution and the formation of the first big urban centres, which favoured the spreading
of infectious diseases, that TB became one of the most feared diseases (2). By the 19"
century TB was the leading cause of death in most European countries (3). In the 20"
century the discovery of the first anti-TB drugs resulted in the introduction of an
effective multidrug chemotherapy for TB that led to a significant reduction in the
incident cases in the most developed countries (4). However, on the global scale the TB
burden continued to rise and in 1993 the World Health Organization (WHO) declared
TB a global emergency. Significant efforts have been undertaken worldwide to contain
the spreading of the disease and since 2006 the absolute number of new TB cases has
constantly decreased (5). However, despite this encouraging data the global TB burden
remains enormous. According to the WHO report “Global Tuberculosis Report, 2012”
(5) in 2011 1.4 million people died from TB and there were an estimated 8.7 million
new cases of TB. The geographic distribution of the TB burden is uneven (figure 1.1)

and often correlates with a reduced socio-economic status (5).
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Figure 1.1. Estimated TB incident rates, 2011. Representation of the geographic
distribution of the estimated new TB cases for the year 2011. Image modified from the

WHO report “Global Tuberculosis Report, 2012 (5).

The five countries with the highest number of TB incident cases in 2011 were India
(2.0-2.5 million), China (0.9-1.1 million), South Africa (0.4-0.6 million), Indonesia
(0.4-0.5 million) and Pakistan (0.3—0.5 million) (5). However, TB affects also
economically favoured countries. For example, in the UK 8,963 cases of TB were
reported in 2011 confirming a stable incidence rate since 2005. The majority of the
cases were notified from urban centres, with London accounting for 39% of all the

cases reported in the UK (figure 1.2) (6).
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Figure 1.2. Three years (2009-2011) average TB case rates in the UK. Image
modified from the Health Protection Agency (HPA) report “Tuberculosis in the UK:

2012 report” (6).

A factor that significantly affects the rate and spreading of TB is the Human
Immunodeficiency Virus (HIV) epidemic (2). Both TB and HIV undermine the
efficiency of the immune system of the host and potentiate each other (2). It has been
estimated that 5-10% of patients infected with Mycobacterium tuberculosis, the main

etiological agent of TB in humans, are likely to develop active TB during their lives, but
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this risk is increased to 50% in the case of HIV co-infection (2). Sub-Saharan Africa is
particularly plagued by the synergy between HIV and TB; in the 2011, 79% of
worldwide TB patients co-infected with HIV were reported in Africa (5).

The data reported about the worldwide TB burden demonstrates how M. tuberculosis
has not yet released its grip on humankind and underline the need of a continued global

effort to eradicate TB.

1.2 The etiology of TB.

Until the late 19" century the cause of TB was unknown. Different theories were
formulated trying to explain the cause of TB, including that it was a contagious disease,
heritable, or due to nutritional factors. Evidence that TB was due to an infectious agent
was produced in the second half of the 19" century (7). The nature of the agent
remained unknown until 1882 when Robert Koch held his famous presentation “The
etiology of tuberculosis” where he demonstrated that characteristic bacilli were always
present in TB infections (8). The bacterium identified by Robert Koch was M.
tuberculosis (8), but TB can be caused by the infection of the host with any bacterium
member of the M. tuberculosis complex, which components include: M. tuberculosis, M.
africanum, M. canettii, M. microti, M. bovis, M. caprae and M. pinnipedii. M.
tuberculosis is the most frequent and important agent causing TB in human (7). It is an
aerobic, rod-shaped, non-spore forming bacterium with a particularly slow duplication
time (between 12 and 24 hours in optimum conditions) (7).

The cell wall of members of the genus Mycobacterium shows peculiar features. It has
an unusually high level of lipid content compared to most prokaryotic organisms and its
main structural element is a cross linked network of peptidoglycan. The cell wall results

in a highly impermeable layer that is thought to play a pivotal role in the intrinsic
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resistance of M. tuberculosis to common antibiotics and lytic enzymes (9). The peculiar
composition of the cell wall makes the staining of M. tuberculosis with commonly
employed staining procedures, such as Gram’s staining, difficult and sometimes
misleading. M. tuberculosis is classified as an “acid-fast” bacterium, indeed once
stained, typically with arylmethane dyes such as carbol fuchsin, it is able to retain the
dye even after several cycles of washes with acid-alcohol solutions. The “acid-fastness”
of M. tuberculosis is the key feature on which several mycobacteria staining methods
(e.g. the Ziehl-Neelsen technique) are based (7).

M. tuberculosis is most commonly transmitted by patients with pulmonary TB.
Coughing, sneezing or talking can produce aerosolized droplets containing bacilli. The
droplets can remain in the atmosphere for several hours (10) and if inhaled by healthy
patients have the potential to cause TB and start a new cycle of infection. The infection
process occurs with high efficiency, indeed approximately one third of the human
population is infected with M. tuberculosis (11). However, it has been estimated that
only 10% of patients infected with M. tuberculosis will develop active TB in their life
(12). In fact, when infectious bacilli reach the lungs they are recognized by the immune
system of the host which in most of the cases is able to contain the infection inside a
complex multicellular structure termed a granuloma and avoid further dissemination of
TB (7). M. tuberculosis is a highly adapted intracellular pathogen that is able to
interfere with and resist the common antimicrobial strategies employed by the immune
system. Thus, complete eradication of M. tuberculosis by the immune system of the
host is extremely rare, if not absent, but as long the bacilli remain confined in the
granuloma the disease is asymptomatic and not transmissible (13). However, in case of
failure of the containment the infection spreads to other loci within the body and, if

untreated, in 70% of the cases this will lead to death of the patient (14).
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1.3 Available therapies for TB and their limitations.
Prior to the development of antibiotic treatments, TB patients were subjected to a range
of treatments that often resulted into little or no improvements. In the first decades of
the 20™ century it was common practice for TB patients to be healed in sanatoriums,
where the therapy was based on absolute rest of body and mind, good nutrition and
exposure to high altitude and fresh air (15). The first step toward the development of an
effective therapy for TB was the discovery in 1944 of streptomycin and para-amino salt
of salicylic acid. During the years 1950-60s several other molecules active against TB
were discovered such as: isoniazid, pyrazinamide, ethambutol and rifampicin, that are

still the base of the multi drugs chemotherapy currently employed for TB (tablel.1) (16).

Antibiotic Chemical structure Mechanism and Mutation associated
target with resistance
Isoniazid o U Inhibits mycolic acid synthesis; KatG (required for
Y W primary target is InhA and drug activation); inhA
secondary targets are KasA ar  (promoter mutations);
N DfrA and others
Rifampicin o MO | Inhibits transcription; RNA rpoB
1 r polymerase B-subunit
Ve N T |
OH O T
C NH
» |
. o | T : N
o g ol LI -
Ethambutol o Inhibits arabinogalactan embB
i synthesis; possibly EmbB
N
ita} .
Pyrazinamide o Inhibits trans-translation; pncA (required for

NIl

ribosomal protein S1 (RpsA)
(17)

drug activation); rpsA (17)

Table 1.1. First line drugs used for the treatment of TB. Modified from reference

(18).
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The current guidelines for the treatment of patients with drug-susceptible TB
recommend a six month regimen of: isoniazid, rifampicin, pyrazinamide and
ethambutol for the first two months (intensive phase) and rifampicin and isoniazid for
the next four months (continuation phase) (19). The long duration of the TB therapy
increases the risk of mismanagement of the treatment, especially in countries where
there is not easy access to healthcare facilities and patients are more likely to fail to
complete the course. This results in a poor outcome of the therapy and in an increased
risk of emergence resistant strains of M. tuberculosis. In the 2011 there were an
estimated 310,000 cases of multidrug-resistant (MDR) TB (resistance to at least
rifampicin and isoniazid) (5). In cases of infection with MDR-TB the duration of the
therapy is extended to twenty months (20) and involves the use of second line drugs
which, in general, are more expensive and have a higher risk of develop side effects.
Unfortunately, there exist M. tuberculosis strains that have a higher level of drug
resistance than MDR, they are defined as extensively resistant (XDR: resistance to
rifampicin, isoniazid, fluoroquinolone and at least one of three injectable second-line
drugs such amikacin, kanamycin or capreomycin) and in case of infection with XDR-
TB the outcome of the TB therapy is further compromised (5). The first-line TB drugs
currently employed have been essentially the same since the introduction of a specific
multi-drug TB chemotherapy and resistance mechanisms for each drug are known (table
1.1). The discovery of new active molecules against M. tuberculosis that allow a
reduction in the length of the therapy and to overcome the problem of drug resistance
would greatly improve TB therapy.

Another important strategy adopted to control TB is vaccination that is performed with
the use of an attenuated strain of Mycobacterium bovis known as bacille Calmette-

Guerin (BCQG). It is generally accepted that the vaccination based on BCG is effective
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for extra-pulmonary TB in young people. However, in case of adult pulmonary TB the

protection given by the vaccine is extremely variable: from 0 to 80% (21).

1.4 Latent TB requires important changes in the metabolism of M. tuberculosis.
One of the reasons that has greatly contributed to the TB pandemic is the ability of M.
tuberculosis to survive, even for decades, inside the host leading to an asymptomatic
and not infective status of the disease defined as “latency”. Patients with a latent TB
infection represent the major reservoir of M. tuberculosis bacilli (22) and the latent
status can be easily reversed to an active and transmissible infection. M. tuberculosis
survives during the phase of latency by a complex series of interactions with the
immune system of the host and by entering into a so-called “dormant state” (23) which
is characterized by a non-replicating persistence (24). In the dormant state M.
tuberculosis metabolism undergoes important changes, protein synthesis is reduced and
the available resources are used to maintain the cell wall and genome integrity (25).
Unfortunately, if the immunosurveillance of the host is compromised, for example in
case of HIV co-infection, poor nutrition and aging, M. tuberculosis can recover from the
dormant state and develop an active infection (10). Patients with an active TB infection
in the lungs (pulmonary-tuberculosis is the most frequent form of TB) produce
aerosolized droplet containing infectious bacilli that have the potential to start a new
cycle of infection in a healthily patient.

The changes of M. tuberculosis metabolism at different stages of the infection and the
interferences with the immune system of the host are critical aspects to complete
successfully an infection cycle and are expected to require a tight gene expression

control (26).
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1.4.1 The DNA dependent RNA polymerase.

Gene expression control in bacteria occurs primarily during transcription initiation (27).
In M. tuberculosis, as in all the prokaryotic organisms, the DNA dependent RNA
polymerase (RNAP) is responsible for all the transcription activity (28), thus playing a
pivotal role in gene expression control. The bacterial RNAP is formed by a highly
conserved core of five subunits (a3’ w) (28-33), which is competent for transcription
clongation, and by a sixth o-subunit (or o-factor) that is essential for promoter
recognition and transcription initiation. The complex formed by the RNAP core and the
o-subunit is usually defined as RNAP holoenzyme. The overall structure of the complex
is reminiscent of a “crab-claw” like structure, in which the  and 3 subunits are the two
pincers and form the main RNAP channel through which the template DNA can reach

the catalytic site of the complex (figure 1.3).

Figure 1.3. The Thermus thermophilus RNAP holoenzyme structure. A surface
representation of the 7. thermophilus RNAP holoenzyme (PDB: 1IW7) with the
subunits part of the complex highlighted with different colours: o in red, 3 in blue, f” in

cyan and o in green. The  subunit is not visible.
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The two identical a-subunits have a role in binding certain DNA promoters, but the
main function is as a scaffold in assembling the large 3 and 3° subunits which form the
active site of the complex (34,35). The w-subunit has no active role in transcription, but
seems to function as chaperone for the folding of the ’-subunit (36).

The process that leads to transcription involves a series of steps that have been recently
reviewed (37) and can been summarized as follows. The RNAP holoenzyme (R)
recognizes and binds the DNA promoter (P) forming the closed complex (RP.). The
formation of the RP, triggers a series of changes in both DNA and RNAP that ultimately
leads to DNA melting for approximately 13 base pairs around the transcription site (+1)
and to establish the open complex (RP,) formation. The RP, is competent for
transcription and synthesizes short abortive RNA chains that are released from the
complex. When a longer RNA chain, typically 11 nucleotides, is formed, the contacts
between RNAP and the DNA promoter are disrupted and the RP, stability is increased.
Further elongation of the nascent RNA chain triggers the release of the o-subunit and

the resulting RNAP-core DNA complex continues transcription with high efficiency.

1.4.1.1 The RNAP is the target of the front line anti-TB drug rifampicin.
Rifamycins are an important class of antibiotics targeting the bacterial RNAP which
were isolated for the first time in 1959 (38). Within ten years rifampicin, probably the
most known compound that belongs to rifamycins, was introduced into the TB therapy
reducing the treatment time from 19 to 9 months. Rifampicin can easily diffuse through
living cells, making it particularly effective against intracellular pathogens like M.
tuberculosis (39). Unfortunately, the rate of spontaneous mutations that leads to
rifampicin resistance in M. tuberculosis is relatively high: 2.25 x 10” mutations per

bacterium per generation (40). For this reason rifampicin is used almost exclusively in
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combination with other drugs and its usage, in the United States, is restricted to TB
therapy and to cases of clinical emergencies (41). Mutations that confer rifampicin
resistance occur almost exclusively in the rpoB gene (encoding for the -subunit of the
RNAP) (42). Indeed, rifampicin antimicrobial activity is due to inhibition of
transcription activity by its binding to the P-subunit of the bacterial RNAP. The
rifampicin binding site is far from the catalytic site, the closest approach is at about 12
A, and the transcription inhibition action is thought to be due to steric hindrance of the

nascent RNA chain (41) (figure 1.4).

Rifampicin

é 3 ;\ . ‘ RNA Transcript
t> ¥-4
Y \'I;"__ 3 /
" -2
= % " g M2

D[\ﬂp‘ (i—sjite) Y (i+1 site)
template strand

Figure 1.4. Rifampicin blocks transcription by steric hindrance. Model of the
elongation complex showing the 9 bp RNA/DNA hybrid (from +1 to -8) and the Mg™
ion (magenta sphere) in the RNAP active site. The RNAP and the rest of the nucleic
acids are omitted for clarity. The incoming nucleotide in position +1 is coloured in
green. The RNA transcript that can be accommodated in presence of rifampicin (-1 and
-2 positions) is coloured in yellow and the RNA transcript that cannot be
accommodated in presence of rifampicin (from -3 to -8 positions) is coloured in pink.
The template DNA strand is coloured in gray. Rifampicin is shown in a CPK
representation (carbon atoms are coloured in orange, oxygen in red and nitrogen in

blue) (41).
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Several biochemical and genetic studies support a steric-block model for the mechanism
of action of rifampicin (for a comprehensive review see reference (43)), including the
solution of the structure of Thermus aquaticus RNAP core bound to rifampicin (41).
However, a simple steric-block model cannot easily account for some of the evidence
previously reported. For example, a number of mutations in rpoB conferring rifampicin
resistance map far from the inhibitor binding site (44) and there were observed
differences in the rifampicin sensitivity in function of the type of o-factor contained in
the RNAP (45). The lack of the o-subunit in the structure of the 7. aquaticus RNAP
core in complex with rifampicin (41) could hide some aspects of the rifampicin
mechanism of action. In 2005, Artsimovitch et al. solved the structures of the T.
thermophilus RNAP holoenzyme in complex with rifabutin and rifapentine (rifampicin,
rifabutin and rifapentine are the only rifamycins currently employed in therapy) (46).
Interestingly, the structures reported lacked the catalytic Mg”" ion, in contrast to most of
the RNAP structures previously described, and showed interactions between the
inhibitors and the o-subunit. Thus, Artsimovitch et al. (46) proposed a new mechanism
of action for rifamycins, which should work in addition to the steric-block model, where
the binding of the inhibitor would trigger an allosteric signal that is transmitted through
both the p and o subunits to the active site and culminate in the release of Mg®" ion.
However, in a recent work, Feklistov et al (47) showed that rifamycins do not affect the
binding affinity of Mg®" to the RNAP questioning the allosteric model. In summary,
although the steric hindrance caused by rifampicin on the nascent RNA chain seems to
be the key event that leads to transcription inhibition there could be other molecular

events induced by rifampicin that have not yet been fully characterized.
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1.4.2 The role of the o-subunit in gene expression control and classification and

overview of the M. tuberculosis o-factors.

The first step in transcription is the recognition and binding of the gene promoter by the
RNAP. In bacteria this step is mainly accomplished by the o-subunit, which is able to
bind specific DNA sequences conferring promoter specificity to the RNAP holoenzyme.
All bacterial genomes encode one primary o-subunit that is responsible for the
transcription of housekeeping genes and is essential for the growth of the organism (26).
However, the total number of o-subunits encoded can vary from one in Mycoplasma
pneumoniae (48) to 65 in Streptomyces coelicolor A3(2) (49). Each o-subunit has
different promoter specificity so the use of different o-subunits, which is often linked to
a specific stimulus such as stress response, represents an efficient mechanism of gene
expression control. In M. tuberculosis the possibility of switching between different o-
subunits is exploited to express particular regulons to sustain multiple stages during host
infection (e.g.: adhesion, invasion, intracellular replication and dissemination to other
sites) (50).

The o-factors have been divided in two families: sigma 70 (0'°) and sigma 54 (o).
The classification is based on the similarity to the 70 kDa primary o-factor or to the 54
kDa nitrogen-regulator o-factor from Escherichia coli (51). All bacterial genomes
encode at least one o-factor that belongs to the o'’ family. Otherwise, members of the
o family are more rare and are not found in mycobacteria (52). The o-factors
belonging to the o'’ family can be further divided in four phylogenetically related
groups (53). Group 1 contains essential primary o-factors, with a high sequence
homology to the o’ of E. coli, which are responsible for the transcription of
housekeeping genes. The o-factors in group 2 are closely related to primary o-factors,

but are dispensable for growth. Group 3 o-factors share a lower sequence homology
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with the primary o-factor and are normally activated in response to precise stimulus.
Finally, proteins in group 4 are the most diverged from the primary o-factor and often
are responsive to extracytoplasmic signals (54).

Sequence alignment of members that belong to the ¢’° family revealed the presence of
four highly conserved regions (53) that can be further dived in sub-regions. Regions 2
and 4 are conserved in all the o’ family members and are involved in the binding of the
-10 and -35 promoter elements, respectively (55,56). Region 3 is less conserved and
recognizes the “extended -10” promoter element (57). Only o-factors from the first and
second group contain region 1, which harbours the negatively charged subregion 1.1
that has been observed to inhibit the binding of free o-factor to the DNA (58).
Structural analysis of the RNAP holoenzyme (56,57,59,60) has shown that the primary
o-factors are organized in three compact domains: 02, 03 and o4 which have conserved
folds and include the conserved regions 2,3 and 4, respectively. The conformation of the
o-subunit is extended, with the domains spread along one face of the RNAP core.

In E. coli several o-factors compete for a limited pool of RNAP-core. The primary o-
factor has a higher affinity for the binding with the RNAP-core compared to alternative
o-factors. This guarantees the expression of the housekeeping genes essential for the
viability of the organism (61,62). However, bacteria must be able to switch between
different o-factors in order to adapt their gene expression profile to specific stimuli.
This is often achieved by controlling the expression of the alternative o-factors and the
expression of anti-o-factors, proteins that bind and sequester specific o-factor resulting
in drastic change in the equilibrium dynamics for the binding with the RNAP core (63).
The fine-tuning of the o-factor choice can be further regulated by the expression of anti-

anti-o-factors, proteins that bind and inactivate the anti-o-factors.
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M. tuberculosis encodes 13 distinct o-subunits (o”-0™) (64). o is believed to be the
primary o-subunit because disruption of sigA, the gene encoding for o, has not been
possible in M. tuberculosis (26). Furthermore, the o™ orthologue in M. smegmatis was
shown to be essential, in fact its inactivation leads to non-viable M. smegmatis strains
unless an extra copy of the gene is provided (65). ¢ seems to have a role also in the
virulence of M. tuberculosis. Indeed, overexpression of o enhances the growth of M.
tuberculosis in human macrophage and in mice lungs (66). Moreover, a point mutation
in 0™ (R515H) was shown to attenuate the virulence of a M. bovis strain in a guinea pig
infection model (67), but the same mutation failed to show attenuation in a different
animal model (Australian brushtail possum) (68). o” is a primary-like o-subunit that
shares a high degree of sequence homology with the last 300 residues of o”. M.
tuberculosis and M. smegmatis strains with sigB gene disrupted are viable showing that
o” is not essential (65,69). However, M. tuberculosis strains harbouring sigB mutations
are more sensitive to surface stress (SDS-mediated), heat shock, oxidative stress,
exposure to vancomycin and hypoxia (52,69).

The remaining M. tuberculosis o-factors (0°-0™) are alternative o-subunits (26). All the
four phylogenetically related o-factor groups are represented in M. tuberculosis and

their composition is summarized in figure 1.5.
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Figure 1.5. M. tuberculosis o-factors classification. Adapted from reference (52).

During exponential growth all the 13 M. tuberculosis o-factors are expressed (70,71).
The expression of o™ is constant and the sig4 messenger RNA (mRNA) has a very long
half-life (~40 minutes) (72), for these reasons o’ is often chosen as internal control
during mRNA quantification (73). Despite the remarkable homology between ¢* and
o” sequences the expression of o” is clearly increased in response to several stress
stimuli as heat shock, low aeration and exposure to hydrogen peroxide (70,72) and there
is no overlap of the regulons activated by o™ and o” (74,75). The o™ and ¢” sequences
and loci are conserved in all mycobacteria. Between the M. tuberculosis alternative o-
factors only o is conserved across the whole genus (76) and o° is conserved only in
pathogenic mycobacteria (77). The conservation of the remaining o-factors is relatively

variable within different species (76). Interestingly, M. tuberculosis has the highest ratio
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of alternative o-subunits compared to genome size of any obligate pathogen (52),
possibly reflecting the complex stages of infection that require tight regulation.

The possibility to switch between 13 different o-subunits to reprogram transcription is
for M. tuberculosis an effective strategy to control gene expression, but certainly is not
the only one. Indeed, following the completion of the M. tuberculosis genome sequence
were identified a total of 190 potential gene expression regulators (78). The expression
of a particular gene is the result of the interaction of different players in a complex and

dynamic network that, for M. tuberculosis, is still not completely understood.

1.4.3 Transcription regulator proteins that do not bind DNA

There are several known mechanisms used by bacteria to control the transcription
activity of the RNAP including: non-protein ligands, the folded bacterial chromosome
structure and transcription factors (27,79). The best characterized mechanisms often
involve direct interaction with the DNA. However, there is a class of transcription
modulators that act interacting directly with the RNAP but not DNA and recent studies
have elucidated aspects of their mechanism of action. Gre-factors are small proteins
(~20 kDa), evolutionarily conserved, including in M. tuberculosis, that activate
transcription rescuing arrested RNAP (80). During transcription elongation certain
DNA sequences, generally enriched in the content of Thymine, can slow or even stop
the RNAP activity (81). The arrest of transcription induces RNAP to proceed backward
leading to disengagement of the nascent RNA chain from the catalytic site making
further advance in transcription elongation impossible (82). The blocked RNAP can
resume transcription by cleaving the newly synthesized RNA chain and generating a
new 3’ end in the catalytic site. This process is favoured by Gre-factors that have been

shown to stimulate the endonucleolytic activity of the RNAP (83). Gre factors, and their
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homologues, are composed of two domains: a coiled-coil N-terminal domain and a
globular C-terminal domain (80). According to the currently accepted model the C-
terminal domain binds on the surface of the RNAP and the N-terminal domain reaches
the catalytic site of the holoenzyme through the RNAP secondary channel where it
activates the endonucleolytic reaction (84-86). The RNAP secondary channel is solvent
exposed providing an entry for the nucleoside triphosphates (NTPs) in transcription
elongation and accommodates the nascent RNA chain during backtracking (33,87). An
increasing number of evidence show that the secondary channel is also the route used
by a class of small proteins, which share structural similarities, to directly interact with

the RNAP and influence the transcription activity (figure 1.6).
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Figure 1.6. Transcription regulators that bind to the RNAP secondary channel.
Cartoon representation of the RNAP holoenzyme-DNA complex. The DNA template
and non-template filaments are shown in green and light green respectively. The o-
subunit is shown in light orange, the secondary channel in red and the rest of the RNAP
in blue and gray. The structures of proteins that bind the secondary RNAP channel are
also shown: DksA (PDB: 1TJL), GreA (PDB: 1GRJ), GreB (PDB: 2P4V) and Gfhl

(PDB: 2EUL). Figure modified from reference (79).

DksA is another transcription regulator protein that acts without direct binding with the
DNA and in E. coli it has been shown to play a pivotal role in the stringent response
(88). The stringent response is a general mechanism activated in bacteria in response to
nutrient starvation characterized by an increase in the synthesis of hyperphosphorylated
guanine nucleotides ppGpp and pppGpp. ((p)ppGpp) (89). High levels of (p)ppGpp lead
to specific transcription inhibition of ribosomal RNA (rRNA) and some transfer RNA

(tRNA) that ultimately will result in low ribosome biogenesis and decreased growth rate
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(90). However, the ribosome synthesis inhibition induced by (p)ppGpp is virtually
abolished by DksA inactivation (88). The molecular details of transcription inhibition
induced by (p)ppGpp and DksA remain unknown. However, the structure similarities
observed between DksA and the Gre-factors (figure 1.6) and evidence that the N-
terminal coiled-coil domain of DksA binds the RNAP polymerase secondary channel
(91) suggest that DksA and Gre-factor mechanisms of action could share important
similarities.

Despite the high conservation of the stringent response mechanism, in several bacteria,
including M. tuberculosis, there are no obvious DksA homologues. However, it has
been found that a M. tuberculosis protein, named CarD, can functionally replace DksA
in E. coli (92). CarD binds directly to the p-subunit of the RNAP, is essential for the
stringent response in M. tuberculosis and for the control of rRNA synthesis also during
normal growth conditions (92). Despite the lack of sequence homology DksA and CarD
seem to have overlapping functions, but there are also significant differences between
the two proteins. For example, CarD is essential for M. tuberculosis viability and binds
to the RNAP outside the secondary channel, suggesting that M. tuberculosis has
evolved a different mechanism to regulate transcription during the stringent response.

A further interesting example of a transcriptional regulator protein that does not interact
with DNA is Crl. In E. coli Crl binds to ¢° and leads to an increased affinity for ° in
the binding with the RNAP core (93). The details of the Crl mechanism of action are
not known yet, but its binding with ¢° stimulates the formation of RNAP holoenzyme
containing o° (Ec”) resulting in an enhanced Eo® dependent transcription activity
(94,95). Otherwise, in absence of Crl, the higher concentration and higher affinity of the
primary o-factor would limit or block the formation of the Ec® holoenzyme. No

homologues of E. coli Crl have been identified in M. tuberculosis.
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1.5 The M. tuberculosis RNAP Binding Protein A, RbpA.
A novel small RNAP binding protein RbpA was identified in S. coelicolor and is highly
conserved in the actinobacteria (96). RbpA of M. tuberculosis contains 111 amino acids,
is encoded by Rv2050, and is thought to play a role in the gene expression control
network stimulating the transcription activity of the RNAP (97). RbpA expression is
essential for the growth of M. tuberculosis (98,99) and is upregulated in several stress
conditions: starvation, heat shock, oxidative stress, hypoxia, in mouse macrophages and
in the presence of rifampicin and vancomycin (25,100-102). Interestingly, RbpA and its
homologues in S. coelicolor and M. smegmatis have been shown to reduce the RNAP
inhibition caused by rifampicin (97,101,102). Despite the recent progress achieved in
the characterization of RbpA it is not clear yet which is the essential function that it
underpins in M. tuberculosis or the precise molecular mechanism through which RbpA

activates transcription and rescues the RNAP from the rifampicin inhibitor effect.

1.5.1 Mapping of the RbpA binding site on the RNAP

RbpA was identified for the first time as an RNAP binding protein in 2001 during a
study on the oxidative stress response in S. coelicolor (96). The interaction between
RNAP and RbpA was found to occur also in M. smegmatis and M. tuberculosis and a
series of cross-linking and proteolysis experiments revealed that the RbpA binding site
was located on the B-subunit (97,102). Precise mapping of the binding sites of RbpA
and of its M. smegmatis homologue were attempted (97,103) adopting different
strategies. RbpA from M. smegmatis was cross-linked with the B-subunit of the RNAP
and the resulting RbpA:f-subunit adduct and the B-subunit were subjected to in-gel
trypsin digestion, followed by mass spectroscopy analysis of the peptides obtained. The

binding site of M. smegmatis RbpA on the B-subunit was then found by analyzing the
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mass spectroscopy spectrum of the RbpA:f-subunit adduct for the absence of peaks
present in the spectrum collected for the 3-subunit (103). Otherwise, the M. tuberculosis
RbpA binding site was mapped by proteolysis experiments. The single Cys residue of
RbpA was covalently tethered to the chemical protease Fe(Ill) (s)-1-(p-
bromoacetamidobenzyl) ethylenediamine tetra-acetic acid (FeBABE) (97). The
resulting RbpA-FeBABE was incubated with the RNAP, only f-subunit cleavage
products were detected and their sizes were determined based on the migration of the
relative bands during SDS-PAGE analysis. The sizes found were used to calculate the
position of cleavage sites on the f3-subunit, which were attributed to the residues 523
+10, 578 +26 and 659 +8. These residues are thought to represent the binding site
of M. tuberculosis RbpA on the (-subunit (97). However, despite the fact that the 3-
subunit and RbpA in M. tuberculosis and in M. smegmatis are virtually identical

(sequence identity > 90%), the putative binding sites found are different (figure 1.7).
g
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Figure 1.7. The RbpA binding site on the RNAP holoenzyme. The binding sites
found for RbpA (97) and for the RbpA homologue in M. smegmatis (103) have been
mapped on the 7. thermophilus RNAP holoenzyme structure (PDB: 1IW7) and
highlighted with different colours: yellow and magenta, respectively. For clarity the
position of the binding sites of RbpA and of M. smegmatis RbpA (R345) are indicated
by red arrows. The different subunits forming the RNAP holoenzyme have been

coloured as follow: a in red, p in blue, B’ in cyan, o in green and w in orange.

In M. smegmatis only one binding site was found for RbpA on the f-subunit R381 (7.
thermophilus R345), located in the RNAP cleft close to the rifampicin binding site
(103). Otherwise, for M. tuberculosis RbpA have been identified two binding sites on
two protrusions of the 3-subunit on the outer side of the RNAP. These binding sites are
symmetric and consistent with a dimeric organization of RbpA (97), which is in
agreement with the dimeric organization found by size exclusion chromatography
(SEC) for the RbpA homologue in S. coelicolor. However, it should be noticed that the
RbpA homologue in M. smegmatis has been found to be monomeric based on the

elution volume detected during SEC analysis (103).
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1.5.2 RbpA affects rifampicin susceptibility.

Early evidence that RbpA can affect the susceptibility to rifampicin was reported in
2006 studying the RbpA homologue in S. coelicolor (101). Newell et al demonstrated
that ArbpA mutant strains of S. coelicolor had a higher sensitivity to rifampicin, up to
~15 fold (101). The RbpA homologue in M. smegmatis was also tested to investigate its
role in rifampicin resistance. Dey et al. showed that M. smegmatis strains
overexpressing the M. smegmatis RbpA homologue had a MIC for rifampicin of ~4 fold
higher (102). Further studies, in vitro transcription assays, have demonstrated that RbpA
and its homologues in M. smegmatis and in S. coelicolor can rescue the RNAP from the
inhibitory effect of rifampicin (102). In details, a range of rifampicin concentrations
were tested, from 1 to 100 uM, showing that transcription activity could be detected, at
each inhibitor concentrations assessed, only when the M. smegmatis RbpA was added at
the reaction mixture (97,101,102).

There is disagreement in the literature about the mechanism used by RbpA to rescue
RNAP from rifampicin. Dey et al. propose that RbpA binding on the RNAP directly
trigger the release of rifampicin (103). However, Hu et al argued that RbpA binding to
RNAP does not affect the ICsy of rifampicin. Hence, they hypothesized that the
stimulation of transcription induced by RbpA could account also for the higher

transcription activity observed in the presence of rifampicin (97).

1.5.3 RbpA is part of the gene expression control network of M. tuberculosis.

The role of RbpA in the gene expression control network was hypothesized following
the observation that the RbpA homologue in S. coelicolor can increase the RNAP
transcription activity from a ribosomal promoter (101). This early evidence was

confirmed in a recent work (97) where it was shown that RbpA activates transcription
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also from non-ribosomal promoter and that RbpA activity is o-factor specific. Hu et al.,
performed a set of single-round transcription assays showing that RbpA increases the
Eo” transcription activity of ~2-fold, but not of Ec' (97). Because no direct binding was
observed at the o-subunit Hu and colleagues concluded that the binding of RbpA on the
B-subunit could induce a structural modification of the RNAP core increasing the
affinity for o® and stabilizing the transcriptional competent open complex (97).
Moreover, no influence of RbpA was observed on the rate of transcription elongation
using promoter-less scaffold DNA, thus it was concluded that the function of RbpA is
restricted to transcription initiation (97).

Rv2050 (the gene encoding for RbpA in M. tuberculosis) was predicted to be an
essential gene for optimal growth of M. tuberculosis in a saturation mutagenesis study
(98). This early observation was confirmed recently generating an Rv2050 conditional
mutant strain of M. tuberculosis where the expression of Rv2050 is under the control of
the antibiotic pristinamycin I (PI) (99). Forti et al. (99), showed that both in liquid and
solid media the addition of PI is essential for the growth of the conditional mutant strain,
concluding that Rv2050 is an essential gene for M. tuberculosis viability. The literature
data available suggests that RbpA function is linked to transcription regulation, but this
does not explain why Rv2050 expression is essential in M. tuberculosis (98,99). Hu et
al., formulated an interesting hypothesis about the RbpA essentiality in M. tuberculosis
following the observation that o™ and o' of M. tuberculosis were required at similar
concentrations for in vitro transcription (97). They proposed that the relatively low
affinity between o* and RNAP could lead to a reliance on RbpA to increase the o*
competitiveness for the binding with the RNAP core. Thus, the transcription of
housekeeping genes, particularly in times of stress when alternative o-factors are

expressed, would require the expression of RbpA (97). Interestingly, the RbpA
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homologue in S. coelicolor is non-essential, although the gene-deletion mutant has a
severe growth defect (101). This could potentially be due to differences in the biology
between the organisms or to the presence in S. coelicolor of the C54.03c gene, the
product of which is 29% identical to RbpA and could potentially fulfill a similar role in

strains lacking RbpA.

1.6 Aims of the project

The essentiality of RbpA in M. tuberculosis (98,99) combined with the knowledge that
it is conserved only in actinobacteria led to the proposal of RbpA as a potential target
for anti-TB drug (97,100). This observation and the evidence that RbpA has a role in
regulation of gene expression and in rifampicin resistance, make this protein an
important subject for study (97,101-103).

When the research project described in this thesis began the available literature data
showed that the RbpA binding site was located at the f-subunit of the RNAP, but
unpublished yeast two-hybrid screens and protein fragment complementation assays in
E. coli demonstrated that RbpA is a binding partner of o” (personal communication).
The interaction between RbpA and the o-subunit opened new scenarios in RbpA
mechanism of action in transcription activation and in the RNAP-RbpA interaction
mode. The aim of this project was to contribute to the ongoing effort to characterize
RbpA performing a structural and functional study. The main focuses were to solve the
structure of RbpA using nuclear magnetic resonance (NMR) techniques, to confirm and
characterize the interaction between RbpA and the o-subunit and to investigate the

RbpA function using an Rv2050 conditional mutant strain in M. tuberculosis.
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Chapter 2

Expression, purification and structural characterization
of M. tuberculosis RbpA

2.1 Introduction

When the research project described in this thesis began no structural information were
available for RbpA or for its homologues. The knowledge of the spatial organization of
a protein is potentially highly informative, it could be very important in the
understanding of the protein function and mechanism of action. Moreover, atomic
resolution structures can be used for drug design or to rationally project further
experiments. With the aim to contribute at the characterization of RbpA it was decided
to solve its structure by NMR.

In this chapter it will be described the process that led to generate structural information
on RbpA. The first step was to optimize protocols that allowed the purification of RbpA.
During this process it was noticed that RbpA had a strongly concentration dependent
oligomeric organization. Bioinformatics analysis and preliminary NMR experiments led
to hypothesize that the C-terminal region of RbpA could be responsible for the peculiar
oligomeric organization of the protein. Truncation of the last 32 residues of RbpA
abolished oligomerization of the protein and improved the quality of the NMR data
collected. Therefore, it was chosen to solve the structure of the first 79 residues of
RbpA (RbpAj.79) that revealed the presence of a structured central domain with a
conserved hydrophobic surface that may be a potential protein interaction site.
Otherwise, the N- and C- termini of RbpA .79 are both highly dynamic and unstructured.
The atomic coordinates of the central structured domain of RbpA;.;9 were used to

perform a structural homologues search, several structures were found harbouring a
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similar fold but all had a relatively low homology score and none of them can be

consider a genuine structural homologue of RbpA_79.
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2.2 Materials and methods.

2.2.1 Sequence alignment and secondary structure prediction of RbpA.

Evolutionary conserved regions of RbpA were identified analyzing a sequence
alignment performed as follows. RbpA homologue sequences were identified with the
BLAST algorithm (104) using the non-redundant protein sequences database and the
default settings except for the maximum number of aligned sequences to display that
was increased from 100 to 500. The process led to the identification of 416 sequences.
The alignment was performed using the software COBALT (105) and with sequences
from the Actinobacteria phylum. When multiple sequences were identified from the
same genus only the sequence with the highest similarity score was selected. The
resulting alignment was used to assign at each RbpA residue a conservation score,
calculated using the AMAS method (106) implemented in Jalview (107). Secondary

structure prediction of RbpA was performed using the Jpred 3 package (108).

2.2.2 Preparation of expression vectors.

The gene encoding RbpA (Rv2050) and the ORF encoding for its truncated version
RbpA;.79 were amplified by polymerase chain reaction (PCR) from M. tuberculosis
H37Rv genomic DNA and cloned by a ligase independent method (using the in-house
service Protex — University of Leicester) into an expression vector derived from pET-
43.1a(+) (Novagen) encoding a cleavable Hise-tag at the N-terminus. All the constructs
obtained were subjected to DNA sequencing at the University of Leicester Protein and

Nuclear Acid Chemistry Laboratory (PNACL).
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2.2.3 Protein analysis by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE analyses were performed in order to control the status of the proteins at
different stages of the purification process. Typically, samples were prepared mixing 20
ul of protein sample with 10 ul of 0.2 mM 1,4,-dithiothreitol (DTT) and 10 uL of 4x
NuPAGE® LDS sample buffer (Invitrogen). Samples were heated at 70 °C for 10
minutes and loaded on precast NuPAGE® Bis-Tris gels with a 4-12% acrylamide
gradient (Invitrogen). At least one lane in each gel was loaded with 3 ul of Novex®™
sharp protein standard (Invitrogen) that contain a mixture of 12 protein bands in the
range of 3.5-260 kDa or with 3 ul of protein marker, broad range (New England
Biolabs) that contain a mixture of 8 protein bands in the range of 7-175 kDa. The
electrophoresis run was performed in 2-(N-morpholino)ethanesulfonic acid-SDS (MES-
SDS) running buffer (Invitrogen) with a constant voltage of 200 V for 35 minutes. The
gel was stained with InstantBlue™ (Expedeon) for 1 hour with gentle rocking then

destained in deionised water (dH,O).

2.2.4 Expression of unlabelled and "N,"*C,"”N/"*C labelled RbpA and RbpA .79.

E. coli BL21(DE3) cells, transformed with the relevant expression vector, were grown
in Luria-Bertani media (LB, appendix) containing 100 ug/ml ampicillin at 37 °C with
shaking to an absorbance at 600 nm of ~0.7. Protein expression was then induced by the
addition of 0.5 mM isopropyl-1-thio-p-D-galactopyranoside (IPTG) and the cell growth
continued at 30 °C for 4 hours. Cells were harvested by centrifugation (8000 g for 20
minutes at 4 °C) and the pellet was stored at -20 °C.

To uniformly label RbpA with °N, °C or "'N/"°C, E. coli BL21(DE3) cells transformed
with the relevant expression vector were grown in modified Spizizen minimal media

(109) (appendix) containing 100 ug/ml ampicillin, where the sole source of nitrogen
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and carbon were 1 g/l of ""N-(NH4),SO4 and 2 g/l of >C-D-(+)-glucose as appropriate.
The same expression protocol was applied to uniformly label RbpAi.79, except for
"N/C labelled RbpA .79, which was prepared using non-isotopically labelled aromatic
amino acids (His, Tyr, Trp and Phe at 50 mg/l) in the minimal media. The expression of

the labelled proteins was performed as described for unlabelled.

2.2.5 Expression of °N/"*C/*H labelled RbpA.

E. coli BL21(DE23) cells transformed with the relevant expression vector were subjected
to double selection of high-level expression colonies as described in Sivashanmugam et
al. (110). The colony that gave the best protein expression was used to inoculate 50 ml
of 2YT media (appendix) in D,O (containing 100 pg/ml of ampicillin) and the culture
was grown at 37 °C with shaking for 20 hours. The cells were harvested by
centrifugation (8000 g for 20 minutes at 4 °C), resuspended in optimized high-cell-
density-IPTG-induction minimal media (appendix) (110) and the culture growth was
continued at 37 °C until the absorbance at 600 nm was increased by at least one unit.
The protein expression was then induced by adding 0.25 mM IPTG and the culture
growth was continued for 5 hours at 30 °C. Cells were harvested by centrifugation

(8000 g for 20 minutes at 4 °C) and the pellet was stored at -20 °C.

2.2.6 Purification of RbpA and RbpA .79,

Cell pellet was resuspended in a buffer containing 50 mM Tris-HCI pH 8.0, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM 4-(2-Aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF) and 0.1 mg/ml lysozyme from chicken egg white
(Sigma). Cells were sonicated in ice using Misonix sonicator 3000 with power set on 7

for 10 minutes with 20 seconds on-off intermittency. The resulting cell lysate was
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centrifuged (15,000 g for 30 minutes at 4 °C). The supernatant was then loaded on a Ni-
Sepharose 5 ml column (GE Healthcare) pre-equilibrated with a buffer containing 25
mM Tris-HCI pH 8.0, 150 mM NaCl and 30 mM imidazole. The same buffer was used
to wash the column (40 ml) and to elute the Hise-tagged protein with a linear imidazole
gradient (30-500 mM, 50 ml). Fractions containing the Hise-tagged protein were
subjected to SEC using a Superdex 75 16/60 (GE Healthcare) column and a buffer
containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl and 2 mM DTT. The same buffer
was used to calibrate the SEC column using the low molecular weights calibration kit
(GE Healthcare). The concentration of the purified protein was calculated measuring

the absorbance at 280 nm.

2.2.7 Hise-tag cleavage
The Hise-tag was removed from the Hise-tagged proteins by enzymatic cleavage using
Hise-TEV (tobacco etch virus) protease (provided by PROTEX, University of Leicester).
The reaction was conducted at 4 °C, over-night and using 2 units of Hisc-TEV protease
for 100 ug of Hise-tagged protein. Successful Hise-tag cleavage resulted in complete
removal of the tag leaving a single Ser residue. Hiss-TEV protease and the Hise-tag

were removed from the reaction mixture using a 5 ml Ni-NTA column (QIAGEN).

2.2.8 Analytical size exclusion chromatography (SEC)

The oligomeric organisation of RbpA was assessed by analytical SEC using a Superdex
75 10/300 GL column (GE Healthcare) and a buffer containing 25 mM K,;HPO, pH 6.5,
100 mM KCl, 0.5 mM DTT, 0.5 mM EDTA and NaN; 0.02% w/v. The SEC column
was previously calibrated using the low molecular weights calibration kit (GE

Healthcare).
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2.2.9 NMR spectroscopy

NMR spectra were acquired from 0.35 ml samples of RbpA (~0.2 mM) and RbpA,.79
(~0.35 mM) dissolved in a buffer containing 25 mM K,HPO,4 pH 6.5, 100 mM KClI, 0.5
mM DTT, 0.5 mM EDTA, 0.02% w/v NaN3, 0.2 mM AEBSF and 0.5 mM Tris(2-
carboxyethyl) phosphine (TCEP) with 10% D,0-90% H,O or 100% DO as appropriate.
All NMR data were recorded at 35 °C using either 600 MHz Bruker Avance/DRX
systems, or an 800 MHz Bruker Avance II spectrometer fitted with cryogenically-
cooled probe heads.

The 2D and 3D spectra recorded to obtain sequence specific assignments for RbpA
were: 'H-'H TOCSY (111) with mixing times of 35 ms and 55 ms, 'H-'H NOESY
(112) with an NOE mixing time of 80 ms, "N/'H TROSY (113), °"N/'H NOESY-
TROSY with an NOE mixing time of 50 ms (114), C/'"H HC(C)H-TOCSY and
(H)CCH-TOCSY (115) with mixing times of 18 ms, °’N/**C/'H HBHA(CO)NH (116),
TROSY-HNCO (117), TROSY-HNCA (117), TROSY-HN(CO)CA (118),
CBCA(CO)NH (119), and TROSY-HNCACB (120). A uniformly °N/"*C/*H labelled
sample of RbpA was used to acquire the "N/'H TROSY and “N/”C/'H TROSY-
HNCACB spectra. Typical acquisition times in the 2D experiments were: 60 ms (°N)
and 19 ms ('H) in F, and 65-72 ms ('H) in F,. Typical acquisition times in the 3D
experiments were: 4-9 ms (°C), 9-18 ms ('°N) in F; and F, and 65-83 ms in F3 (‘H).
The 2D and 3D spectra recorded to obtain sequence specific assignments and 'H-'H
distance constraints for RbpA;_79 were: 'H-"H TOCSY (111) with mixing times of 35
and 55 ms, "N/'H HSQC (113), TOCSY-HSQC (121) with a mixing time of 60 ms,
N/PC/"H HNCACB (120) , HNCO (117), HNCACB (120) 'H-'H NOESY (112) and

BC/"H NOESY-HSQC (122), "N/'H NOESY-HSQC (114) with NOE mixing times of
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200 ms. An °N/"C labelled sample of RbpA .79 with non-isotopically labelled aromatic
amino acids (His, Tyr, Trp and Phe) was used to acquire the "N/"°C/'H HNCACB,
HNCO and “C/'H NOESY-HSQC spectra. Typical acquisition times in the 2D
experiments were: 60 ms (°N), 35-39 ms (‘H) in F; and 80-120 ms (‘H) in F». Typical
acquisition times in the 3D experiments were: 9-12 ms (*C), 19-34 ms (°N) and 15-18
ms (‘H) in F, and F, and 70-100 ms ('H) in Fs.

The WATERGATE method (123) was used to suppress the water signal when required.
The NMR data collected were processed using the program Topspin (Bruker BioSpin
Ltd.) with linear prediction used to extend the effective acquisition time up to twofold
in F; and F,. The spectra were analysed with the Sparky package (T. D. Goddard and D.
G. Kneller, University of California, San Francisco).

The chemical shifts referencing was performed following the guidelines described by
Wishart ef al.(124) which have been implemented in the program Topspin. Briefly, the
primary 'H chemical shift standard is 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).
The °C and "N chemical shifts are defined in terms of the frequency ratios *C/'H =

0.251449530 and "’N/'H=0.101329118, where the 'H frequency is that of DSS in water.

2.2.10 Sequence-specific assignment.

Sequence-specific backbone assignments were obtained for RbpA from the
identification of intra- and inter-residue connectivities in a series of double and triple
resonance spectra: N/'H TROSY (113), NOESY-TROSY (114), "“N/“C/'H
HBHA(CO)NH (116), TROSY-HNCO (117), TROSY-HNCA (117), TROSY-
HN(CO)CA (118), CBCA(CO)NH (119) and TROSY-HNCACB (120). Assignments
were then extended to the side chains using correlations observed in: '"H-'"H TOCSY

(111), NOESY (112), *C/'H HC(C)H-TOCSY, (H)CCH-TOCSY (115) and NOESY-
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TROSY (114). Initially, tentative assignments for RbpA;.;9 were obtained by
transposing the assignment from RbpA onto the 'H-'H TOCSY (111), 'H-'"H NOESY
(112), "N/'H HSQC (113) and TOCSY-HSQC (121) spectra. The inter-residue amide
nitrogen/proton to Co. and Cf connectivities observed in the HNCACB (120) and the
NH to NH and CH to CH NOEs identified in the °N- and *C-edited NOESY spectra

(114,122) were used to confirm the assignment.

2.2.11 Far UV circular dichroism (CD) spectroscopy.

CD spectra were acquired from RbpA or RbpA ;.79 samples (0.25 mg/ml) dissolved in a
buffer containing 5 mM K,HPO,4 pH 6.5 and 50 mM Na,SO; at a temperature of 20 °C
using a Chirascan™ CD spectrometer. Each spectrum represents the average of 4
accumulations recorded from 190 to 260 nm with a bandwidth of 1 nm, a sampling time
of 0.5 second per step and using a cuvette with a path length of 0.5 mm. CD spectra
were deconvoluted using the CD spectra deconvolution software Version 2.1 (CDNN

2.1) written by Dr. Gerald B6hm.

2.2.12 Secondary structure determination of RbpA .79,

The primary sequence of RbpA .79 and the chemical shifts of the Ca, Cf3, CO, Ha, NH
and N atoms were used to determine the secondary structure of RbpA;.79 using the
Torsion Angle Likeliness Obtained from Shift and Sequence Similarity + (TALOS +)

(125).
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2.2.13 Structure calculation

The program Cyana (126) was used to calculate the family of converged structures of
RbpA .79 in a two-stage process. Initially, the combined automated NOE assignment and
structure determination protocol (CANDID) was used to automatically assign NOE
cross-peaks and to generate a preliminary family of converged structures. The inputs

13 1 .
N, *C, and '"H resonance assignments, a set of 72

used for this first step were:
backbone torsion angle constraints, determined by program TALOS+ (125), and three
lists of manually picked NOE cross-peaks that were identified in a 2D NOESY
spectrum (399 peaks) and in 3D N- and a "*C-edited NOESY spectra (881 and 1049
peaks, respectively). The CANDID calculation was carried out using the standard
parameters of Cyana but with a chemical shift tolerance set at 0.03 ppm for 'H and at
0.4 ppm for °N and "C. In the second stage, the final family of converged RbpA .7
structures was produced through several cycles of simulated annealing combined with
redundant dihedral angle constraints (REDAC) (127) resulting in 98 structures with no
distance violations greater than 0.5 A and no dihedral angle violations greater than 5°.
The structures obtained were then refined by Dr. Fred Muskett in a generalised Born
solvent model (128) using the AMBER 10 package (129) as described previously (130),
but with one cycle of restrained molecular dynamics simulated annealing. The 35

structures with the lowest AMBER energy were selected and analyzed using MOLMOL

(131) and CING (132)
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2.2.14 Comparative analysis between RbpA and its structurally homologous

proteins.

The coordinates of the structure of RbpA ;.79 structured central region (residues 26-66)
were used as input in the software DaliLite V. 3 (133) to search for RbpA structural
homologues between all the structures deposited in the PDB. The software performs a
structural homology search using the distance-matrix alignment (DALI) algorithm (134).
The algorithm transforms 3D protein structures into 2D matrices that contain all the
pairwise distances between Ca atoms and structural homologues are found identifying

matrices with similar Ca-Ca distances pattern.
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2.3 Results and discussion.

2.3.1 Secondary structure prediction and sequence alignment for RbpA.

Most of the RbpA sequence is predicted to lack secondary structure except for 3 -
strands in the centre of the sequence (f_1 residues 28-33, f 2 39-45 and _3 62-64)
and 2 oa-helices at the C-terminus (o1 residues 81-87 and o 2 91-108) (figure 2.1
panel A).

A helical wheel projection shows that the predicted a-helix between residues 91-108
has a marked amphipathic character (figure 2.1 panel B). The RbpA homologue of M.
smegmatis and S. coelicolor are the only RbpA homologues for which there are
published studies (96,101-103). Interestingly, secondary structure prediction performed
for these homologues (results not shown) reveals that, similarly to RbpA, an a-helix is
likely to be formed between residues 91-108 of RbpA homologue in M. smegmatis and
between residues 92-107 of RbpA homologue in S. coelicolor. In both proteins the
amphipathic character of the a-helix is maintained (figure 2.1 panel B).

The alignment of RbpA homologous sequences across the Actinobacteria phylum
reveals a cluster of residues (79-89) at the C-terminus highly conserved, notably 9 out
of 11 residues of this cluster are invariant across all the sequences analyzed. The first 20
residues of RbpA are also relatively conserved, otherwise the rest of the sequence does
not show evident conservation patches (figure 2.1 panel C). A set of aligned sequences,
representative of the multi sequence alignment performed, is shown in figure 2.1 panel

D.
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Figure 2.1. Bioinformatics analysis of RbpA. A. The sequence of RbpA and its
secondary structure prediction, performed using JPred 3 (108), with the relative
prediction confidence underneath (0-9). Cyan arrows represent P-strands and green
cylinders a-helices, a dashed line indicates lack of secondary structure. B. The helical
wheel  projections  of: M.  tuberculosis  RbpA  residues  91-108
(IEELEELLKERLELIRSR), M. smegmatis RbpA residues 91-108

(VEELEELLKERLDLIKAK) and S. coelicolor RbpA  residues 92-107




(REELEEVLEERLAVLR). The following colour code is used to highlight differently
charged residues: red for acidic residues, blue for basic residues, green for non-polar
residues and orange for polar, uncharged residues. C. The histogram shows the
conservation score (calculated using the AMAS method (106) implemented in Jalview
(107)) assigned to RbpA residues. A score of 11 indicates that the relative residue is
invariant across all the sequences analyzed and a score of 10 indicates that the
properties of the relative residue are maintained. D. Shows a set of aligned sequences
that is representative of the multi sequence alignment reported in panel C. The Clustal x
Colour Scheme implemented in Jalview (107) was used to highlight conserved features

across the alignment.
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2.3.2 Expression and purification of Hisc-RbpA.

Expression of Hise-RbpA was induced from E. coli BL21(DE3) cells transformed with
the relevant expression vector adding IPTG and the culture growth was continued for 4
hours at 30 °C. Culture samples collected pre-induction and 4 hours post-induction were
lysed (section 2.2.6) and subjected to SDS-PAGE analysis. The resulting gel (figure
2.2) shows that an overexpressed band is produced following induction. This band is
partially soluble and migrates in a position consistent with the calculated molecular

weight of Hisg-RbpA.

Pre-Induction Post-Induction

MW T NS S T NS S

€— Hisg-RbpA
(16 kDa)

kDa 3.5

Figure 2.2. Hisc-RbpA expression. SDS-PAGE analysis of culture samples collected
pre-induction and 4 hours post-induction of Hise-RbpA expression. Lane MW is
molecular weights markers, lanes T the total cell lysate, lanes NS the non-soluble

fraction and lanes S soluble fractions.

The protocol adopted for the purification of Hise-RbpA involved two main steps:

immobilized-metal ion affinity chromatography (IMAC) and SEC. In the first step the
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soluble fraction resulting from the lysis of the cell culture expressing Hiss-RbpA was
loaded on a Ni-Sepharose column (GE Healthcare), subsequently Hisc-RbpA was eluted
with a linear imidazole gradient. SDS-PAGE analysis of samples collected during
different stages of the chromatography reveals that the fractions under the main elution
peak (elution volume ~104-108 ml) contain a high quantity of relatively pure Hise-
RbpA (figure 2.3).

Typically, fractions containing pure Hisc-RbpA were pooled together and subjected to a
TEV cleavage reaction over-night to remove the Hise-tag. The second step of
purification was performed the following day loading the reaction mixture on a SEC
column (Superdex 75 16/60, GE Healthcare). In the resulting chromatogram were
detected two main peaks with elution volumes of 46 ml (peak A) and 67 ml (peak B)
that correspond to apparent molecular weights of >75 kDa (outside the range of
resolution of the column, which is 6.5-75 kDa) and ~30 kDa, respectively (figure 2.4
panel A).

RbpA and its homologue in S. coelicolor were proposed to be homodimers (97,101), but
not the RbpA homologue in M. smegmatis that was shown to be monomeric (103).The
elution profile obtained during the SEC analysis of RbpA (figure 2.4 panel A) is
consistent with a dimeric organization of the protein. In fact, the theoretical molecular
weight calculated for RbpA is 13 kDa and most of RbpA is eluted at 67 ml (figure 2.4
panel A) that corresponds to an apparent molecular weight of ~30 kDa. However,
approximately 30% of the RbpA sample loaded on the SEC column gave rise to a
distinct oligomeric species with a higher apparent molecular weight (> 75 kDa).
Interestingly, this high molecular weight oligomeric species is generated by Hise-RbpA
and only in minor part (< 10%) by RbpA (figure 2.4 lane 46). Indeed, SDS-PAGE

analysis of the fractions collected during the SEC run shows that the Hisc-tag cleavage
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occurred only for ~70% of the protein (figure 2.4 panel B, lane L). The protein that
retained the Hisq-tag is eluted under peak A (apparent molecular weight > 75 kDa),
suggesting that is probably aggregated (figure 2.4 panel A). In order to investigate if the
Hise-tag influences the oligomeric organization of RbpA SEC analyses were performed
also on Hise-RbpA samples. The elution profiles obtained (results not shown) were
characterized by the presence of two distinct peaks with elution volumes comparable to
the ones found for peaks A and B of the chromatogram reported in figure 2.4 panel A,
leading to the conclusion that the Hise-tag does not affect the oligomeric status of RbpA.
Thus, it was hypothesized that a fraction of Hiss-RbpA purified by IMAC underwent
aggregation. This would cause a reduction of the Hiss-tag cleavage reaction efficiency.
In fact, protein aggregation could limit the access of the TEV protease at the cleavage
site in this fraction of the RbpA sample.

Aggregate RbpA was discarded, only the fraction of the sample eluted inside the range
of resolution of the column was kept and used for further experiments, resulting in a
purification yield of ~12 mg for each litre of initial . coli culture. Comparable yields

were obtained for the purification of °N, °C, ""N/"C or ""N/"*C/*H labelled RbpA.
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Figure 2.3. Hiss-RbpA purification by IMAC. A. The typical elution profile obtained
during the purification of Hise-RbpA by IMAC. B. The gel resulting from the SDS-
PAGE analysis of the fractions collected during the purification process is shown. Lane
MW contains the molecular weight markers, lane L the column load, lane FT the
column flow-through and lanes 91-109 are labelled according to the elution volume

(ml).
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Figure 2.4. RbpA purification by SEC chromatography. A. A typical elution profile
obtained during the purification of RbpA by SEC (Superdex 75 16/60). In the
chromatogram two main peaks are detected and are labelled with the letters A and B
and the elution volumes of the protein molecular weight standards used to calibrate the
column are indicated by dashed lines. B. The gel resulting from the SDS-PAGE
analysis of the fractions collected during the purification process is shown. Lane MW is
the molecular weight markers, lane L the column load and lanes 46-82 are labelled

according to the elution volume (ml).
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2.3.3 Characterization of the RbpA oligomeric organization by analytical SEC.

From the comparison of the SEC chromatograms recorded for different RbpA

purifications it was noticed that the elution volumes obtained were affected by the
concentration of the sample analyzed. In order to investigate the relationship between
protein concentration and the oligomeric status of RbpA a series of samples with a

concentration range from 3 to 200 uM were analysed by analytical SEC (figure 2.5).

Conalbumin Ovalbumin  Carbonic Anhydrase Ribonuclease
(75 kDa) ( 44 kDa) (29 kDa) (14 kDa)
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Figure 2.5. Overlay of the SEC elution profiles of RbpA samples loaded at
different concentrations. Samples of RbpA were loaded at different concentrations
onto an analytical SEC column (Superdex 75 10/300). The elution volumes of protein

molecular weight standards used to calibrate the column are indicated by dashed lines.
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The resulting chromatograms reveal asymmetric peaks with an elution volume strongly
dependent on the concentration of the sample. These observations suggest that there is a
dynamic and concentration dependent equilibrium between different oligomeric species
of RbpA.

There are conflicting data on the likely oligomerization state of RbpA and its
homologues. The retention during SEC was the reason that RbpA (97) and its
homologue from S. coelicolor (101) were proposed to be homodimers, whereas the
same method led Dey et al. (103), to propose that the homologue from M. smegmatis is
monomeric (103). Because of the high amino acid identity these homologues share with
RbpA (55% of sequence identity for S. coelicolor RbpA and 92% for M. smegmatis
RbpA), it is unlikely that the oligomeric organization is not maintained in different
organisms. Rather, the finding that RbpA can self-oligomerize in a concentration
dependent manner (figure 2.5) could account for the inconsistent data found in the

literature (97,101,103).

2.3.4 Sequence-specific assignment of RbpA.

The procedure described previously (section 2.3.2) allowed the production of RbpA
samples suitable for NMR analyses. Figure 2.6 shows a 1D '"H NMR spectrum recorded
for RbpA, which displays some of the key features of a folded protein like a significant
dispersion of the signals from backbone NH groups (6.5-9.5 ppm) and several high field

shifted methyl resonances (-0.3-0.5 ppm).
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Figure 2.6. 1D '"H-NMR spectrum of RbpA. The spectrum shown results from four
scans and was acquired at 35 °C from an RbpA sample (0.2 mM) dissolved in a buffer
containing 25 mM K>HPO, pH 6.5, 100 mM KCl, 0.5 mM DTT, 0.5 mM EDTA, 0.02%

w/v NaN3, 0.2 mM AEBSF and 0.5 mM TCEP with 10% D>0-90% H»O.

Isotopically labelled samples of RbpA were prepared and used to record a set of 2D and
3D NMR spectra required to make the backbone assignments to the protein. In figure
2.7 is shown an ""N/'H HSQC spectrum recorded on '°N RbpA, it shows relatively wide
dispersion of the signals except for the centre of the spectrum where a number of peaks
are overlapped. The spectrum was expected to show 104 backbone NH peaks because
RbpA contains 112 residues, including the extra Ser residue retained at the N-terminus

after the Hisg-tag cleavage, but the 7 Pro residues and the Ser residue at the N-terminus
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will not be detected. However, only 87 of the peaks detected in the ""N/'H HSQC

spectrum were found to belong to backbone NH groups. Thus, it was concluded that 17

backbone NH groups did not generate clearly detectable NMR signals.
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Figure 2.7. 2D ""N/'"H HSQC spectrum of RbpA. The spectrum reported was acquired

at 35 °C from an "N RbpA sample (0.2 mM) dissolved in a buffer containing 25 mM

K,HPO4 pH 6.5, 100 mM KCI, 0.5 mM DTT, 0.5 mM EDTA, 0.02% w/v NaN3s, 0.2

mM AEBSF and 0.5 mM TCEP with 10% D,0-90% H,O.

The relatively high concentration of RbpA used in NMR experiments, typically ~200

uM, induces homoligomerization of the protein (figure 2.5) that ultimately causes a

reduction in the signal/noise ratio and in resolution (due to peak broadening) of the
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NMR spectra collected. These problems were partially overcome by preparing
deuterated samples of RbpA that improved significantly the quality of the NMR data
recorded. In figure 2.8 are shown NMR spectra recorded on '"N/"*C RbpA (panel A) or
on N/”C/*H RbpA (panel B). The comparison of these two spectra highlight how
deuteration of the protein led to a significant improvement of the signal/noise ratio of
the NMR data collected.

Near complete assignments of backbone (N, NH, Ha, Ca, HP} and Cp) resonances were
made for residues 1-76 except: Met; (N and NH), Arg; (Ha, HB2 and HB3), Glys (N
and NH), Arg;o (N and NH), Glue; (Ha, HB2 and HP3), Gluss (Ha), Gluy, (Ho,, HB2
and HB3) and Lysy; (Ho). However, about half of the residues within the region 77-111
do not generate observable NMR signals. This prevented unequivocal assignment of the
last 35 residues of RbpA. The lack of backbone NMR signals for this region implies
that it samples a number of discrete structural states on a second to millisecond
timescale.

Assignments were obtained also for the side chain resonances of residues 1-76 except:
Args (Ne and He), Argy, Argio (Hy2, Hy3, He and Ne), Hisy,, Argy7 (He and Ne), Asnse
(H621, H822 and Nn?2), Args; (He and Ne), Trpss (HC3 and Hn2), Glug;, Glugs, Gluy,
and Valss (Cyl, Cy2, Hyl and Hy2). For residues 1-76, the extent of the assignment is
94.1% of all the aliphatic ">C resonances, 88.1% and 91.5% of all the "N and 'H

resonances, respectively.
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Figure 2.8. "°N strips for the residues 59-66 from the CBCANH and the TROSY-
HNCACB spectra recorded for RbpA. A. Shows "N strips for the residues 59-66
from the CBCANH spectrum acquired at 35 °C from an ’N/"*C RbpA (0.2 mM) sample
dissolved in a buffer containing 25 mM K,HPO,4 pH 6.5, 100 mM KCl, 0.5 mM DTT,
0.5 mM EDTA, 0.02% w/v NaN3, 0.2 mM AEBSF and 0.5 mM TCEP with 10% D,0O-
90% H,0. Dashed lines indicate sequential connections of Co. and CB. B. Shows N
strips for the residues 59-66 from the TROSY-HNCACB spectrum acquired in the same

conditions described in panel A on an °N/"*C/*H RbpA (0.2 mM) sample.

2.3.5 The role of the C-terminal region (residues &80-111) of RbpA in

oligomerization.

Conformational exchange occurring with a frequency comparable with the NMR time-
scale will lead to signal broadening and to reduction in the signal to noise ratio. The
poor quality of the NMR data collected for RbpA residues 77-111, which prevented
their assignment, could be due to conformational exchange occurring in this region of
the protein. It was hypothesized that the hydrophobic side of the amphipathic a-helix,
which is likely to be formed between residues 91-108 (figure 2.1 panel B), could
interact with the equivalent face on a second RbpA molecule leading to homo-
oligomerization and ultimately to conformational exchange of the C-terminal region.
Indeed, the elongated shape of the peaks detected during SEC analyses of RbpA (peak
B in 2.4 and figure 2.5) suggests that there might be a constant interchange between
different oligomerization species. In order to investigate the role of the C-terminal

region in oligomerization, a shorter version of RbpA was expressed and purified,
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termed RbpA,.7;9, which consists of residues 1-79 and therefore lacks the predicted
amphipathic helix.

RbpA .79 was cloned in to a vector that allowed the expression of a recombinant version
of the protein in fusion with Hise-tag at its N-terminus. Hise-RbpA ;.79 was expressed
and purified following the procedure adopted for the full-length version of the protein
(section 2.3.2). Following the IMAC purification step and the His¢-tag cleavage, RbpA ;.
79 was loaded on a SEC column in order to increase the purity of the protein preparation
and to investigate the oligomeric organization of RbpA;.79. The resulting chromatogram
(figure 2.9 panel A) shows a single peak with an elution volume of 81 ml that
corresponds to an apparent molecular weight of ~13 kDa, which is consistent with a
monomeric organization of the protein (RbpA ;.79 calculated molecular weight is 9 kDa).
Interestingly, the Hiss-tag was completely removed from RbpA;79 during the TEV
cleavage reaction. This is evident from the comparison between lanes A and L of the gel
reported in figure 2.9 panel B which contain samples of the protein before and after the
Hise-tag cleavage reaction, respectively. This is in contrast with the partial Hise-tag
cleavage observed for RbpA (figure 2.4 lane L) suggesting that the homogenous

monomeric status of RbpA_7 facilitates the access of TEV protease at its cleavage site.
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Figure 2.9. RbpA.79 purification by SEC chromatography. A. A typical elution
profile obtained during the purification of RbpA;.79 by SEC (Superdex 75 16/60). In the
chromatogram the elution volumes of the protein molecular weight standards used to
calibrate the column are indicated by dashed lines. B. The gel resulting from the SDS-
PAGE analysis of the fractions collected during the purification process is reported. In
the gel lane A is Hiss-RbpAi.79 before TEV cleavage, MW the molecular weight
markers, lane L the column load and lanes 76-88 are labelled according to the elution

volume (ml).
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An overlay of the SEC chromatograms obtained for RbpA and RbpA;_79 clearly shows
how the C-terminal region of RbpA affects the elution profile of the protein (figure
2.10). The peak generated by RbpA .79 does not show the characteristic elongated shape
found for RbpA and has a higher elution volume than RbpA. It should be noted that
RbpA .79 is eluted with an apparent molecular weight of ~13 kDa, which is consistent
with a monomeric status of the protein, despite the relatively high concentration of the
RbpAi.79 sample (~300 uM) loaded on the SEC column (figure 2.10 red trace).
Otherwise, RbpA full length at a concentration of ~80 uM, which is ~3.7 fold lower
than the concentration used for RbpA,.79, shows signs of homoligomerization (figure
2.10 blue trace). The calculated molecular weight difference between RbpA and RbpA ;.
79 18 4 kDa, but the apparent molecular weights found during SEC for the two proteins
differs by 17 kDa. Taken together these observations suggest that the C-terminal region

might play an important role in the homoligomerization of RbpA.
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Figure 2.10. The role of the C-terminal region of RbpA in oligomerization. Overlay
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(=300 uM). The elution volumes of the protein molecular weight standards used to
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2.3.6 Far UV circular dichroism (CD) spectroscopy of RbpA and RbpA.79.

The bioinformatics analysis performed for RbpA predicted that the C-terminal region of
the protein (residues 80-111) is organized in two a-helices: a1 residues 81-87 and a2
91-108 (figure 2.1 panel A). The latter, is an amphipathic a-helix (figure 2.1 panel B)
and it was hypothesized that could be responsible for the concentration dependent
oligomerization observed for RbpA (section 2.3.5). The SEC analysis performed on
RbpA .79 supported this hypothesis (figure 2.10).

In this section, in order to confirm that the C-terminal region of RbpA has a helical
secondary structure organization, CD spectra were recorded for both RbpA and RbpA ;.
79 and compared with each other. Figure 2.11 panel A shows an overlay of the CD
spectra recorded for RbpA (black trace) and RbpA .79 (red trace). A difference between
the two traces is the deflection between ~214-222 nm observed for RbpA. This suggests
that the truncation of the C-terminal region led to a significant change in the secondary
structure content of the protein. The secondary structure contents of RbpA and RbpA ;.79
were estimated by deconvoluting the relative CD spectra (table 2.1).

The change in secondary structure content between the two versions of the protein was
highlighted by subtracting the RbpA;.79 CD spectrum (panel A, red trace) from the
spectrum recorded for RbpA (panel A, black trace). The resulting trace (figure 2.11
panel B), assuming that the structure of the first 79 residues of RbpA is independent
from the C-terminal region of the protein, would represent the contribution of the C-
terminal region to the CD spectrum of RbpA. The CD trace obtained (figure 2.11 panel
B) shows features characteristic of a-helical proteins: a positive peak at 193 nm and
negatives peaks at 208 and 222 nm (135). This observation and the bioinformatics
analysis performed in section 2.3.1 suggest that residues 80-111 have high content of o.-

helical secondary structure (figure 2.1 panel A).
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Figure 2.11 Far UV CD spectroscopy of RbpA and RbpAi.7. A. The CD spectra
obtained for RbpA (black trace) and RbpA .7 (red trace) samples (0.25 mg/ml) at 20 °C.
B. Shows the trace resulting from the subtraction of the CD spectrum recorded for

RbpA |79 (panel A, red trace) from the RbpA spectrum (panel A, black trace).
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RbpA RbpA .79

Helix 28.6% 14.2%
Sheet 20.0% 36.3%
Turn 18.8% 22.9%
Random-coil 28.3% 43.4%
Total sum 95.7% 116.8%

Table 2.1. Deconvolution of the CD spectra of RbpA and RbpAji7. The
deconvolution of the RbpA and RbpA .79 CD spectra, performed with the deconvolution
software CDNN 2.1, provided an estimate of the secondary structure content of the two

versions of the protein.
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2.3.7 Sequence-specific assignment of RbpA_79.

A 1D '"H NMR spectrum was recorded and analyzed for RbpA ;.9 (figure 2.12). The
spectrum displays some of the key features of a folded protein like a significant
dispersion of the signals from backbone NH groups (6.5-9.5 ppm) and several high field
shifted methyl resonances (-0.3-0.5 ppm). Thus, it was concluded that RbpA,.79 was

produced in a folded status.
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Figure 2.12. 1D '"H-NMR spectrum of RbpA;.7. The spectrum shown results from
four scans and was acquired at 35 °C from an RbpA .79 sample (0.2 mM) dissolved in a
buffer containing 25 mM K,HPO4 pH 6.5, 100 mM KCl, 0.5 mM DTT, 0.5 mM EDTA,

0.02% w/v NaN3, 0.2 mM AEBSF and 0.5 mM TCEP with 10% D>0-90% H,O.
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[sotopically labelled RbpA .79 samples were prepared in order to continue the NMR
analysis of the protein. In figure 2.13 is reported an overlay of the '"N/'"H HSQC spectra
recorded on °N RbpA .79 (shown in red) and on N RbpA (shown in black). The
overlay highlights only minor changes (figure 2.13), indicating that the structure of the

first 79 residues of RbpA is maintained in the shorter RbpA .79 construct.
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Figure 2.13. Assignment of the backbone amide groups of RbpAj_7. A. Overlay of
'>N/'"H HSQC spectra recorded on RbpA and RbpA,.7. The spectra reported were
acquired at 35 °C from "N RbpA (0.2 mM), shown in black, and '’N RbpA ;.6 (0.35
mM), shown in red, samples dissolved in a buffer containing 25 mM K,;HPO4 pH 6.5,
100 mM KCI, 0.5 mM DTT, 0.5 mM EDTA, 0.02% w/v NaN3, 0.2 mM AEBSF and 0.5
mM TCEP with 10% D,0-90% H>0. The assignments of the backbone amide groups of
RbpA .79 are reported in the picture. An “i” indicates peaks generated by indole groups.
B. The amino acid sequence of RbpA_79. Residues for which the backbone amide group

was assigned are highlighted in blue.
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There are 8 NH unassigned backbone resonances in the "N/'H HSQC spectrum
recorded on RbpA .79 (figure 2.13 panel A, red spectrum). However, only three amide
groups of RbpA .79 result unassigned (figure2.13 panel B). The extra resonances might
arise from conformational exchange or from minor proteolysis occurring during NMR
experiments.

A set of 2D and 3D NMR experiments were recorded and analyzed for RbpA ;.79 leading
to essentially complete assignment. For example, assignments of backbone (N, NH, Ha,
Ca, HB and Cp) resonances were made for all residues except: Met; (N, NH, Ha, HB2,
Hp3 and CP), Glys (Ha2 and Ha3), Tyris (Ca and CP), Hiszy, Tyrsz (Cow and CB), Phes
(Ca and CP), Phess (Ca and CB), Args; (N and NH), Prosy (Ha, HB2 and Hf3), Pros;
and Pross (Ha, HB2 and HP3). Complete assignments were obtained also for the side
chain resonances except: Met;, Args (Hy2, Hy3, Ne, He, Cy and C90), Leus (Cy, CO1 and
C02), Arg; (Ng, He, Cy and C9), Glyy (Ha2 and Ha3), Argio, Leu;; (Hy, H31, Cy, Co1
and C982), Argyy (Ne, He, and C9), Hisys, Leuas (CO1), Argy; (Ne, He and C9), Phesy
(HT), Args7; (Ne, He and C9), Glug; (Cy, Hy2 and Hy3), Glues (Cy), Leugo (Cy and Cd1),
Proso, Gluy; (Cy), Lys7a (H02, HO3, He2, He3, Cy, Cd and Cg), Lysy (H82, HO3, Cy, Cd
and Cg), Pros7, Pross and Argre (Ne, He, Cy and C0). The extent of the assignment is
78.5% of all the aliphatic °C resonances, 86.4% and 91% of all the "N and 'H
resonances, respectively. A representative set of °N strips from HNCACB and ""N-
edited NOESY spectra used for the assignment of RbpA,.79 resonances is reported in

figure 2.14.
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Figure 2.14. "N strips for the residues 59-66 from the HNCACB and “N-edited

NOESY spectra recorded for RbpA;.7. A. Shows "°N strips for the residues 59-66

from the HNCACB spectrum acquired at 35 °C from BN/Be RbpAi79 (0.35 mM)
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sample dissolved in a buffer containing 25 mM K,HPO, pH 6.5, 100 mM KCIl, 0.5 mM
DTT, 0.5 mM EDTA, 0.02% w/v NaNj3, 0.2 mM AEBSF, 0.5 mM TCEP and 10% D,O
v/v. Dashed lines indicate sequential connections of Cor and Cf. B. Shows "N strips for
the RbpA .79 residues 59-66 from the *N-edited NOESY spectrum acquired in the same
conditions described in panel A and with a mixing time of 200 ms. Representative

examples of NOE assignments are reported for each strip.

2.3.8 Secondary structure determination of RbpA .79 using TALOS+.

There is a strong correlation between protein secondary structure and NMR chemical
shifts and it has been shown that backbone chemical shifts can be used to determine the
secondary structure of a protein (136-141). The TALOS+ software (125) determines the
secondary structure of a query protein based on its sequence and chemical shifts
homology with the entries of a database containing 200 proteins for which complete or
nearly complete resonance assignments and high-resolution structures are available
(125). TALOS+ compares strings of three sequential residues from the query sequence
with all the amino acids triplets contained in the database. If the top 10 triplets with the
highest sequence and chemical shifts homology have similar @ and ¥ backbone angles
their average can be used with high confidence to estimate the backbone torsion angles
of the query triplet. The availability of comprehensive backbone resonances assignment
for RbpA ;.79 allowed determination of the secondary structure of the protein using the
software TALOS+. The elements of regular secondary structure found for RbpA .7 are

four B-strands: 3_1 residues 28-34, § 2 39-44, 3 3 54-55 and f_4 63-65 (figure 2.15).
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Figure 2.15. TALOS+ secondary structure determination of RbpA;.79. The height of
the bars in the histogram reflects the probability (from 0 to +1) of the relative RbpA;_7o

residue to be located in p-sheet (positive values) or helix (negative values).

2.3.9 Solution structure calculation of RbpA.7.

There was a significant improvement in the quality of the NMR data obtained from the
RbpAj.79 as compared to full length RbpA, which is evident from both the increased
signal-to-noise ratio and decreased line-widths observed for RbpA,7 (figure 2.16).
Furthermore, comparison of the “N/'H HSQC spectra recorded on RbpA and on
RbpA;.79 (figure 2.13) suggested that the fold of RbpA residues 1-79 is independent
from the C-terminal region of the protein. Therefore, RbpA,_7o was chosen for further

structural characterization.
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Figure 2.16. BN strips for the residue Glysy from N-edited NOESY spectra
recorded for RbpA and RbpA;.. The *N-edited NOESY spectra were acquired at
35 °C from '"N/"°C RbpA (0.2 mM) and "N/*C RbpA 79 (0.35 mM) samples with
mixing times of 80 and 200 ms respectively. The samples were dissolved in a buffer
containing 25 mM K>HPO4 pH 6.5, 100 mM KCI, 0.5 mM DTT, 0.5 mM EDTA, 0.02%

w/v NaNj3, 0.2 mM AEBSF and 0.5 mM TCEP with 10% D,0-90% H,O.

The CANDID protocol (126) was used to automatically assign the NOE cross peaks
identified in 2D 'H-"H NOESY and 3D "°N- and "*C- edited NOESY spectra. Unique
assignments were obtained for 87% of the NOE cross peaks identified. The structure of
RbpA;.79 was calculated with the program Cyana (126) using the constraints listed in

table 2.2. Subsequently, the final family of converged RbpA .79 structures was produced

74




through several cycles of simulated annealing combined with redundant dihedral angle
constraints (REDAC) (127) resulting in 98 satisfactorily converged structures out of
100 initial random structures. These had no distance or Van der Waals violations greater
than 0.5 A, no dihedral angle violations greater than 5° and had an average value for the
Cyana target function of 1.17 A% The structures were refined using the AMBER 10
package (129) and the 35 structures with the lowest AMBER energy were selected to be
deposited in the PDB (accession code 2M4V). The final family of converged structures
has no distance constraint violations greater than 0.37 A and no dihedral angle
violations.

Superposition of the final family of converged structures (figure 2.17 panel A) reveals
the presence of a well-defined central domain (residues 26-66), whereas the N- and C-
terminal regions of the protein are both disordered and highly flexible. The structure of
the central domain was determined to high precision, as is clearly evident from the
overlay shown in figure 2.17 panel B, and is reflected in low RMSD values to the mean
structure for both the backbone and all the heavy atoms of 0.32 +0.11 A and 1.08 £0.16
A, respectively (a summary of the NMR constraints and structural statistics is reported
in table 2.2). The central domain is primarily composed of four distinct -strands: § 1
(residues 27-33), B2 (39-45), B_3 (53-55) and B_4 (61-65), which fold to form two
antiparallel (-sheets linked by turns and loops (figure 2.17 panel C). The two p-sheets
lie perpendicular to each other forming a f-sandwich like structure, which is stabilized

by a cluster of aromatic and non-polar residues (Tyrsz, Valsa, Phess and Trpsa).
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NMR constraints

No. of upper distance limits 1276
Short range [i-j|<1 618
Medium range 1<]i-j|<5 165
Long range [i-j|>5 493
No. of backbone torsion angle constraints 72
Violations
Maximum distance violation 0.37 A
Maximum dihedral angle violation 0°
Energies
Mean AMBER energy -3696.46 kcal mol™

Mean NOE energy

Deviation for idealized geometry

11.51 kcal mol™

Bond lengths 0.0108 +1.09x 10* A
Bond angles 2.139+£0.036°
r.m.s.d. from mean structure (residues 26-66)

Backbone 032+0.11A

Heavy atoms 1.08£0.16 A
Ramachandran plot (residues 26-66)
Residues in most favoured regions 97.6 %
Residues in additionally allowed regions 2.4 %
Residues in generously allowed regions 0%
Residues in disallowed regions 0%

Table 2.2. NMR constraints and structural statistics for the RbpA;79 structure.
Summary of the NMR constraints used for the calculation of the RbpA .79 structure and

of the structural statistics for the final family of 35 RbpA .79 converged structures.
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Figure 2.17. Solution structure of RbpAj.7. A. A best-fit superposition (residues 26-
66) of the final family of 35 converged structures obtained for RbpA,.70. B. A best-fit
superposition of the structured core (residues 26-66) of the final family of converged
structures of RbpA.79. The backbone is shown in blue, the side chains are coloured in
red except for the aromatic side chains that are coloured in cyan. The orientation is
identical to that shown in panel A. C. A ribbon representation of the RbpA .79 structure,
from residue 21 to residue 71, with an orientation identical to that shown in panel A and

B.

Analysis of the surface of the central domain (figure 2.18) revealed the presence of a
cluster of conserved residues (Argss, Vals, Phess, Alags, Aspsr, Alass, Gluge and Trpss)
that form a surface patch of 742.2 A? (calculated using MOLMOL (131)) with a
hydrophobic centre surrounded by charged residues. This patch is the most conserved
region on the surface of the central domain (figure 2.18 panel B) and may form a

potential protein interaction site.
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Figure 2.18. Surface view of the structured core of RbpA (residues 26-66).

A. Contact surface views of the central domain coloured according to electrostatic
potential. Neutral areas are shown in white and areas of significant charge are shown in
red (negative) and blue (positive). B. The same views are coloured according to amino
acid conservation amongst homologues with the least conserved residues in blue,
scaling to completely conserved residues in orange and invariant residues in red
(conservation scores were taken from figure 2.1 panel C, blue 0-3, cyan 4-6, yellow 7-9,

orange 10 and red 11 (107)).
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2.3.10 RbpA structural homologues search.

RbpA sequence is specific to the Actinobacteria phylum and no structural information
was available for any of its homologues when the research project described in this
thesis was undertaken. However, because protein structures can be maintained through
evolution despite poor sequence conservation, it was decided to investigate if the
structure found for RbpA shared similarities with other known protein folds performing
a structural homologues search. Comparison of the RbpA central domain structure
(residues 26-66) with the known folds in the PDB using Dali (133) led to the
identification of fourteen structures (table 2.3) that share structural homology (z-score >
2). However, the structural homology of each with RbpA central domain is relatively
low (z-score < 3.5) and no specific function has been assigned to this fold. The highest
scoring structural homologue (PDB: 3UXQ chain 6) is a ribosomal protein that has an
RMSD to the RbpA central domain of 2.8 A over 41 Ca-s (figure 2.19) but there is no

sequence homology (2% amino acid identity).
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Results | PDBID | Z-Score* | RMSD | LALI** | NRES*** | % [D**** DESCRIPTION
1 3uxq-6 35 28 41 53 2 Ribosomal protein
2 3ir9-a 3 )8 40 162 10 Peptide chain release factor
’ ’ - - subunit 1
3 Iwoo-a 2.6 2.0 38 362 5 Aminomethyltransferase
4 lltl-e 2.6 22 35 242 14 DNA replication initiator
5 2lcd-a 24 22 37 118 8 RBBP1 tudor domain
6 2qqr-a 24 2.5 39 118 10 JMIC tudor domain
7 1vs6-1 24 28 40 54 3 Ribosomal protein
3 Ipi6-a 23 21 38 829 1 N.N-Dnm_:th)_rlglycmc
oxidase
9 | 3oe3< | 23 3.2 39 88 15 Prciplatiss fysesym
inhibitor
10 Ivlo-a 22 2.1 39 364 5 Aminomethyltransferase
) Uncharacterized protein
11 2ky9-a 22 25 39 132 8 from B. subtilis
12 | 3f6zb 22 34 37 93 16 Periplasmic lysozyme
inhibitor
Formylglycinamide
13 2cuw-a 2.1 29 37 83 19 Ribonucleotide
Amidotransferase
14 | dexwa | 21 26 | 32 131 19 Dna damage response B
protein

Table 2.3. Structural homologues search for the central structured domain

(residues 26-66) of RbpA .79 performed with Dali (133).

* the Dali Z-score measures the quality of the structural alignment based on the distance

between Ca of matched residues (unmatched residues do not contribute to the overall

score). Alignments with a Z-score < 2 are considered spurious and are not reported.

** number of residues aligned in the structure superposition. *** number of residues in

matched structure. **** sequence identity of aligned residues.
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Figure 2.19. Overlay of the RbpA.7 and the ribosomal protein L33 structures.
Overlay between the RbpA .79 structured central domain (residues 26-66) shown in red
and the structure of the 7. thermophilus ribosomal protein L33 (PDB: 3UXQ-chain 6)

shown in blue.
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2.4 Conclusions
The data presented in this chapter contribute to the ongoing effort to characterize RbpA
shedding light on its oligomeric status and on its structural organization.
The finding that the elution profile of RbpA during SEC analyses is strongly dependent
on the concentration of the protein (figure 2.5) could account for the disagreement
found in the literature about the likely oligomeric organization of RbpA. In fact, RbpA
and its homologues were found to be monomeric or dimeric on the basis of SEC
experiments (96,97,102). Whether oligomerization of RbpA occurs in vivo would then
depend on its concentration, as well as the local environment and competition with
other (non-self) binding partners.
The C-terminal region of RbpA (residues 79-111) 1is clearly essential for
oligomerization (figure 2.10). It was noticed that an amphipathic a-helix is likely to be
formed in this region of the protein (between residues 91-108, figure 2.1 panel B) and it
was proposed that its hydrophobic side could interact with the equivalent face on a
second RbpA molecule leading to oligomerization. An amphipathic a-helix is likely to
be formed also at the C-terminal of M. smegmatis and S. coelicolor RbpA homologues
(figure 2.1 panel B), hence the oligomerization mechanism proposed could be
conserved also in these organisms.
The involvement of the C-terminus of RbpA in oligomerization could account for the
poor quality of the NMR data collected for this region of the protein: some signals are
weak, some are very broad and some are missing. The elongated shape of the peaks
detected in SEC analyses of RbpA (figure 2.5) suggests that there is a dynamic
equilibrium between different oligomeric species of the protein, this could cause
conformational exchange of the protein region involved in oligomerization and

ultimately would affect the quality of the NMR data collected.
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When the research project described in this thesis began there was no structural
information available for RbpA or its homologues. The results described in this chapter
show that RbpA consists of three regions: residues 1-25 are flexible random coil,
residues 26-66 form a stably folded central domain, which is connected by an
unstructured linker to an helical region, residues 80-111. Comparison of the ""N/'H
HSQC spectra collected on RbpA and RbpA,.79 reveals only minor changes (figure
2.13) despite the different oligomeric organization of the two proteins (figure 2.5).
Because chemical shifts are extremely sensitive to their chemical environment, the
similarity between spectra suggests that residues 1-79 are not involved in the
oligomerization of RbpA and that their fold is independent from the C-terminal region.
Interestingly, the N- and C- termini, which are the most conserved regions of RbpA
(figure 2.1 panel C), are both unstructured. In contrast to the central region of RbpA
(residues 26-66) that is structured and does not show clusters of highly conserved
residues. However, the analysis of the RbpA surface reveals that the 3D arrangement of
residues 26-66 forms a conserved patch (figure 2.18) with a hydrophobic centre
surrounded by charged residues. The patch identified could be a potential site for RbpA

binding partners.
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Chapter 3

Characterization of the interaction between RbpA and the RNAP o-
subunit.

3.1 Introduction.

RbpA was identified as an RNAP binding protein during a study on the disulphide
stress response of S. coelicolor (96). The interaction between RbpA and the RNAP was
then confirmed also in M. smegmatis and in M. tuberculosis and preliminary attempts
have been made to map the RbpA binding site on the RNAP, which was found on the (3-
subunit (97,102,103). No other subunits of the RNAP were reported to be involved in
the interaction (97,103). However, a yeast two-hybrid screen followed by a protein
fragment complementation assay, performed before the research project described in
this thesis began, suggested that RbpA could interact also with the RNAP ¢”-subunit
(142). The interaction between RbpA and ¢” had not been reported previously and
clearly its confirmation and characterization would contribute to broaden the knowledge
on the function of RbpA.

The data reported in this chapter demonstrate, by in vitro experiments, that RbpA can
bind to both 6 and o” (the primary sigma factor of M. tuberculosis) and provide
important insights in the interaction mode between RbpA and the o-subunit. In the first
part of the chapter are described the protocols adopted for the purification of 6 and o°
and the SEC experiments performed to demonstrate that RbpA can form a tight
complex with both * and o”. Furthermore, it is shown that the first 228 residues of 6"
(O'Bl_zzg) are sufficient for the interaction with RbpA and that the Rpr‘O'Bl_zzg complex
occurs with a 1:1 stoichiometry. In the second part of the chapter is described how a set
of NMR experiments combined with SEC interaction assays, using truncated versions

of RbpA, led to the identification of those regions of RbpA that are involved in the
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binding with the o-subunit. It was concluded that the structured central domain of RbpA
is not involved in the formation of the complex with the c-subunit but both ends of the

protein are affected by the interaction, although only the C-terminus is essential.
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3.2 Materials and methods.

3.2.1 Preparation of expression vectors.

The genes encoding 6™ (Rv2703), 6 (Rv2710) and the ORFs encoding for residues 1-
228 of 6® (0°).224), residues 1-92 of RbpA (RbpA..,) and residues 24-111 of RbpA
(RbpAz4.111) were cloned into an expression vector derived from pET-43.1a(+)
(Novagen) encoding a cleavable Hise-tag at the N-terminus. The ORFs encoding for
0" 1208 and for residues 228-323 of 6° (0°118.323) were cloned into an expression vector
derived from pET-43.1a(+) (Novagen) encoding a cleavable GST-tag at the N-terminus.
All the vectors were prepared following the procedure described in section 2.2.2 and

were subjected to DNA sequencing at the University of Leicester Protein and Nuclear

Acid Chemistry Laboratory (PNACL).

3.2.2 Expression of Hng-O’A, Hng-OB, Hi56'OB].228, GST-O’B% and GST-OB228.323L

E. coli BL21(DED3) cells, transformed with the relevant expression vector, were grown
in LB media (appendix) containing 100 ug/ml ampicillin at 37 °C with shaking to an
absorbance at 600 nm of ~0.7. Protein expression was then induced by the addition of
0.05 mM IPTG and the cell growth continued at 16 °C over-night. Cells were harvested

by centrifugation (8000 g for 20 minutes at 4 °C) and the pellet was stored at -20 °C.

3.2.3 Purification of HiSQ-OA , HiSQ-GB and Hisg-0" 1-208-

Cell pellet was resuspended in a buffer containing 50 mM Tris-HCI pH 7.9, 500 mM
NacCl, 5% glycerol, | mM AEBSF, 0.1 mg/ml lysozyme, 0.1 mg/ml deoxyribonuclease I
and 5 mM MgCl,. Cells were sonicated on ice using Misonix sonicator 3000 with

power set on 7 for 10 minutes with 20 seconds on-off intermittency. The resulting cell
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lysate was centrifuged (15,000 g for 30 minutes at 4 °C). The supernatant was then
loaded on a 5 ml Ni-NTA column (QIAGEN) pre-equilibrated with a buffer containing
50 mM Tris-HCI pH 7.9, 500 mM NacCl, 5% glycerol and 20 mM imidazole. The Hise-
tagged protein was eluted in the same buffer with a linear imidazole gradient (20-500
mM). Fractions containing the Hise-tagged protein were subjected to SEC using a
Superdex 75 16/60 (GE Healthcare) column and a buffer containing 50 mM Tris-HCl
pH 7.9, 500 mM NaCl, 5% glycerol, 0.1 mM EDTA and 0.5 mM DTT. The SEC
column was calibrated as described previously (section 2.2.6). The concentration of the

purified protein was calculated measuring the absorbance at 280 nm.

3.2.4 SEC interaction assays between RbpA and the o-subunit.

The interaction between RbpA and the sigma factors was assessed by SEC using a
Superdex 75 10/300 GL column (GE Healthcare) or a Superdex 200 10/300 GL column
(GE Healthcare) and a buffer containing 50 mM Tris-HCI pH 7.9, 500 mM NacCl, 5%
glycerol, 0.1 mM EDTA and 0.5 mM DTT. The same buffer was used to calibrate the
Superdex 75 10/300 GL column using the low molecular weights calibration kit (GE
Healthcare). The column Superdex 200 10/300 GL was previously calibrated in a buffer
containing 25 mM Tris-HCI pH 8 and 150 mM NacCl using the low and high molecular

weights calibration kits (GE Healthcare).

3.2.5 The structural model of M. tuberculosis c".

In order to design the expression vectors for the purification of 6 domains a structural
model of the M. tuberculosis o> was calculated using the Protein Homology\analogY
Recognition Engine (Phyre) (143). The software Phyre generates a structural model for

a query protein sequence based on known structures of homologous proteins. The
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structural model of M. tuberculosis 6> was calculated on the basis of the structure of the

principal o-subunit of 7. thermophilus (PDB 11W7, 45% of sequence identity).

3.2.6 Purification of GST-6° 1-228 and GST-0%8.303.

Cell pellet was resuspended in a buffer containing 25 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1 mM AEBSF, 0.1 mg/ml lysozyme, 0.1 mg/ml deoxyribonuclease I and 5 mM
MgCl,. Cells were sonicated on ice using Misonix sonicator 3000 with power set on 7
for 10 minutes with 20 seconds on-off intermittency. The resulting cell lysate was
centrifuged (15,000 g for 30 minutes at 4 °C). The supernatant was then loaded on a 5
ml GSTrap HP column (GE Healthcare) pre-equilibrated with a buffer containing 25
mM Tris-HCI pH 7.4 and 150 mM NaCl. The GST-tagged protein was eluted using a
buffer containing 25 mM Tris-HCI pH 8, 150 mM NaCl and 10 mM reduced
glutathione. GST-0"1.25s was further purified by SEC using a Superdex 75 16/60
column (GE Healthcare) and a buffer containing 25 mM Tris-HCI1 pH 7.4 and 150 mM
NaCl. The SEC column was calibrated as described previously (section 2.2.6). The
concentration of the purified protein was calculated measuring the absorbance at 280

nm.

3.2.7 Pull-down assays of RbpA binding to GST-6" 205 and GST-0"5.373.

In a typical pull-down assay 1 ml of GST-tagged protein at a concentration of 20 uM in
a buffer containing 25 mM Tris-HCI pH 7.4 and 150 mM NacCl (binding buffer) was
loaded on a gravity column containing 1 ml of glutathione-agarose resin (Sigma-
Aldrich). The resin was previously equilibrated in binding buffer. Following loading,
the column was washed with 5 ml of binding buffer. Afterwards, 1 ml of untagged

RbpA at concentration of 40 uM was loaded on the column. The unbound RbpA was
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removed by washing the resin with 10 ml of binding buffer. Finally, the GST-tagged
protein was eluted in 3 ml of a buffer containing 25 mM Tris-HCI pH 8, 150 mM NaCl

and 10 mM reduced glutathione.

3.2.8 NMR spectroscopy.

In order to identify changes in the positions of RbpA NMR signals resulting from
binding to Hiss-0" 1228, NMR spectra were acquired from 0.35 ml samples of "°"N/"*C/*H
RbpA (0.19 mM) and of "N/"*C/*H RbpA (0.1 mM) bound to unlabelled Hisg-0" .25
(1:1 molar ratio) dissolved in a buffer containing 25 mM K,HPO4 pH 7.5, 100 mM KCI,
0.5 mM DTT, 0.5 mM EDTA, 0.02% w/v NaN3, 0.2 mM AEBSF and 0.5 mM TCEP
with 10% D,0-90% H,0. The 2D and 3D spectra recorded were: ’N/'"H TROSY and
BN/BC/'H TROSY-HNCO. Acquisition times in the 2D experiment were: 26 ms in F,
and 65 ms in F,. Acquisition times in the 3D experiment were: 12 ms in F; (°C), 10 ms
F, (°N) and 65 ms in F3 (‘H). The 2D NMR spectra were acquired typically for about
0.5 hours and the 3D spectra for about 65 hours. The spectra were processed and

analyzed as described in section 2.2.9.

3.2.9 NMR minimal shift assay.

Changes in the positions of RbpA NMR signals resulting from binding to Hise-0"1.208
were analysed using the minimal shift approach (144-146). The combined HN, N and
CO chemical shift differences (Ad) between the peaks detected in HNCO spectra
recorded on free ’N/"*C/*H RbpA and on "N/"*C/*H RbpA bound to unlabelled Hiss-
0" 1.8 were calculated using the following equation: AS=V((ASHN)® + (AdN*0.2)" +
(A8¢0*0.35)%) where Adun, Adx, and Adco correspond to the differences in 'H, "N and

C chemical shifts between pairs of HNCO peaks and 0.2 and 0.35 are scaling factors
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required to account for differences in the range of amide proton, amide nitrogen and
carbonyl chemical shifts. For each peak detected in the HNCO spectrum recorded on
free "N/C/*H RbpA the minimal shift induced by the binding with Hiss-0"1.208 Was

taken as the lowest calculated combined shift value (AJ).
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3.3 Results

3.3.1 Expression and purification of Hise-0".

Expression of Hiss-0" was induced from E. coli BL21(DE3) cells transformed with the
relevant expression vector adding IPTG and the culture growth was continued at 16 °C
over-night, Culture samples collected ~20 hours post-induction were lysed (section
3.2.3) and subjected to SDS-PAGE analysis. The resulting gel (figure 3.1) shows an
overexpressed band that migrates in a position consistent with the calculated molecular

weight of Hise-0" (39 kDa) and that is highly soluble.

175,

sof
58
46 <€— Hisg-0®
(39 kDa)
30
kDa 23

Figure 3.1. Hise-0" expression. SDS-PAGE analysis of culture samples collected ~20
hours post-induction of Hisg-0" expression. Lane MW is molecular weights markers,

lane T the total cell lysate, lane NS the non-soluble fraction and lane S soluble fraction.
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The protocol adopted for the purification of Hiss-G" involved two main steps: IMAC
and SEC. In the first step the soluble fraction resulting from the lysis of the cell culture
expressing His¢-0" was loaded on a Ni-NTA column (QIAGEN) and subsequently Hise-
o” was eluted with a linear imidazole gradient. In the resulting chromatogram (figure
3.2 panel A) is it possible to distinguish two peaks, which are labelled with the letters
“A” (elution volume 186 ml) and “B” (elution volume 194 ml). The SDS-PAGE
analysis of the fractions collected at different stages of the chromatography (figure 3.2
panel B) reveals that Hiss-0" was eluted under peak B and the fractions under peak A
contained contaminant proteins and were discarded. The fractions under peak B were
pooled together and loaded on a SEC column (Superdex 75 16/60, GE Healthcare). The
typical elution profile obtained during the SEC of Hise-0" (figure 3.3 panel A) shows
one peak eluted outside the range of resolution of the column (peak A, elution volume
45 ml) and a second peak that corresponds to an apparent molecular weight of ~40 kDa
(peak B, elution volume 63 ml). The SDS-PAGE analysis of the fractions collected
during the chromatography reveals that Hiss-0" was eluted under both peaks (figure 3.3
panel B). However, the elution volume found for Hiss-0> eluted under peak A suggests
that this fraction of the protein might be aggregated. Furthermore, the fractions under
peak A also contain several other contaminant proteins and for these reasons were
discarded. Otherwise, Hiss-0" eluted under peak B is relatively pure and its apparent
molecular weight is of ~40 kDa, which is consistent with a monomeric oligomeric
status of the protein (the calculated molecular weight of Hise-0" is of 39 kDa). Thus,
only Hiss-0" eluted under peak B was kept for further experiments. In order to increase
the fraction of Hiss-0" eluted under peak B several optimization attempts were
undertaken (e.g. reduction of the concentration of the sample loaded on the column and

increase of the ionic strength of the buffer used during SEC). However, the amount of
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monomeric Hisg-0” purified remained essentially unchanged. The protocol described

led to a purification yield of ~2 mg of Hiss-0" for each litre of initial E. coli culture.
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Figure 3.2. Hise-0"® purification by IMAC. A. The typical elution profile obtained
during the purification of Hise-0" by IMAC. Two peaks were detected during the
elution of Hise-0" and in the chromatogram are labelled with the letters A and B. B.
The gel resulting from the SDS-PAGE analysis of the fractions collected during the
purification process. Lane MW is the molecular weight markers, lane L the column load,
lane FT the column flow-through and lanes 186-198 are labelled according to the

elution volume (ml).
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Figure 3.3. Hisg-0® purification by SEC. A. The typical elution profile obtained
during the purification of Hiss-0" by SEC (Superdex 75 16/60). In the chromatogram
two main elution peaks were detected and are labelled with the letters A and B. The
elution volumes of the protein molecular weight standards used to calibrate the column
are indicated by dashed lines. B. The gel resulting from the SDS-PAGE analysis of the
fractions collected during the purification process. Lane MW is the molecular weight
markers, lane L the column load and lanes 41-62 are labelled according to the elution

volume (ml).
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3.3.2 SEC interaction assay between RbpA and His¢-G".

A yeast two-hybrid screen followed by a protein fragment complementation assay,
performed before the research project described in this thesis began, suggested that
RbpA could interact with the RNAP ¢”-subunit (142). Given the availability of highly
purified RbpA (section 2.3.2) and Hise-0" (section 3.3.1) it was possible to test the
interaction between the two proteins in vitro by SEC interaction assays. RbpA and Hise-
o samples were loaded on an analytical SEC column (Superdex 75 10/300 GL)
individually or mixed together with a molar ratio of 1:1. Figure 3.4 shows an overlay of
the resulting chromatograms and the SDS-PAGE page analysis of the fractions
collected during the different runs. RbpA and Hise-0> analyzed individually give rise to
elution peaks at 11.7 ml and 10.2 ml, respectively. Interestingly, when the two proteins
are mixed together only one main elution peak is detected with an elution volume of 9.4
ml (figure 3.4 panel A) suggesting that RbpA and Hise-0> are co-eluted. The co-elution
of the two proteins is confirmed by the SDS-PAGE analysis of the fractions collected
during the different runs (figure 3.4 panel B). The co-elution of RbpA and Hiss-0> in
SEC demonstrates that the two proteins interact with each other and form a tight
complex. Furthermore, because no major contaminants were present in the preparations
of both RbpA and Hise-0" (figure 3.4 panel B, L lanes), it is possible to conclude that
the formation of the RbpA«c” complex is by direct interaction and does not involve

additional proteins.
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Figure 3.4. RbpA binds and forms a tight complex with Hisc-0®. A. An overlay of
the elution profiles from a SEC column (Superdex 75 10'300 GL) of RbpA (10 uM) or
Hisg-0” (10 uM) individually and the complex formed between them (1:1 molar ratio).
The elution volumes of the protein molecular weight standards used to calibrate the
column are indicated above the picture by dashed lines. B. The gel resulting from the
SDS-PAGE analysis of the fractions collected during the different SEC runs. Lane MW
is molecular weight markers, lanes L the column load and lanes 9-12 labelled according

to the elution volume (ml).
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3.3.3 Expression and purification of HiSﬁ-UA.

The expression and purification of Hisg-0™ were performed following the protocols
adopted for Hisg-0" (section 3.3.1). The gel shown in figure 3.5 shows the result of the
SDS-PAGE analysis of culture samples collected pre-induction and ~20 hours post-
induction of Hiss-0™ expression. Following induction an overexpression band is
produced, it is soluble but migrates in a position slightly higher than that expected for
the calculated molecular weight of Hise-0™ (60 kDa). Similar anomalous migration of M.

tuberculosis o during SDS-PAGE analysis was reported previously (147).

Pre-Induction Post-Induction

MW T NS S T NS S

€— Hisz-0*
(60 kDa)

kDa 30

Figure 3.5. His-0" expression. SDS-PAGE analysis of culture samples collected pre-
induction and ~20 hours post-induction of Hise-0" expression. Lane MW is molecular
weights markers, lanes T the total cell lysate, lanes NS the non-soluble fraction and

lanes S soluble fractions.

In figure 3.6 panel A, which shows the elution profile obtained during the first step of
the purification of Hiss-0™ (IMAC), a single elution peak was detected (elution volume
193 ml). SDS-PAGE analysis of the fractions collected during different stages of the
chromatography reveals that Hise-0" was eluted under this peak (figure 3.6 panel B).
However, a number of other bands are clearly detectable in the same fractions where

Hise-0" was eluted. In order to increase the purity of the protein preparation the
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fractions containing Hiss-0" were pooled together and loaded on a SEC column
(Superdex 75 16/60, GE Healthcare). The typical elution profile obtained during the
SEC of His¢-0" and the SDS-PAGE analysis of the fractions collected during the
chromatography are shown in figure 3.7 panel A and panel B, respectively. At least
three elution peaks are distinguishable in the chromatogram shown in figure 3.7 panel A.
Peaks A and B are almost completely overlapped and both contain Hiss-6” (figure 3
panel B), otherwise peak C does not contain Hiss-0" (results not shown). The fractions
collected under peak A (elution volume 47-51 ml) are contaminated with high
molecular weight proteins (~160 kDa) and were discarded. Only the fractions eluted
under peak B and with minor low molecular weight contamination (elution volume 52-
54 ml) were kept and used in further experiments. Hiss-0" is eluted close to the upper-
limit of resolution of the column used and is not possible assess the oligomeric status of
the protein. The protocol described led to a purification yield of ~2 mg of Hiss-0™ for

each litre of initial E. coli culture.
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Figure 3.6. Hisc-0" purification by IMAC. A. The typical elution profile obtained

during the purification of Hiss-0* by IMAC. B. The gel resulting from the SDS-PAGE

analysis of the fractions collected during the purification process. Lane L is the column

load, lane FT the column flow-through and lanes 186-199 are labelled according to the

elution volume (ml).
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Figure 3.7. Hiss-0* purification by SEC. A. The typical elution profile obtained
during the purification of Hisg-0™ by SEC (Superdex 75 16/60). In the chromatogram
are distinguishable three elution peaks that are labelled with the letters A, B and C. The
elution volumes of the protein molecular weight standards used to calibrate the column
are indicated by dashed lines. B. The gel resulting from the SDS-PAGE analysis of the
fractions collected during the purification process. Lane MW is the molecular weight
markers, lane L the column load and lanes 45-57 are labelled according to the elution

volume (ml).
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3.3.4 SEC interaction assay between RbpA and Hiss-0".

o” is the primary sigma factor of M. tuberculosis, it is responsible for the transcription
of housekeeping genes and is essential for the growth of the bacteria. Based on the high
sequence homology with o* and ¢® (63% of amino acid identity) it was hypothesized
that o™ could interact with RbpA. To test this hypothesis RbpA and Hiss-0" samples
were loaded on an analytical SEC column (Superdex 200 10/300 GL) individually or
mixed together with a molar ratio of 1:1. In figure 3.8 are shown an overlay of the
resulting chromatograms and the SDS-PAGE analysis of the fractions collected during
the different runs. When RbpA and Hise-0" are mixed together only one main elution
peak is detected, which is eluted earlier than the peaks detected when the two proteins
were analyzed individually (figure 3.8 panel A) suggesting that RbpA and Hiss-0™ are
co-eluted. The co-elution of the two proteins is confirmed by the SDS-PAGE analysis
of the fractions collected during the different runs (figure 3.8 panel B). This experiment
shows that RbpA binds and forms a stable complex also with the primary sigma factor
of M. tuberculosis (™).

Hisg-0™ was eluted at 12.3 ml (figure 3.8 panel A, red trace) that corresponds to an
apparent molecular weight of ~220 kDa. Given the calculated His¢-0” molecular weight
of 60 kDa the elution position of Hiss-0” during SEC suggests that the protein has an
oligomeric status between trimer and tetramer. However, the functional oligomeric
organization of o-factors is thought to be monomeric (56,57,59,60). The anomalous
apparent molecular weight found for M. tuberculosis " could be due to an extended
structure of the protein or the no-physiological conditions in which the SEC experiment

was performed.
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Figure 3.8. RbpA binds and forms a tight complex with Hiss-0". A. An overlay of
the elution profiles from a SEC column (Superdex 200 10'300) of RbpA (12 uM) or
Hisg-0™ (12 uM) individually and the complex formed between them (1:1 molar ratio).
The elution volumes of the protein molecular weight standards used to calibrate the
column are indicated by dashed lines. B. SDS-PAGE analysis of the fractions collected
during the different SEC runs. Lane MW is molecular weight markers, lanes L the

column load and lanes 11-17 labelled according to the elution volume (ml).
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3.3.5 Design of expression vectors for the purification of truncated versions of ¢*.

To perform an initial mapping of the regions of 6® responsible for the interaction with
RbpA it was decided to purify two truncated versions of 6°: 0”1 (residues 1-228)
that comprises the conserved regions 1.2-3.1 and o823 (residues 228-323) that
comprises the conserved region 4. The site of the truncation was chosen on the basis of
multiple sequence alignment and using the M. tuberculosis o° structural model shown
in figure 3.9. The model was calculated using the software Phyre (143) on the basis of
the of the structure of the principal o-subunit of 7. thermophilus (PDB 11W7, 45%
sequence identity). The resulting model structure (figure 3.9) comprises o residues 21-
322 (93.5% of the whole ¢ sequence) and was determined with an accuracy score >

90%, which presumes an RMSD to the native structure of 2-4 A.
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B Residues 21-227

B Ala,,, (truncation site)

I Residues 229-322

Figure 3.9. Structural model of the M. tuberculosis 6. The structural model of the M.
tuberculosis " here reported was calculated using the software Phyre (143) on the basis
of the structure of the principal o-subunit of 7. thermophilus (PDB 11W7, 45%
sequence identity). The regions of the model that encompass the 0”18 and 0 255323
domains are shown in blue and green, respectively. The truncation site (Alaxs) is

highlighted in red.

3.3.6 Expression of GST-0" .05 and GST-0"225.323.

The expression of GST-0"1.20s and GST-0"25132; was performed following the
procedure described for Hiss-0" (section 3.3.1). The gels reported in figure 3.10 show
that for both constructs an overexpression band is produced following induction, it is
soluble and migrates in a position consistent with the calculated molecular weight of

GST-0 225 (51 kDa) and GST-0"25.323 (36 kDa).
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Figure 3.10. Expression of GST—UBH;s and GST-UB;;H;;. SDS-PAGE analysis of
culture samples collected pre-induction and ~20 hours post-induction of GST-UB|.223
(A) and GST-0"28.323 (B) expression. Lanes MW are molecular weights markers, lanes

T the total cell lysate, lanes NS the non-soluble fraction and lanes S soluble fractions.
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3.3.7 Purification of GST-G"..

The soluble fraction resulting from the lysis of the cell culture expressing GST-0".s
was loaded on a GSTrap HP column (GE Healthcare) and subsequently GST-0}.5s
was eluted with a buffer containing 10 mM reduced glutathione. Figure 3.11 shows the
typical elution profile obtained (panel A) and the SDS-PAGE analysis of the fractions
collected at different stages of the chromatography (panel B). The SDS-PAGE analysis
revealed that all the fractions analyzed contain GST-0"; s (figure 3.11 panel B).
However, a number of other bands were detected in the same fractions where GST-0%,.
2»s was eluted. In order to increase the purity of the protein preparation a second
purification step was performed loading the fractions containing GST-G".550n a SEC
column (Superdex 75 16/60, GE Healthcare). The typical elution profile obtained
during SEC for GST-0"|.25 is shown in figure 3.12 panel A. It shows one peak eluted
outside the range of resolution of the column (peak A, elution volume 45 ml) and a
second peak that corresponds to an apparent molecular weight of ~40 kDa (peak B,
elution volume 60 ml). The SDS-PAGE analysis of samples from the fractions collected
during the chromatography (figure 3.12 panel B) reveals that GST-0"|.205 was eluted
under peak A, whereas peak B contains low molecular weight bands (< 30 kDa). Only
the fractions eluted under peak A were kept and used in further experiments. Because
GST-0" 128 was eluted outside the range of resolution of the column (6.5-75 kDa) the
oligomeric organization of the protein remains unknown. However, the SEC run
increased the purity of the GST-0" 2 preparation, as can be appreciated comparing
lane L with lanes 44-48 of the gel shown in figure 3.12 panel B, although some lower
molecular weight contaminants remained.

The protocol described led to a purification yield of ~18 mg of GST-G" .55 for each

litre of initial E. coli culture.
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Figure 3.11. GST-0"25¢ purification by affinity chromatography. A. The typical
elution profile obtained during the purification of GST-0"15x by affinity
chromatography. B. The gel resulting from the SDS-PAGE analysis of the fractions

collected during the purification process. Lane MW is molecular weight markers and

lanes 62-77 are labelled according to the elution volume (ml).
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Figure 3.12. GST-0",.25 purification by SEC. A. The typical elution profile obtained
during the purification of GST-0" .5 by SEC (Superdex 75 16/60). In the
chromatogram two main elution peaks are distinguishable and are labelled with the
letters “A” and “B”. The elution volumes of the protein molecular weight standards
used to calibrate the column are indicated by dashed lines. B. The gel resulting from the
SDS-PAGE analysis of the fractions collected during the purification process. Lane
MW is the molecular weight markers, lane L the column load and lanes 40-60 are

labelled according to the elution volume (ml).
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3.3.8 Pull-down assay of RbpA binding to GST-0").s.

The interaction between RbpA and .5 was assessed by a pull-down assay and the
SDS-PAGE analysis of samples collected at different stages of the experiment is shown
in figure 3.13. GST-0"1.2s was loaded on a column containing glutathione-agarose
resin and the unbound protein was washed with 5 ml of binding buffer. In the column
flow-through (figure 3.13 lane FT) and in the first fraction collected during the washing
step (figure 3.13 lane 1) there is a band that corresponds to GST-6" .53, indicating that
not all the GST tagged protein bound to the resin. Afterwards, untagged RbpA was
added to the column and a further washing step was performed using 10 ml of binding
buffer. Finally, GST-6"|.225 bound to the resin was eluted in 3 ml of buffer containing
10 mM of reduced glutathione. In the first fraction collected during the second washing
step (figure 3.13 lane 3) an intense band corresponding to RbpA was detected,
indicating that most of the untagged protein was not retained. However, in the first and
second fractions collected during the elution step (figure 3.13 lanes E; and E,) a faint
band that corresponds to RbpA is detectable. The same band is not visible in the final
fraction collected during the washing (figure 3.13 lane 4), suggesting that RbpA was
specifically bound to GST-0" ..

The presence of a faint band corresponding to RbpA in E; and E; lanes (figure 3.13)
suggests that the first 228 residues of ¢” could be sufficient to bind with RbpA.
However, the pull-down assay described in this section cannot be considered a
definitive evidence of the interaction between .55 and RbpA. Indeed, is not clear
why only a minor part of RbpA (< 5%) seems to interact with GST-0".ps.
Furthermore, no controls were run to check if untagged RbpA interacts with the column

used in the pull-down assay and several contaminant bands are detectable in the
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preparation of GST—OB]-zzg (figure 3.13, lane L of GST—OB]-zzg) that could potentially

interfere with the interaction assay.

GST-08, ,,, 1° Wash RbpA 2° Wash Elution
MW L FT 1 2 L FT 3 5 E; E, Ej

0 -

58 . S : .'-. -y h ,: _ . €_ GST‘UB1_228
: : DR (51 kDa)

46

30

kDa23

RbpA
(13 kDa)

Figure 3.13. Pull-down assay of RbpA binding to GST-0% ;5. The gel resulting
from the SDS-PAGE analysis of samples collected at different stages of the pull-down
assay. Lane MW is the molecular weight markers, lanes L the column load, lanes FT the
column flow-through, lanes 1 and 2 the first and last fractions collected during the first
wash step, lanes 3 and 4 the first and last fractions collected during the second wash

step and lanes E;-E; the fractions collected during the elution step.
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3.3.9 Purification of GST-O’B228_323L

The purification of GST-0"28.323 was performed following the protocol adopted for
GST-0" .55 (section 3.3.7). In figure 3.14 are shown the typical elution profile obtained
during the purification of GST-0"55.3,3 by affinity chromatography (panel A) and the
SDS-PAGE analysis of the fractions collected at different stages of the purification
(panel B). The SDS-PAGE analysis of a sample collected from the column flow-
through (figure 3.13 lane FT) reveals that not all the GST-tagged protein was retained
into the column. However, most of the protein was bound to the glutathione-agarose
resin as is evident from the large amount of GST-0"s323 (figure 3.14 panel B)
contained in the fractions collected under the main elution peak (figure 3.14 panel A).
Fractions containing GST-0"228.323 were pooled together and dialyzed in a buffer
containing 25 mM Tris-HCI pH 7.4 and 150 mM NaCl. A 20 uM GST-0%8.323 sample
was analyzed by SDS-PAGE (figure 3.14 panel C) showing that the protein preparation
does not contain major contaminants, thus no further purification steps were performed.
The protocol described led to a purification yield of ~25 mg of GST-0"25.323 for each

litre of initial E. coli culture.
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Figure 3.14. GST-0"54.323 purification by affinity chromatography. A. The typical
elution profile obtained during the purification of GST-0"s3; by affinity
chromatography. B. The gel resulting from the SDS-PAGE analysis of the fractions
collected during the purification process. Lane MW is molecular weight markers, lane L
the column load, lane FT the column flow-through, lane W the column wash and lanes
73-78 are labelled according to the elution volume (ml). C. The gel resulting from the
SDS-PAGE analysis of a 20 uM GST-0"4.323 sample (lane A). Lane MW is molecular

weight markers.
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3.3.10 Pull-down assay of RbpA binding to GST-UBzngz;;

The interaction between RbpA and GST-0%24.1,3 was assessed by a pull-down assay
following the procedure described in section 3.3.8. Figure 3.15 shows the SDS-PAGE
analysis of samples collected at different stages of the experiment. It was not possible to
detect RbpA in any of the elution fractions (E;-E;3) suggesting that residues 228-323 of

o® are not sufficient to form a stable interaction with RbpA.

GST-0%,,5 4,5 1° Wash RbpA 2° Wash Elution
Mw L FT 1 2 L FT 3 &5 E, E, E;

175
80
58
46
GST-0% )55 33
30 (36 kDa)
kDa 23
€— RbpA
(13 kDa)

Figure 3.15. Pull-down assay of RbpA binding to GST-O'Bzzs.g,zg,. The gel resulting
from the SDS-PAGE analysis of samples collected at different stages of the pull-down
assay. Lane MW is the molecular weight markers, lanes L the column load, lanes FT the
column flow-through, lanes 1 and 2 the first and last fractions collected during the first
wash step, lanes 3 and 4 the first and last fractions collected during the second wash

step and lanes E-E; the fractions collected during the elution step.
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3.3.11 SEC interaction assay between Hiss-RbpA and His(,-GBl_zz&

The set of pull-down assays performed in section 3.3.8 suggested that the first 228
residues of o° are sufficient for the binding with RbpA. To confirm this initial
hypothesis it was decided to test the interaction between RbpA and ¢” .55 by a SEC
interaction assay.

The ORF encoding for the 6" residues 1-228 was cloned into an expression vector that
allowed the over expression of 0"|.;g in fusion with a cleavable Hiss-tag at the N-
terminus (section 3.2.1). The resulting construct, Hise-0"1.223, was expressed and
purified following the procedure described for Hiss-0" full length (section 3.3.1). The
purification process allowed the purification of ~3 mg of Hiss-0" |22, in a monomeric
form, for each litre of initial E. coli culture (results not shown).

The SEC interaction assay between Hise-RbpA and Hiss-0"1.208 was performed
following the procedure described in section 3.3.2. Hise-RbpA and Hisg-G" 1555 samples
were loaded on an analytical SEC column (Superdex 75 10/300 GL) individually or
mixed together with a molar ratio of 1:1. When the two proteins were mixed together
only one main elution peak was detected, which is eluted earlier than the peaks detected
when the two proteins were analyzed individually (figure 3.16 panel A). This indicates
that Hiss-RbpA and Hise-0" 1555 were co-eluted and it was confirmed by the SDS-PAGE
analysis of the fractions collected during the different runs (figure 3.16 panel B). The
experiment described confirms that residues 1-228 of ¢® are sufficient to bind and form

a stable complex with RbpA.
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Figure 3.16. RbpA binds and forms a tight complex with Hisg-0%1225. A. An overlay
of the elution profiles from a SEC column (Superdex 75 10\300 GL) of RbpA (15 uM)
or Hiss-0" 128 (15 uM) individually and the complex formed between them (1:1 molar
ratio). The elution volumes of the protein molecular weight standards used to calibrate
the column are indicated above the picture by dashed lines. B. Samples from the
fractions collected during the different SEC runs were analysed by SDS-PAGE. Lanes
MW are molecular weight markers, lanes L the column load and lanes 8-12 labelled

according to the elution volume (ml).
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3.3.12 The stoichiometry of the RbpA+c®;.5,s complex.

In order to investigate the stoichiometry of the complex formed between RbpA and ¢”.
2sthe SEC interaction assay described in the section 3.3.11 was repeated using different
molar ratios of RbpA:0° .20s: 2:1 and 1:2 (figures 3.17 and 3.18, respectively). In each
case the Hiss-RbpA<Hiss-0" 1205 complex was formed, as indicated by the presence of a
peak eluted at ~9.7 ml (peaks A in panels A of figures 3.17 and 3.18), and the protein
loaded in excess was eluted as expected for the free protein (peaks B in panels A of
figures 3.17 and 3.18). The SDS-PAGE analyses of the fractions collected during the
different SEC runs confirm that both Hiss-RbpA and Hiss-G"1.20¢ are found under the
peaks A and that only the proteins loaded in excess were detected under peaks B (panels
B of figures 3.17 and 3.18). The set of SEC experiments described suggests that RbpA
binds to 0”1.,3 with an equal molar ratio. The apparent molecular weight found for the
Hisg-RbpA<Hiss-0"1.228 complex during SEC analyses (figures 3.16, 3.17 and 3.18) was
of ~62 kDa that is higher than the expected molecular weight (44 kDa) for the complex
occurring with a 1:1 stoichiometry. However, a Hiss-RbpA+Hiss-0" 1208 complex
occurring with a 2:2 stoichiometry would have a calculated molecular weight of 88 kDa
and in SEC experiments should be eluted in the void volume because it would be
outside the range of resolution of the column (6.5-75 kDa). The peak corresponding to
the Hisg-RbpA<Hiss-0" 1228 complex was resolved during the SEC analysis (figure 3.16,
3.17 and 3.18) suggesting that the Hisg-RbpA<Hiss-0"1.208 complex occurs with a 1:1

stoichiometry.
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Figure 3.17. SEC analysis of a sample containing Hiss-RbpA and Hiss-oBl-m
combined in a 2:1 molar ratio. A. The elution profile from a SEC column (Superdex
75 108300 GL) of a sample containing His-RbpA and Hisg-0" 1225 combined in a 2:1
molar ratio. The two main elution peaks detected in the chromatogram are labelled with
the letters A and B. The elution volumes of the protein molecular weight standards used
to calibrate the column are indicated above the picture by dashed lines. B. Samples from
the fractions collected during the SEC run were analysed by SDS-PAGE. Lane MW is
molecular weight markers, lane L the column load and lanes 6-13 labelled according to

the elution volume (ml).
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Figure 3.18. SEC analysis of a sample containing Hisec-RbpA and Hisﬁ-oBl-;;s
combined in a 1:2 molar ratio. A. The elution profile from a SEC column (Superdex
75 10\300 GL) of a sample containing RbpA and Hisg-0°.25 combined in a 2:1 molar
ratio. The two main elution peaks detected in the chromatogram are labelled with the
letters A and B. The elution volumes of the protein molecular weight standards used to
calibrate the column are indicated above the picture by dashed lines. B. Samples from
the fractions collected during the SEC run were analysed by SDS-PAGE. Lane MW is
molecular weight markers, lane L the column load and lanes 7-13 labelled according to

the elution volume (ml).
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3.3.13 Insights on the interaction between RbpA and o®,

The chemical shifts detected during NMR experiments are extremely sensitive to the
chemical environment that surrounds each residue of the protein analyzed. Thus, on
interaction between a protein and its binding partner the chemical shifts of the residues
involved in the interaction are expected to be affected. To better understand the binding
mode of RbpA with the o-subunit it was decided to take advantage of the RbpA NMR
assignments to investigate which residues of RbpA are involved in the interaction with
0B1-228-

To this purpose a sample of triply labelled ’N/"*C/*H RbpA was mixed in an equimolar
ratio with unlabelled Hiss-0" 1208 and the resulting complex was purified by SEC.
TROSY spectra were acquired on the complex sample and on a triply labelled sample of
"N/C/*H RbpA in the free form. The differences observed between the two spectra
are highlighted in the TROSY spectra overlay shown in figure 3.19 panel A. In total, at
least 19 RbpA backbone amide groups are clearly affected by the binding with Hiss-0"1.
2»s and ten of these are unassigned resonances. All the unassigned RbpA backbone
amide groups — except Met;, Glys and Arg;o — lie in the last 35 residues of the protein
(figure 3.19 panel B). Therefore, the relatively high number of perturbations observed
for unassigned peaks suggests that the C-terminus of RbpA is affected by the binding
with Hisg-0"1.20s. Furthermore, the only resonance that was assigned between the
residues 77-111, the indole group of Trpsy, is clearly affected by the binding with Hise-

0" 1.2z (figure 3.19 panel A).
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Figure 3.19. RbpA chemical shift changes induced by the binding of HiS(,-O‘BLng. A.
Overlay of the TROSY spectra acquired at 35 °C on ""N/®C/H RbpA (190 uM)
(shown in black) and on '"N/“C/*H RbpA<Hiss-0"1.22¢ complex (100 uM) (shown in
red) samples dissolved in a buffer containing 25 mM K;HPO4 pH 7.5, 100 mM KCl, 0.5
mM DTT, 0.5 mM EDTA, 0.02% w/v NaN3, 0.2 mM AEBSF and 0.5 mM TCEP with
10% D,0-90% H»O. Peaks that have been clearly shifted on formation of the
“N/C/H RbpAsHise-0" 1224 complex have been highlighted. An “i” indicates peaks
generated by indole groups and an “X” indicates unassigned peaks that are affected by
Hiss-0")20¢ binding. B. The amino acid sequence of RbpA. Residues for which the

backbone amide group of RbpA in the free form was assigned are highlighted in blue.
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Further analysis of the RbpA chemical shift changes induced by the binding with Hise-
0% 005 Was performed by calculating the NMR minimal chemical shift (section 3.2.9).
To this purpose TROSY-HNCO spectra were acquired on ’N/"°C/*H RbpA in complex
with Hise-0" 1.8 and on "N/C/*H RbpA in the free form. An overlay of selected
regions from the two spectra is shown in figure 3.20 panel A. Clear changes were
detected in the RbpA TROSY-HNCO spectrum following the formation of the complex
with Hise-0"1.25. The histogram shown in figure 3.20 panel B summarizes the results of
the minimal shift assay performed. It shows a clear cluster of residues at the N-terminus
of RbpA, between residue 11 and residue 20, that are affected by the binding with Hise-
0°1.25. Otherwise, the rest of the sequence displays only minor shifts and no other
clusters of residues affected by the Hisg-0" .25 binding were identified.

Overall, the analysis of the RbpA chemical shift changes induced by binding of Hise-
0”128 suggests that both the N- and the C- termini of RbpA are involved in the binding
with the o-subunit. The central ordered domain of RbpA (residues 26-66) does not
appear to be affected by the formation of the complex (figure 3.20 panel B). The
relatively high number of unassigned resonances affected by the binding with Hise-0"1.
228 (figure 3.19 panel A) suggests that the C-terminal region of RbpA is involved in the
formation of the complex with the o-subunit. Unfortunately, due to conformational
exchange occurring at the C-terminal region of RbpA (section 2.3.5), none of the
residues 77-111 were assigned preventing precise mapping of the residues involved in
the binding with Hiss-0"1.205. A significant number of assigned (indicated with red
circles in the histogram shown in figure 3.20 panel B) and unassigned resonances
detected in the HNCO spectrum collected on ’N/">C/*H RbpA in the free form were not
found in the spectra collected on the '"N/"?C/*H RbpA«Hiss-0" .25 complex. This can

clearly been seen for some residues in the TROSY overlay shown in figure 3.19 panel A

121



(e.g. the resonance generated by the indole group of Trps,). Taken together these
observations suggest that after the binding with Hise-0" 1208 a2 number of the ’N/"*C/*H
RbpA resonances are not longer detectable. The disappearance of these signals could be
due to the formation of the RbpA«Hiss-0" .25 complex in intermediate exchange on the
chemical shift timescale. Such exchange rate would cause broadening of the peaks that

belong to residues involved in the interaction, which could make them hard to detect.
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Figure 3.20. NMR minimal shift assay. A. An overlay of selected regions from
TROSY-HNCO spectra acquired at 35 °C on "*N/"*C/*H RbpA (190 uM) (shown in
black) and on '"N/"*C/*H RbpA+Hise-0").25 complex (100 uM) (shown in red) samples
dissolved in a buffer containing 25 mM K,HPO4 pH 7.5, 100 mM KCI, 0.5 mM DTT,
0.5 mM EDTA, 0.02% w/v NaNs, 0.2 mM AEBSF and 0.5 mM TCEP with 10% D,O-
90% H>0. Asterisks (*) indicate peaks that are affected by Hiss-0")20¢ binding and an
arrow shows the shift for the Ser;s peak. B. Combined minimal shift changes observed
comparing the TROSY-HNCO spectra described. Assigned resonances for RbpA that
cannot be detected in the complex are marked with a red circle (*), whereas RbpA
residues for which full assignment in the TROSY-HNCO spectrum is missing are

indicated with a blue square (m).
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3.3.14 SEC interaction assays between a set of truncated versions of RbpA and

the o-subunit.
The analysis of the RbpA chemical shifts changes induced by Hiss-G" .55 binding,
described in the previous section, suggested that both the N- and the C- termini of RbpA
are involved in the binding with the o-subunit. To confirm this hypothesis RbpA;.7¢ and
two other truncated versions of RbpA: RbpAjg (residues 1-92) and RbpAjzsii
(residues 24-111) were tested for the interaction with the o-subunit by SEC assays.
RbpA.79 is the construct used to solve the structure of the protein, which lacks the
whole C-terminal region. The truncation site at Glug, was chosen to remove the
amphipathic C-terminal helix but retain residues 79-89 that are almost invariant
amongst RbpA homologues (figure 2.1 panel C). Furthermore, RbpA .9, includes Trps.,
which is thought to be involved in Hiss-0"1.20¢ binding (figure 3.19 panel A). Otherwise,
Leuys was chosen as a truncation site to remove the entire flexible N-terminal region
including residues 11-20 that are affected by the binding with Hisg-0" 1208 (figure 3.20
panel B). The truncated versions RbpA;.9» and RbpAy4.1;1 were cloned, expressed and
purified following the procedures described for RbpA full length. All the SEC
interaction assays between the different truncated versions of RbpA and the o-subunit

were performed as described in section 3.3.2.
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3.3.14.1 SEC interaction assays between RbpA ;.79 and Hiss-0" 1225 and Hiss-0.
RbpA .79 and Hise-0" 1208 samples were loaded on an analytical SEC column (Superdex
75 10/300 GL) individually or mixed together with a molar ratio of 1:1. Figure 3.21
shows an overlay of the resulting chromatograms and the SDS-PAGE page analysis of
the fractions collected during the different runs. RbpA;.79 and Hise-0>1 208 mixed
together are eluted in the same positions observed when the two proteins were analyzed
individually (figure 3.21 panel A). This indicates that RbpA.;9 and Hise-0" .0 do not
co-elute during SEC and it is confirmed by the SDS-PAGE analysis of the fractions
collected during the different runs (figure 3.21 panel B). It should be noticed that Hise-
0" 1.8 generates two elution peaks (figure 3.21 panel A, red trace): the first peak
(elution volume ~ 7.8 ml), whereas the second (elution volume ~ 10.7 ml) is resolved
during the SEC run. The former peak probably stems from aggregation of a fraction of
the Hiss-0" 1208 sample.
The same experimental approach was maintained to test the interaction between RbpA .
79and Hisg-0™ but using a different analytical SEC column: Superdex 200 10\300. The
overlay of the chromatograms recorded for the different SEC runs (figure 3.22 panel A)
and the relative SDS-PAGE analysis (figure 3.22 panel B) show that RbpA .79 and Hise-
o” are not co-eluted when mixed together.
The data described in this section demonstrate that the residues 79-111 of RbpA are
essential to form a stable complex with both Hisg-G" 505 and Hise-0™ suggesting that
the C-terminal region of RbpA plays an important role in the formation of the complex

with the o-subunit.

125



A Conalbumin  Owvalbuwmin Carbonic Anhydrase Ribonuclease
(75 kDa) (44 kDa) (29 kDa) (14 kDa)
60 )/
.'IlIl
{f ——Hisg-0®, 25
I| I| Calculated MW: 28 kDa
50 I
I RbpA, ;5
[ | \ Calculated MW: 9 kDa
- || II l'l,:\.l —— Mixture (1:1)
E 40 I|I \
E /| \\
é [ |I I'n II" /\ \
; III.IP\\ II | ",I A I.' \‘.I
g 30 [\ (| I"s \ [ \
§ [ 1 \\ [
£ [\ [l \ \ I \
3 | / \ /| \\ / .
ﬂ I| \'I'| If | ‘|‘| ‘.\ \
20 | \ | f
| / f |I \\ \ IJf \
I\ N\ [\
[ /| \ \
0 \ /| '
_/ el ,// e __x\'- S —
- -
. —
7 8 9 10 n 12 13 14 15
Volume (ml)
B
Hisg-08, ,,s  RbBPA, 59 Mixture (1:1)
MWL 710 11 L 1213 L 7 1011 12 13
280
160
110
80
60
50
40
30
€= Hisg-05, 58
20 (28 kDa)
15
1 €= RbpA, 7
(9 kDa)
kDa 3.5

Figure 3.21. RbpA.79 does not bind to His¢-0%1.228. A. An overlay of the elution
profiles from a SEC column (Superdex 75 100300 GL) of RbpA .79 (60 uM) or Hise-0" .
228 (30 uM) individually and mixed together with a molar ratio of 1:1. The elution
volumes of the protein molecular weight standards used to calibrate the column are
indicated above the picture by dashed lines. B. Samples from the fractions collected
during the different SEC runs were analysed by SDS-PAGE. Lane MW is molecular

weight markers, lanes L the column load and lanes 7-13 labelled according to the

elution volume (ml).
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Figure 3.22. His¢-RbpA .79 does not bind to HiSG'OA. A. An overlay of the elution
profiles from a SEC column (Superdex 200 10\300) of Hiss-RbpA .79 (20 uM) or Hise-
o™ (20 uM) individually and mixed together with a molar ratio of 1:1. The elution
volumes of the protein molecular weight standards used to calibrate the column are
indicated above the picture by dashed lines. B. Samples from the fractions collected
during the different SEC runs were analysed by SDS-PAGE. Lane MW is molecular

weight markers, lanes L the column load and lanes 11-17 labelled according to the

elution volume (ml).
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3.3.14.2 SEC interaction assays between Hiss-RbpA .9 and Hiss-0"1.22.

Hisg-RbpA .0, and Hiss-0" 1205 samples were loaded on an analytical SEC column
(Superdex 75 10/300 GL) individually or mixed together with a molar ratio of 1:1. In
figure 3.23 are shown an overlay of the resulting chromatograms and the SDS-PAGE
analysis of the fractions collected during the different runs. Hise-RbpAj.92is eluted at
12.5 ml (figure 3.23 panel A, blue trace) that correspond to an apparent molecular
weight of ~18 kDa and is consistent with a monomeric status of the protein (the
calculated molecular weight of Hiss-RbpA.92is of 13 kDa). When Hiss-RbpA .92 and
Hiss-0"1.208 are mixed together and analyzed by SEC they are eluted in the same
positions observed when the two proteins were analyzed individually (figure 3.23 panel
A). This indicates that RbpA .9, and Hise-0"1.08 do not co-elute during SEC and it is
confirmed by the SDS-PAGE analysis of the fractions collected during the different
runs (figure 3.23 panel B).

The experiment described in this section shows that RbpA residues 93-111 are essential
to form a stable complex with the o-subunit. Additionally, the finding that RbpA .9, is
monomeric supports the hypothesis that the amphipathic a-helix between residues 91-

108 is responsible for the oligomerization of RbpA (section 2.3.5).
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Figure 3.23. Hisc-RbpA.9; does not bind to Hi86'0B1_zzs. A. An overlay of the elution
profiles from a SEC column (Superdex 75 10\300 GL) of Hiss-RbpAj.92 (35 uM) or
Hisg-0% 1225 (25 uM) individually and mixed together with a molar ratio of 1:1. The
elution volumes of the protein molecular weight standards used to calibrate the column
are indicated above the picture by dashed lines. B. Samples from the fractions collected
during the different SEC runs were analysed by SDS-PAGE. Lane MW is molecular
weight markers, lanes L the column load and lanes 10-12 labelled according to the

elution volume (ml).
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3.3.14.3 SEC interaction assays between Hisg-RbpAs4.11; and Hisg-0" 1.22s.

Hisg-RbpAas.111 and Hise-0" 1208 samples were loaded on an analytical SEC column
(Superdex 75 10/300 GL) individually or mixed together with a molar ratio of 2:1. The
two proteins mixed together are co-eluted during the SEC run, as indicated by the
presence of a peak eluted earlier than the peaks detected when Hisg-RbpAj4.111 and Hise-
0" .28 were analyzed individually, and Hisg-RbpAas.11; in excessis eluted as expected
for the free protein (figure 3.24 panel A). The SDS-PAGE analysis of the fractions
collected during the different SEC runs confirms that Hiss-RbpAs4.11; and Hisg-0"1.208
were co-eluted (figure 3.24 panel B) suggesting that the first 23 residues of RbpA are
not required for the interaction with Hise-0"1.225. This was unexpected given the cluster
of chemical shifts perturbations observed between residue 11 and residue 20 in the
NMR minimal shift assay (figure 3.20 panel B). However, the N-terminal region might
play other roles in the formation of the complex, for example it could increase the
affinity of the binding between RbpA and o-subunit to further stabilize the complex.

The chromatogram obtained for Hise-RbpAas.i11 (figure 3.24 panel A, blue trace)
displays a strongly asymmetric peak at 11.7 ml that corresponds to an apparent
molecular weight of 25 kDa, which is close to the double of the calculated molecular
weight of Hise-RbpAszsi11 (13 kDa). These features are reminiscent of the typical
elution profile obtained for RbpA full length (figure 2.5) suggesting that a concentration

dependent oligomerization might be expected also for RbpAsz4.11;.
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Figure 3.24. His¢-RbpA;4.111 binds and forms a tight complex with His.r,-oBI.m. A.
An overlay of the elution profiles from a SEC column (Superdex 75 10\300 GL) of
Hisg-RbpAaz4.111 (50 uM) or Hiss-0" 225 (25 uM) individually and mixed together with a
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the fractions collected during the different SEC runs were analysed by SDS-PAGE.
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according to the elution volume (ml).
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3.4 Conclusions
The set of results presented in this chapter demonstrate that RbpA is a binding partner
of the RNAP o-subunit. This interaction was not reported before and opens new
scenarios in the RbpA mechanism of action to activate transcription. Hu et al. (97),
showed that RbpA increases the Ec” transcription activity of ~2-fold, but does not
activate Eo'. Because the B-subunit was the only RNAP subunit reported to interact
with RbpA the specificity of RbpA toward o” was justified proposing an allosteric
mechanism of action (97). Hu et al. (97), suggested that the binding of RbpA on the 3-
subunit could induce a structural modification of the RNAP core increasing the affinity
for o* and stabilizing the transcriptional competent open complex. However, the
finding that RbpA can bind both B-subunit (97,102) and o” (section 3.3.4) provides a
simpler mechanism by which RbpA could stabilize the holo-RNAP containing 6. The
data reported in section 3.3.2 show that RbpA can bind o” as well, implying that RbpA
might also stimulate the Ec® transcription activity. None of the remaining M.
tuberculosis o-subunits (0°-0™) were tested for the interaction with RbpA during this
research project. However, between the M. tuberculosis alternative o factors, o' shares
the highest sequence homology with both 0® and 6°, and o"-driven transcription is not
activated by RbpA (97). This would suggests that RbpA binding is restricted to o™ and
o” and its activity restricted to transcription driven by primary or primary-like o factors.
Attempts to map precisely the RbpA binding site for the o-subunit were undertaken
comparing the NMR spectra recorded on RbpA in complex with Hiss-0"1.28 and on
RbpA in the free form (section 3.3.13). The results obtained show that the central folded
domain of RbpA is not affected by the formation of the complex with the o-subunit but
both the N- and C- termini are clearly involved. The structure of RbpA,.79 (figure 2.17

panel A) shows that the N- and C- termini are on the same side of the structured core
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suggesting that also in RbpA full length the C-terminal region could be found in close
proximity to the N-terminal region. Therefore, both ends could take part in the
interaction with the o-subunit. To support this observation a set of SEC interaction
assays were performed using different truncated versions of RbpA (figure 3.25). Taken
together, these experiments show that the whole C-terminal region of RbpA is essential

to generate a stable complex with the o-subunit but not the N-terminus.

Hisg-08, 5,8  Hisg-0® Hisg-0”

O IV
A X - X

Figure 3.25. Summary of the SEC experiments performed to investigate binding
between RbpA and the o-factors. A tick (v) indicates that the proteins formed a
complex, a cross (X) indicates that no interaction was detected and a dash (—) indicates

that the combination was not tested.

It was hypothesized (section 2.3.5) that the poor quality, including missing signals, of
the NMR data collected for the RbpA residues 77-111 was due to conformational
exchange occurring in this region of the protein. The SEC experiments performed

demonstrate that the C-terminal region of RbpA is essential for the interaction with the
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o-subunit (figure 3.25). It is not unusual for conformational averaging due to protein
flexibility to occur at high affinity protein-protein interaction sites, indeed there are
many documented examples (145,148-151).

The SEC experiments shown in section 3.3.12 indicate that the complex between RbpA
and Hise-0"1.05 is likely to have a 1:1 stoichiometry. Together with the established 1:1
stoichiometry of o-subunit binding to RNAP, this suggests that a single RbpA binds per
RNAP. However, in vivo oligomerization of RbpA cannot be ruled out, indeed it could
be relevant for other functions of the protein. For example, protection from non-specific
interactions, as reported for the anti-o-factor AsiA (152).

Previous studies have found that RbpA principally binds to the f-subunit of the RNAP
(97,102,103). However, the evidence reported in this chapter show that RbpA binds also
the o-subunit. As shown in figure 1.7, which depicts the structure of the RNAP
holoenzyme of 7. thermophilus (PDB: 1IW7), in the RNAP complex the f§ and ©
subunits are found in close proximity. Thus, it is reasonable to hypothesize that RbpA
could bind simultaneously to the p and o subunits. In support to this hypothesis it
should be noticed that the long and dynamic ends of RbpA, through which RbpA binds
the o-subunits (section 3.3.13), could potentially allow the protein to span relatively
long distances. Assuming a stretched conformation, the N-terminal region of RbpA
(residues 1-25) can reach a length of 90 A (153). Whilst, an extended conformation of
the two a-helices predicted to be formed between residues 81-108 (section 2.3.1) would
allow at the C-terminal region to span a length of at least 37 A (154). However, given
the structural flexibility of the termini of RbpA, and the fact that o-subunit interaction
occurs through these termini, it is not possible to model the RbpA structure on the

RNAP to propose which, if any, of the previously identified binding sites on the p-
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subunit (97,103) might be compatible with RbpA binding to the f and o subunits

simultaneously.
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Chapter 4

Complementation of an Rv2050 conditional mutant strain

in M. tuberculosis.

4.1 Introduction.

The gene encoding RbpA (Rv2050) was predicted to be essential for the growth of M.
tuberculosis by high density mutagenesis (98). This early observation was confirmed
recently by Professor Daniela Ghisotti and her team constructing a M. tuberculosis
strain where the expression of Rv2050 is under the control of the antibiotic
pristinamycin I (PI) (99) (M. tuberculosis ARv2050). This strain exhibits a conditional
lethal phenotype when PI is withdrawn (99).

Professor Daniela Ghisotti kindly provided us with the M. tuberculosis ARv2050 strain.
The data reported in this chapter confirm that the conditional mutant strain shows
growth inhibition when PI is withdrawn. Furthermore, it will be shown that ectopic
expression of RbpA leads to complementation of the conditional mutant strain.
However, complementation failed using the constructs RbpA;.;9 and RbpAzsii;

suggesting that both the N- and C- terminus are important for the function of the protein.
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4.2 Materials and methods.

4.2.1 Rv2050 conditional mutant strain in M. tuberculosis (M. tuberculosis

ARv2050).

An Rv2050 conditional mutant strain of M. tuberculosis H37Rv was obtained by Forti et
al. (99) using a Himarl derived transposon. In this strain the gene encoding for RbpA
(Rv2050) is under the control of the Streptomyces pristinamycin (PI) inducible ptr
promoter (pptr). The transposon inserts randomly in TA sites and was designed to
harbour the gene conferring resistance to hygromycin, pptr and the gene encoding for
the pptr suppressor (pip). The transposon was inserted in the thermo-sensitive
mycobacteriophage phAE87, which was used for M. tuberculosis H37Rv transduction.
Clones resistant to hygromycin were screened for PI-growth dependence and
subsequently sequenced. Only the clones in which a single insertion was detected were
retained. In one of these clones pptr was found 45 bases upstream at the transcription
initiation site of Rv2050 making the expression of RbpA Pl-dependent. Figure 4.1
shows a schematic representation of the Rv2050 genetic context in the M. tuberculosis

ARv2050 conditional mutant strain.
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Figure 4.1. Schematic representation of the Rv2050 genetic context in the M.
tuberculosis ARv2050 conditional mutant strain. The red triangle represents the

insertion point of pptr (45 bases upstream at the transcription initiation site of Rv2050).

4.2.2 Culture of the M. tuberculosis ARv2050 strain.

A glycerol stock of the M. tuberculosis ARv2050 strain was used to inoculate 5 ml of
Middlebrook 7H9 supplemented with 10% ADC (appendix), hygromycin (100 ug/ml),
Tween80 (0.05% v/v) and PI (0.5 ng/ml). Typically, the culture was incubated at 37 °C
with gentle shaking for 10 days or until sufficient bacterial growth was detected
(absorbance at 580 nm > 0.2). The cells were harvested by centrifugation (1500 g for 20
minutes) and the resulting pellet was washed with Middlebrook 7H9 supplemented with
10% ADC, Tween80 and hygromycin. The cells were harvested by centrifugation and
washed for a second time in order to remove residual PI. The resulting culture was used
to inoculate 10 ml of Middlebrook 7H9 supplemented with 10% ADC, hygromycin,
Tween80 with or without PI at an optical density of ~0.05. The cultures were incubated
at 37 °C for 8 days and their optical density was measured regularly. For comparison,
the same procedure was performed in parallel with a M. tuberculosis H37Rv glycerol

stock but without addition of hygromycin or PI to the media used.
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4.2.3 Complementation of the M. tuberculosis ARv2050 strain.

The coding region of the gene Rv2050 with the 304 base pair promoter region was
cloned into plasmid pMV306 to obtain the plasmid pMV306-RbpA. pMV306 is an
integrative plasmid in which the expression cassette of pMV361 is replaced by a
multiple cloning site (155). Two truncated versions, pMV306-RbpA;_79 and pMV306-
RbpAj4.111, were constructed in an identical manner. The three constructs were kindly
provided by Dr. Barbara Rieck. Each complementing plasmid and, as a control,
pMV306, was electroporated into the conditional mutant. The electroporation was
performed as follows. Typically, 100 ml of a M. tuberculosis ARv2050 culture to an
absorbance at 580 nm of ~0.7 was harvested by centrifugation (2500 g for 15 minutes)
and the resulting pellet was washed in a solution containing 10% v/v glycerol. The
washing step was repeated for four times reducing gradually the total volume of the
bacterial culture to 1 ml. The resulting bacterial culture was divided in 100 ul aliquots
and each aliquot was electroporated using 1 ug of plasmid. Colonies were obtained on
Middlebrook 7H10 agar plates supplemented with 10% ADC, kanamycin (40 mg/ml),
hygromycin (100 wg/ml) and PI (0.5 ug/ml). A few clones for each transformation were
grown in Middlebrook 7H9 medium supplemented with ADC, Tween80, kanamycin,
hygromycin and PI for 10 days and then serially diluted and spotted in parallel onto
7H10 agar plates with and without PI. Photographs were taken after 24 days of

incubation.

139



4.3 Results and discussion.

4.3.1 The M. tuberculosis ARv2050 strain exhibits growth inhibition when PI is

withdrawn.

Cultures of the M. tuberculosis ARv2050 strain with or without PI and cultures of M.
tuberculosis H37Rv were grown at 37 °C for 8 days and their optical density was
measured regularly (figure 4.2). It is clear that when PI is withdrawn from the media, M.
tuberculosis growth is inhibited (figure 4.2, red trace). Otherwise, supplementing the
media with PI (figure 4.2, green trace) results in a growth rate comparable to the one
recorded for M. tuberculosis H37Rv (figure 4.2, blue trace). Growth inhibition is
detectable only after four days of incubation at 37 °C suggesting that in the first days
the conditional mutant strain can grow in media without PI. A similar phenomenon was
also observed in the work of Forti et al. (99) and could be due to residues of the inducer
(PD) or of RbpA. The half-life of RbpA is not known, but a slow turnover of the protein
could justify the growth of the conditional mutant strain in media without PI in the first
four days. Furthermore, small amounts of PI could be retained inside the cells despite
the washing steps performed before the inoculum of the cultures (section 4.2.2) and
could be sufficient to induce RbpA expression. However, residues of PI or RbpA inside
the cells will be diluted during the bacterial growth and after a number of cell divisions
their concentration will not be sufficient to sustain the growth of the M. tuberculosis
ARv2050 strain.

The results reported in this section are comparable to the data published by Forti ef al.
(99) confirming that the M. tuberculosis ARv2050 strain exhibits growth inhibition

when PI is withdrawn.
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Figure 4.2. PI is essential for the optimal growth of the M. tuberculosis ARv2050
strain. Growth curves of: M. tuberculosis H37Rv (WT), M. tuberculosis ARv2050
strain with PI (ARv2050 +PIl) or without PI (ARv2050). Each point in the graph is the
average of the absorbance values recorded for three equivalent cultures. The error bars

represent the standard deviation to the mean.

4.3.2 Complementation of the M. tuberculosis ARv2050 strain.

To confirm that the growth inhibition of the conditional mutant strain induced by PI
withdrawal is due to the lack of RbpA expression, and to investigate the domains of
RbpA, the mutant strain was complemented with RbpA, RbpAi.790 or RbpAisii
expressed from the plasmid pMV306. The resulting strains were grown in liquid media,

serially diluted, and plated on agar with or without PI (figure 4.3). As expected growth
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was detected for all cultures when the media was supplemented with PI showing that all
strains were viable. However, only the strain transformed with pMV306-RbpA was able
to grow on media without PI. The results obtained showed that the growth inhibition of
the M. tuberculosis ARv2050 strain is due to lack of RbpA expression and suggests that
both the N- and the C- terminal regions of RbpA are important for the function of the

protein.
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Figure 4.3. Complementation of the M. tuberculosis ARv2050 strain. Liquid cultures
of the conditional mutant strain transformed with pMV306, pMV306-RbpA, pMV306-
RbpA .79 or pMV306-RbpAs4.11 were diluted (from 10' to 10* fold) and spotted onto

7H10 agar with or without PI. Plates were placed on a white light box for photography.
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4.4 Conclusions

The data reported in this chapter prove that the growth inhibition of the M. tuberculosis
ARv2050 strain is due to lack of expression of RbpA. Moreover, the observation that the
pMV306-RbpA;.79 and pMV306-RbpAs41;1 constructs do not complement the M.
tuberculosis ARv2050 strain suggests that both the N- and the C- terminus of RbpA are
important for the function of the protein. However, it should be observed that the
impossibility of the pMV306-RbpAi.;9 and pMV306-RbpAjs.i11 constructs to
complement the growth defect of the M. tuberculosis ARv2050 strain could also be due
to the instability or to the poor expression of the truncated versions of the protein.
Indeed, the expression level and the stability of RbpA;.79 and RbpAs4.111in E. coli were
comparable to RbpA full-length but in M. tuberculosis have not been checked. It was
somewhat surprisingly, given the interaction observed in vitro between RbpAs4.11; and
the o-subunit (section 3.3.14.3), that RbpAy4.111 did not complement the growth defect
of the M. tuberculosis ARv2050 strain. However, the N-terminal region of RbpA is
relatively well conserved (figure 2.1, panel C) and NMR minimal shifts experiments
showed that this region of the protein is affected by the binding with the o-subunit
(section 3.3.13). Taken together these observations suggest that residues 1-23, despite
their dispensability in forming a stable complex with the o-subunit, could be important
for the function of RbpA.

The data presented in this chapter suggest that both the N- and C- terminal regions of
RbpA are important for its function. The termini of RbpA are the most conserved
regions of the protein (figure 2.1, panel C) and are both involved in the binding with the
o-subunit (section 3.3.13). It is tempting at this point to speculate that the essentiality of

RbpA in M. tuberculosis could be linked to the interaction with the o-subunit. Despite
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the recent progresses in the characterization of the protein, it is not clear yet, which is
the essential function performed by RbpA in M. tuberculosis. Hu et al. (97) proposed
that RbpA is essential because it could increase the binding affinity of the primary o-
subunit (o) with the RNAP-core over alternative o-subunits. Indeed, inside the cell
different o-subunits compete for the binding with a limited pool of RNAP-core and it
was noticed that 0™ and o of M. tuberculosis are required in similar concentrations for
in vitro transcription (97). Thus, RbpA could play an essential role ensuring the
formation of Eo” and the transcription of housekeeping genes essential for the growth
of the bacteria, especially under stress conditions when the concentration of alternative
o-factor inside the cell is higher. The findings that RbpA can bind 6™ and 6" (sections
3.3.2 and 3.3.4), that the termini of RbpA are involved in the interaction with the o-
subunit (sections 3.3.13), and that both N- and C- terminal regions are important for

RbpA function (section 4.3.2) seem to support the hypothesis proposed by Hu et al. (97).
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Chapter 5

Conclusions and future work.

Tight gene expression control is thought to be key for a successful infection cycle of M.
tuberculosis. In fact, during different stages of infection the bacterium undergoes drastic
changes in its metabolism that allow it to persist in the host despite immunosurveillance.
RbpA is a member of the M. tuberculosis gene expression control network. Indeed, with
the work of Hu et al., (97) RbpA became recognised as part of a repertoire of small
RNAP binding proteins that modulate transcription. High density mutagenesis studies
(98) and the construction of an Rv2050 conditional mutant strain of M. tuberculosis (99)
revealed that the expression of RbpA is essential for M. tuberculosis viability. This
information combined with the knowledge that RbpA is confined to the actinobacteria
led to RbpA being proposed as a potential anti-TB drug target (97,100). Furthermore,
RbpA was reported to protect the RNAP from the inhibitory effects of the first line anti-
TB drug rifampicin (97,101-103). Taken together, these data, make RbpA a very
interesting subject for studies.

The work described in this thesis has contributed to the ongoing effort to characterize
RbpA by providing its structure and identifying the RNAP o-subunit as its binding

partner.

A yeast two-hybrid screen followed by a protein fragment complementation assay,
performed before the research project described in this thesis began, provided evidence
that RbpA can bind o (142). This early observation was confirmed by in vitro
interaction assays and extended to the primary o-factor (o™ (chapter 3). Transcription

activation induced by RbpA was shown to be o-factor specific and an allosteric
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mechanism of action was proposed to justify the specificity of RbpA toward the
primary o-factor (97). In detail, it was suggested that the binding of RbpA to the f-
subunit could induce a structural rearrangement of the RNAP-core (E) that ultimately
would increase the affinity for the binding with the primary o-factor leading to the
formation of a more stable and active RNAP holoenzyme (97). However, the finding
that RbpA can bind to the o-subunit led us to propose a simpler mechanism. RbpA
could bind both E, on the f-subunit, and the o-subunit stabilizing the formation of a
transcriptionally competent RNAP holoenzyme. Unfortunately, from the data available
it is not possible to propose which are the molecular rearrangements induced by RbpA
that lead to a more stable and active RNAP holoenzyme. The transcription regulator Crl
of E. coli might share important similarities with the function of RbpA. For instance, it
was shown, by SEC interaction assays, that Crl also could bind the o-subunit in the free
form (156). This early observation was confirmed by surface plasmon resonance
experiments, which revealed that the Crl*oc-subunit complex has a 1:1 stoichiometry and
a Kpof2.46 + 0.13 uM (93). Moreover, as for RbpA, Crl was found to also bind E and
to stabilize the formation of the RNAP holoenzyme increasing its transcription activity
(93-95). However, there are significant differences as well between RbpA and Crl,
perhaps the most important is in the binding-specificity of the two proteins toward
different o-subunits. In fact, RbpA binds to the principle o-factor and principle-like o-
factor, whereas Crl binds to the alternative stress responsive 6> (equivalent to ¢* of M.
tuberculosis) and no interaction was detected between Crl and o’ (the primary o-factor
of E. coli) (93). The role of Crl seems confined to enhancing the competitiveness of the
alternative o° for the binding with E to sustain the expression of E6® dependent genes
during the stationary phase (94). The data presented in this thesis seem to support the

hypothesis of Hu et al. (97) where RbpA plays an opposite role to Crl: it increases the
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affinity of the primary o-factor for the binding with E, over alternative o-factors, to
guarantee the expression of housekeeping genes. Furthermore, Crl is non-essential,
whereas loss of RbpA leads rapidly to loss of growth and viability of M. tuberculosis
(99).

The combination of NMR minimal shift assays with a set of SEC interaction
experiments shed light on some features of the interaction mode of RbpA with the o-
subunit. For example, it was demonstrated that the first 228 residues of ¢” are sufficient
to form a stable and tight complex with RbpA (figure 3.16) suggesting that the o-
subunit conserved region 4 (" residues 253-312) does not play a major role in the
formation of the RbpA<o-subunit complex. Furthermore, it was shown that the central
region of RbpA is not involved in the interaction with the o-subunit, but both the N- and
C-terminus are affected by the binding whereas only the C-terminal region is essential
for the formation of the complex (sections 3.3.13 and 3.3.14).

The structural studies undertaken on RbpA (chapter 2) showed that the protein consists
of three regions: residues 1-25 are flexible and random coil, residues 26-66 form a
stably folded central domain, which is connected by an unstructured linker to a helical
region, residues 80-111. Interestingly, the determination of the RbpA;.;9 structure
(figure 2.17 panel A) revealed that both termini are on the same side of the structured
core suggesting that the N- and C- terminal regions of RbpA could be found in close
proximity. Therefore, the o-subunit could interact with both termini of RbpA without
involving the central structured domain. Although the structured core of RbpA does not
take part in the interaction with the o-subunit (figure 3.20 panel B), there is a significant
hydrophobic patch on the surface, bordered by conserved charged residues, which could

form a putative interaction surface, perhaps for RNAP (figure 2.18). Notably the
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residues that form this patch are highly conserved in all homologues, including Trpsa,
which is invariant.

The C-terminal region of RbpA (residues 80-111) is essential for the interaction with
the o-subunit (figure 3.25) and is responsible for the concentration dependent
oligomerization of RbpA (figure 2.10). The finding that the elution volume found for
RbpA during SEC analyses is dependent on the concentration of the sample used (figure
2.5) could account for some of the discrepancies encountered in the literature about the
oligomeric status of RbpA (97,101,103). The stoichiometry of the RbpAe+c-subunit
complex was assessed in SEC interaction assays by testing different ratios of RbpA:o-
subunit (figures 3.17 and 3.18). It was concluded that the complex occurred with a 1:1
stoichiometry that, together with the established 1:1 stoichiometry of o-subunit binding
to E, suggests that a single RbpA binds per RNAP. However, in vivo oligomerization of
RbpA cannot be ruled out, indeed it could be relevant for other functions of the protein.
For example, protection from non-specific interactions, as reported for the anti-sigma
factor AsiA (152).

RbpA was found to rescue the RNAP from the inhibitory effects of the front line anti-
TB drug rifampicin (97,101-103). Direct interaction between RbpA and rifampicin was
assessed by NMR experiments (result not shown) and no binding was detected
confirming the result reported by Dey et al. (102). Further experiments aimed to shed
light on the mechanism of action used by RbpA to rescue RNAP from rifampicin were
not performed during the research project described in this thesis. However, from the
data available on RbpA (97,101-103) it is clear that in vitro studies on rifampicin or
other M. tuberculosis RNAP inhibitors will need to consider RbpA as an essential

component of the transcription machinery.
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Finally, the availability of an Rv2050 conditional mutant strain of M. tuberculosis
allowed to test which regions of RbpA are essential for its functions in vivo (chapter 4).
The results obtained (figure 4.3) show that ectopic expression of full length RbpA can
complement the growth defect of the conditional mutant but not expression of the
truncated versions RbpA;.79 and RbpAy4.111. The N- and C- termini are both affected by
the binding to the o-subunit and are the most conserved regions of RbpA. These
observations suggest that the binding with the o-subunit might be essential for the

function of RbpA and the viability of M. tuberculosis.

During the preparation of the present thesis a study about RbpA and its homologue in S.
coelicolor was published (157). The main focus of this work was on the identification
of the o-subunit as a binding partner of RbpA and on the characterization of the
RbpA-+o-subunit complex. Furthermore, the structures of both RbpA (PDB: 2M6P) and
of its S. coelicolor homologue (PDB: 2M60) were reported. In the following session
the work of Tabib-Salazar et al. (157) will be compared with the results obtained during
the research project described in this thesis.

One of the most important findings described in this thesis is that RbpA can bind both
o® and o® (sections 3.3.2 and 3.3.4). The same interactions were detected also by
Tabib-Salazar et al. (157) using a bacterial two-hybrid assay. Moreover, bacterial two-

hybrid assays were performed to test the interaction of S. coelicolor RbpA with a

HrdB HrdA HrdC

number of o-subunits from S. coelicolor: 6 (Groupl, primary o-factor), o, O

HrdD

and o (Group 2, primary-like o-factor), 6" and o® (Group 3), and o* and o®

HrdB HrdA

(Group 4). Binding was detected only for 6 and o and the interaction between

0" and S. coelicolor RbpA was confirmed also by an SEC interaction assay (157).

Overall, the set of interactions assays performed by Tabib-Salazar et al. (157) support
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the idea that RbpA action is confined to principal or principal-like o-factors. Indeed, no
interaction was detected between Group 3 or 4 S. coelicolor o-factors and S. coelicolor
RbpA.

Tabib-Salazar et al. (157) tested a set of truncated versions of S. coelicolor RbpA for
the interaction with 0™® by bacterial two-hybrid assays showing that the C-terminal
region of S. coelicolor RbpA (residues 73-124) is essential and sufficient for the binding.

A similar approach was used to investigate which of the o™

conserved regions was
involved in the binding with S. coelicolor RbpA. The residues 211-347 of 6™ which
encompass the conserved region 2, were found to be essential and sufficient for the
binding with S.coelicolor RbpA and this observation was confirmed by pull-down
assays. Furthermore, the C-terminal region of S. coelicolor RbpA was subjected to an
alanine-scanning mutagenesis in order to identify key residues for the interaction with
the o-subunit. The mutations R89A and R90A were found to significantly reduce the

binding between S. coelicolor RbpA and o™

, which was completely abolished by the
R89A/RI90A double mutation. S. coelicolor RbpA carrying the R§9A/R90A double
mutation cannot complement a S. coelicolor ArbpA strain suggesting that the interaction
with the o-subunit is essential for the function of the protein. Some of the features,
described by Tabib-Salazar et al. (157), about the formation of the complex between S.
coelicolor RbpA and 6™ share important features with the results presented in this
thesis. For instance, the set of SEC interaction assays reported in section 3.3.14 shows
that also the whole C-terminal region of M. tuberculosis RbpA is essential for the
interaction with the o-subunit. Furthermore, the finding that the M. tuberculosis "
conserved region 4 is not essential for the interaction with RbpA (sections 3.3.11) is in

agreement with the results of Tabib-Salazar ef al. (157) which demonstrated that the

conserved region 2 of S. coelicolor 6™ is sufficient for the interaction with S.
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coelicolor RbpA. Finally, the finding that S. coelicolor RbpA harbouring the
R89A\R90A double mutation neither binds to 0" nor complements the S. coelicolor
ArbpA strain is in line with the results obtained using the Rv2050 conditional mutant
strain of M. tuberculosis (section 4.3.2). In fact, the complementation of the M.
tuberculosis ARv2050 strain failed when it was carried out using RbpA constructs
lacking the N- or the C- terminus and these regions were shown to be involved in the
interaction with the o-subunit (section 3.3.13). Taken together these observations
suggest that the interaction mode with the o-subunit is conserved between RbpA and its
homologue in S. coelicolor and that the binding with the o-subunit is essential for the
RbpA function.

Protein sequence analysis led Tabib-Salazar ef al. (157) to hypothesize that S. coelicolor
RbpA but not M. tuberculosis RbpA might bind zinc. Indeed, three cysteine residues,
Cysss, Cysse and Cysso, together with Hissg are arranged as a putative C(H/C)CC zinc-
ribbon motif but in M. tuberculosis RbpA none of these residues, except Cysse, is
conserved. Mass spectrometry experiments confirmed that only S. coelicolor RbpA can
bind zinc (157). Tabib-Salazar et al. (157) reported also the solution structure of the
core region (residues 28-72) of both M. tuberculosis RbpA and S. coelicolor RbpA. The
structures of the two core regions are virtually identical except for the presence of a zinc
ion in S. coelicolor RbpA. The zinc ion does not have a functional role but is thought to
be important in stabilizing the structure of the protein. The zinc structural role in M.
tuberculosis RbpA is replaced by a stabilizing hydrogen bond network (157). Despite
the lack of chemical shift assignments for residues outside the core region Tabib-
Salazar et al. (157) suggested, on the basis of the chemical shift dispersion and

resonance line widths, that these residues are highly disordered.
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The chemical shift assignments obtained here for the amide nitrogens (N) and the amide
protons (NH) of RbpA;.79 (section 2.3.7) have been compared with the assignments
reported by Tabib-Salazar et al. (157) for M. tuberculosis RbpA (figure 5.1). It should
be noticed that the conditions in which Tabib-Salazar et al. (157) recorded their NMR
experiments are different from the ones used during the research project described in
this thesis. Notably, there is a difference of 1 point in the pH of the buffers employed.
The histogram reported in figure 5.1 highlights that most of the assignment differences
found are minor suggesting that the two sets of assignments are essentially consistent.
However, three residues (Arg,7, Trpss and Cysse) have chemical shift differences greater
than 1 standard deviation from the average change for the entire protein, which should
be considered as significant differences (158). The NMR spectra collected for RbpA;.79
were checked to search for potential errors in the assignments of Argy;, Trpss and Cysse
but no mistakes were found. The differences observed arise probably from the different

conditions used during the NMR experiments rather than from assignment errors.
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Figure 5.1. Comparison of the amide protons and amide nitrogens chemical shifts
found for RbpA,.7 with the ones reported by Tabib-Salazar et al. (157) for M.
tuberculosis RbpA. The differences of the amide protons (AHN) and amide nitrogens
(AN) chemical shifts found for RbpA .79 with the ones reported by Tabib-Salazar et al.
(157) for M. tuberculosis RbpA were combined using the following equation:
&62\]((&6%)2 + (AE-N*O.Z)E, where 0.2 is a scaling factor required to account for
differences in the range of amide proton and amide nitrogen. The horizontal dashed line
indicates the threshold chosen for significance, which is the average difference in

chemical shift between the two structures plus the standard deviation of the differences.

The structure of M. tuberculosis RbpA deposited by Tabib-Salazar et al. (157) (PDB:
2M6P) was compared with the structure found for RbpA,_79 (PDB: 2M4V) during the
research project described in this thesis (section 2.3.9). The superposition reported in
figure 5.2 shows that the well-defined central regions of the two structures have the

same fold. However, the two structures display some differences as well, which are
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reflected in the relatively high backbone RMSD value of 1.16 A (residues 27-65) found
comparing the structures closest to the mean of the two bundles. The sum of the
backbone RMSD values to the mean structure found for residues 27-65 in the final
families of M. tuberculosis RbpA structures reported in section 2.3.9 (0.19 A) and
deposited by Tabib-Salazar et al. (157) (0.62 A) is of 0.81 A. This value is lower than
the backbone RMSD value (1.16 A) found comparing the two structures suggesting that
the structures analysed should not be considered identical (159). However, the relatively
low number of conformers deposited by Tabib-Salazar et al. (157) might lead to an
overestimation of the precision of the structure found. The analysis of a higher number
of conformers would probably reveal a higher RMSD, which would give a more reliable
estimation of the precision of the structure. Furthermore, the unusually high tolerance
ranges used by Tabib-Salazar et al. (157) for the NOE assignments ( +0.05 ppm for
hydrogen dimensions, 0.5 ppm for nitrogen dimensions and +1.3 ppm for carbon

dimensions) might account for the minor structural differences observed.
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Figure 5.2. Comparison of the structure found for M. tuberculosis RbpA with the
one deposited by Tabib-Salazar ef al. (157). A best-fit superposition (residues 27-65)
of the central structured region of the M. tuberculosis RbpA family of 10 structures
deposited by Tabib-Salazar et al. (157) (PDB: 2M6P, shown in blue) and of the RbpA .
79 structure reported in section 2.3.9 (PDB: 2M4V, shown in red). Within the family of
35 converged structures found for RbpA, .79 (section 2.3.9) the conformer with the

lowest backbone RMSD value to the mean structure was used for the superposition.
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Overall, the data described in this thesis and the recently published work of Tabib-
Salazar et al. (157) support each other in establishing RbpA as a binding partner of the
o-subunit, providing important insights in the characterization of this protein and laying

the foundation for future work.

Further studies will be needed to give exhaustive answers to the many questions that
still remain about RbpA function(s). Perhaps, one of the most important unanswered
questions is: why RbpA is essential for M. tuberculosis viability? Hu et al. (97)
postulated that RbpA is essential to increase the binding affinity of o™ for the binding
with E in order to guarantee the expression of the essential housekeeping genes. The
availability of a M. tuberculosis ARv2050 conditional mutant strain could be exploited
to assess this hypothesis. In details, complementation of the growth defect phenotype
displayed by the M. tuberculosis ARv2050 conditional mutant strain ((99) and section
4.3.1) could be attempted by overexpressing o’ or engineering o to increase its
binding affinity for E. In these conditions " would have an additional advantage, over
alternative o-factors, for the binding with E which should allows M. tuberculosis to
expresses essential housekeeping genes without relying on RbpA.

It was shown that RbpA in S. coelicolor is not essential, indeed ArbpA S. coelicolor
mutant strains are viable but display a striking slow growth phenotype (101,157). This
phenotype can be complemented providing ectopic expression of S. coelicolor RbpA
(101,157). Interestingly, attempts of complementation performed using S. coelicolor
RbpA carrying a R§9A/R90A double mutation, which was shown to abolish the binding
with 05, failed suggesting that the interaction with the o-subunit is important for the
function of the protein (157). A double mutation of the equivalent residues of M.

tuberculosis RbpA (Argss and Arggo) is likely to disrupt the complex formed between M.
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tuberculosis RbpA and o” or ¢”. Such a mutant could be tested for its ability to
complement the M. tuberculosis ARv2050 conditional mutant strain. Failure of the
complementation would strongly support the idea that to perform its essential function
M. tuberculosis RbpA needs to interact with the o-subunit. In chapter 3 it was shown
that RbpA could form a stable complex with both 0” and o” and the work of Tabib-
Salazar et al. (157) confirmed these observations. Because ¢° was shown to be
dispensable for growth in vitro and in infection models (65,69) the essential function of
RbpA is likely to be related to the activation of transcription driven by essential o”
(26,65).

A further important question, which remains unanswered about RbpA function, is:
which is the mechanism of action used by RbpA to activate transcription? Precise
knowledge of the molecular rearrangements induced by RbpA on the RNAP
holoenzyme that lead to transcription activation would clearly help to fully understand
the RbpA mechanism of action. In this prospect, the identification of the o-subunit
residues key for the interaction with RbpA could be highly informative. Indeed, the o-
factors are well conserved and characterized proteins. Thus, the identification of the o-
subunit binding site for RbpA could be combined with the large amount of data
available from the o-factors literature to propose the effects of RbpA binding on the o-
subunit function. Tabib-Salazar et al. (157) showed that the conserved domains o, 1, 03
and o4 of 6™ are dispensable for the binding with S. coelicolor RbpA. On the other
end, residues 211-347 of GHrdB, which encompass the o, domain, are essential and
sufficient for the binding with S. coelicolor RbpA. The o, domain confers promoter
specificity for the -10 element and is conserved also in alternative o-factors which do
not bind to RbpA. A multi-sequence alignment could highlight regions within residue

211-347 that are conserved only between primary and primary-like o-factors but not in

157



alternative o-factors. Such regions might be considered as potential binding sites for
RbpA and their role in the formation of the RbpAe+o-subunit complex could be easily
assessed by performing point mutations on the o-subunit.

RbpA was reported to bind also to the f3-subunit of the RNAP and is not clear yet which
is the region of RbpA responsible for this interaction. The analysis of the structure of
RbpA .79 revealed the presence of a significant hydrophobic patch on the surface of the
protein, which harbours highly conserved residues (section 2.3.9) and that could form a
putative interaction surface, perhaps for the f-subunit. This hypothesis could be tested
by designing mutations to target the residues that are part of this patch (Argy;, Vals,
Phess, Alays, Aspay, Alasg, Glusg and Trpss) and assessing the resulting mutant versions
of RbpA for the interaction with the (3-subunit.

Some of the results obtained during the research project described in this thesis suggest
that the N-terminal region of RbpA (residues 1-25) might play an important role for the
function of the protein. Firstly, the impossibility for the RbpAjs;i1 construct to
complement the growth defect phenotype of the M. tuberculosis ARv2050 conditional
mutant strain (section 4.3.2). Secondly, the observation that the N-terminus of RbpA is
a relatively well conserved region of the protein (figure 2.1 panel C). Lastly, the cluster
of chemical shift perturbations observed between the RbpA residues 11-20 following

the binding with Hise-0g' ***

(figure 3.20 panel B). In light of these data, it would be
interesting to perform experiments aimed to investigate the function of the N-terminal
region of RbpA. In fact, despite the SEC interactions assays which showed that residues
1-23 of RbpA are not essential for a tight interaction with the o-subunit (section
3.3.14.3), the N-terminal region could play important roles in the function of the protein.

For example, the N-terminus of RbpA could increase the affinity of the binding between

RbpA and o-subunit or could be essential for the mechanism used by RbpA to activate
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transcription. To test these hypotheses it would be necessary to estimate and compare
the Kp of the binding of RbpA and RbpAj4.1;; with the o-subunit and with the RNAP
holoenzyme. Moreover, it would be important to test RbpAj4.111 in transcription assays
to investigate if the first 23 residues of the protein have a significant role in activating
the transcription activity of the RNAP.

A further potential approach to reach a comprehensive understanding of the function
and mechanism of action of RbpA could be the structural characterization of the whole
RNAP holoenzyme in complex with RbpA. Such an approach, despite obvious
technical challenges, is potentially highly informative because it would provide also the

structure of a mycobacterial RNAP whose structure has not been reported yet.
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Appendix

Culture media

LB Broth
Per litre, 10 g tryptone, 5 g yeast extract, 10 g NaCl. Made up to volume with dH,O.

Autoclaved and when cooled the desired antibiotic was added.

Minimal media

Per litre,

(NH4),S0,4" 10¢g MnCl, 16.0 mg
Na,HPO4 6.8¢g FeCls 5.0 mg
KH,POg4 30¢g ZnCl, 0.5 mg
NaCl 05¢g CuCl, 0.1 mg
NaySOq4 0.3 mM CoCl, 0.1 mg
EDTA 50.0 mg H;BO; 0.1 mg

The above were dissolved in dH,O then autoclaved. When cool, the following were

added aseptically,

MgS0O4 1.0 mM Thiamine 1.0 mg
CaClI2 0.3 mM Glucose® 4.0¢g
d-Biotin 1.0 mg Ampicillin 100 mg

M For the expression of "N or ’N/"°C labelled samples the ammonium sulphate was

replaced with 1 g/I ("NH4),S04 (°N 98%, Sigma Aldrich).
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@ For the expression of ">C or ""N/"°C labelled samples the glucose was replaced with 4
g/l D-Glucose (*C 99%, Sigma Aldrich).

High-cell-density-IPTG-induction minimal media

Per 100 ml,

(’NH,4),S04 0.1g CoCl, 0.5 uM
Na,HPO4 071 g CuCl, 0.5 uM
KH,PO4 034¢g Na,SeO3 0.5 uM
NaCl 10 mM H;BO; 0.5 uM
MgSO, 5mM NaMoOy 0.5 uM
CaCl, 0.2 mM NiCl, 0.5 uM
FeCl; 12.5 uM B¢ glucose lg
MnCl, 2.5uM Ampicillin 10 mg
ZnSO4 2.5 uM BME vitamins (Sigma) 250 ul

The above were dissolved in D,O (99.8% atom D, Sigma Aldrich), made up to volume

and filter-sterilized.

2YT
Per litre, 16 g tryptone, 10 g yeast extract, 5 g NaCl. Made up to volume with D,O

(99.8% atom D, Sigma Aldrich) and filter-sterilized.

ADC

5% albumin, 2% dextrose, 145 mM NaCl. Made up to volume with dH,O and filter-

sterilized.
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