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PREFACE ‘

M. tuberculosis is a hugely successful pathogen mainly bécause of its ability to evade host
immune respdnse for long periods of time. The role of transcriptional regulatory networks
is one of the important mechanisms that help it to tide over these adverse environments.
There are about 190 transcriptional regulators and amongst these proteins about 13 sigma
factors also play an important role. When this work was initiated, Rv3286¢ had been
annotated in the Tuberculist genomic database as an alternate-c féctor SigF and later
reports had suggested it to be regulated by its cognate anti- ¢ factor UsfX. Initially we
started our work with the aims of exploring the structural aspects of interactién of UsfX
with its interacting partners SigF and anti-anti-c factors. We also wanted to identify and
characterize the ligand /nucleotide binding properties of UsfX. The global aim of the work
is to understand the exquisite regulatory cascade involving SigF and its cognate anti-sigma
and anti-anti-sigma factors.

Chapter 1 details the factors goveming‘ the maintenance of mycobacterial
persistence with a focus on sigma factors and the associated proteins. Details are also
provided about the sigma/anti sigma regulatory networks found in other systems.

Chapter 2 covers the various techniques and experimental approaches used to
clone, purify and characterize the proteins in the present work.The biochemical and in
silico methodologies employed to study the protein-protein and protein-ligand
interactions are also detailed.

Chapter 3 The results obtained while cloning, purifying and characterization of
UsfX are detailed here. Subsequently, the characterization of the nucleotide. binding
and nucleotide hydrolysié properties have been reported.The resx.xllts of crystallization
experiments involving UsfX are also detailed. | .

Chapter 4 deals with the analysis of the interactions of UsfX with SigF and anti-
anti- ¢ factor RsfA. The cloning and purification of SigF and RsfA have been reported

~ and also the structural aspects of their interaction with UsfX have been discussed.

A part of the results reported here has been published/communicated:

1. M. tuberculosis UsfX (Rv3287c) exhibits novel nucleotide binding and hydrolysis properties.
Shuja Shafi Malik, Amit Luthra, Sandeep Kumar Srivastava and Ravishankar Ramachandran
‘Biochemical and Biophysical Research Communications (Manuscript in press, 2008)

2. Interactions of M. tuberculosis UsfX (Rv3287c¢) with its cognate sigma factor SigF (Rv3286¢)
and anti-anti-sigma factor RsfA (Rv1365c).

Shuja Shafi Malik, Amit Luthra and Ravishankar Ramachandran

(Manuscript communicated)
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Tuberculosis (TB), one of the oldest recorded human afflictions, is a contagious
disease which is still a major cause of death and illness worldwide. TB primarily is a
disease of the respiratory system but can also be present in various forms, including
one that attacks bone and causes skeletal deformities. Hard tissues like bone can be
preserved for thousands of years, allowing the certain identification of individuals
with bone TB who died even 4000 years ago. The discovery of bones with apparent
tubercular deformities in ancient Egypt, in various Neolithic sites in Italy, Denmark
and countries in the Middle East indicates that TB was found throughout the world up
to 4000 years ago (Issar 2003).In the present times, more than two billion people
through out the world are infected with Mycobacterium tuberculosis bacilli, the
microbe that causes TB. But the people infected with TB do not necessarily become
sick with the disease. The immune system “walls off” the TB bacilli which, protected
by a thick waxy coat can lie dormant for years. When the host becomes immuno
compromised, the chances of having an active infection increase. The synergism
between HIV and TB is a lethal combination, each speeding the other’s progress. A
person who is HIV positive and infected with TB bacilli is more likely become
infected with TB than an HIV negative; 1.7 million people died from TB in 2006
including 231,000 people with HIV (www.who.int/tb).

~ The other aspect of concém regarding Mycobacterium tuberculosis is the
emergence of drug resistant strains. Last half a century has seen the development of
drugs against TB and with that the emergence of resistant strains that resist a single
drug and multidrug-resistant strains (MDR-TB) which have been deﬁned as strains
which resist at least isoniazid and rifampici_n,‘ the two most powerful anti-TB drugs.
of late the emergence of extensively drug-resistant (XDR). stréins which resist
multiple combinatibns in settings which are infected with HIV has increased the threat
of TB (www.who.int/tb). One of the primary reasons for the emergence of drug-
resistant strains is the poor compliance with the long duration therapy (about 6
months) that is currently available against tuberculosis. The reason for lengthy
therapy is thought to be due to the presence of persistent and dominant bacilli that
cannot be killed by the current TB drugs (Dye et al., 1999). Coupled with the. poor
compliance this results in incomplete eradication and thus supporting the survival of

‘persisters’ and dominant bacilli.
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1.1 Mycobacterial dormancy and persistence

As explained above the current tuberculosis (TB) chemotherapy while effective in
killing growing bacilli is ineffective in killing persistent or dormant bacilli.
Consequently a considerable interest has aroused to study mechanisms of persistence
and dormancy in mycobacteria and try to develop new drugs that can target persistent
and dormant bacilli (Ying, 2004). Before going further into the details, dormancy
persistence and latency are briefly defined.
Dormancy: Dormancy has been defined as a reversible state of metabolic shutdown.
The term “dormant bacteria” refers to a state where the bacteria with the low
metabolic activity remain viable but do not form colonies directly or immediately but
can be resuscitated to form colonies under appropriate conditions. Important features
of dormant bacteria include inability to grow directly on plates and resistance to
various and antimicrobial agents (Kell ez al., 1998 and Barer et al., 1999).
Persistence: Persistence has been defined as the phenomenon- where otherwise drug-
susceptible  microorganisms have the capacity to survive indefinitely within
mammalian tissues despite continued exposure to the appropriate drug or drugs
(McCune et al., 1957). | |
Latency: In contrast to dormancy which is deécribed as a bacterial property, the term
latency refers to the in vivo situation where bacteria and host have established a
balanced state without causing apparent symptoms in the host (Orme, 2001). Latent:
infection doesn’t say anything about the metabolic state of the organisrﬁ in the host, it
simply states that the host is infected but has not developed symptoms.

Normal TB infection can become lateﬁt without any apparent symptoms that
can last from a few weeks to lifetime. Because of this characteristic _é)f M.
tuberculosis, one-third of the world population is estimated to be latently infected
with this paihogen. Both bacterial and host factors come into play during latent
infection, where the tubercle bacilli residing in the lesions in inactive state could
reactivate when the host immune system is compromised as in HIV infection (Yukari
et al., 2000). It is worth mentioning that latency and dormancy phenomena are not
unique to tubercle bacillus, but occur in other chronic and persistent infections like
streptococcal infections, syphilis and H. pylori (McDermott, 1958, Rhen et al., 2003).
Due to this ability of M. tuberculosis of circumventing the host immune systerﬁ, the

interest in the mycobacterial dormancy and persistence has increased. It can be likely
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that understanding the mechanism(s) and control of mycobacterial persistence and
dormancy may have implications for designing new antituberculous drugs, which can
further shorten the lengthy 6 months TB therapy through affecting the persistent or
dormant tubercle bacilli (Ying, 2004).

Models of persistence:

Many in vitro and in vivo models have been developed to explore and understand the
various properties associated with the mycobacterial dormancy and persistence. A
brief description of a few is discussed:

The mouse model of mycobacterial persistence: The model deVeloped called the
Cornell model developed by McDermott, McCune and colleagues at Cornell
University provided the first convincing evidence of persistent in vivo M. tuberculosis
(McCune et al.,1956, 1966), although circumstantial evidences had long before
suggested existence of persistent or dormant tubercle in vivo in humans for long
periods of time (Dale, 2003).This model and its variants (Scanga et al.,1999, Grosset
et al.,1992) could firmly establish the disappearance and reappearance of tubercle
bacilli in infected mice in response to changes in the treatment patterns. From the
results of these studies, the reasons for a long chemotherapy against TB could be
established.

The Wayne model of TB “dormancy”: Wayne’s “in vitro model of dormancy”
mimicked the oxygen depleted in vivo environment faced by tubércle bacilli inside
macrophages, granulomas and caseous lesions (Wayne et al., 1976, 1982, 1996).
While increase in nitrate reduction and shutdown of protein synthesis were found to
bé associated with hypoxic shiftdown but responses to heat shock and unchanged
bacterial viability were observed (Wayne et al.,1998, Hu et al.,1998, Hu et al., -
2000).While as mouse model helped in establishment of the phenomenon of
persistence, Wayne model in addition to helping understand hypoxic stress helped in
identification of certain factors that are related to persistence in vivo e.g, isocitrate
lyase (ICL) and glycine dehydrogenase (McKinney et al., 2000, .Hong et al., 2000).
The rifampin persister model: This model developed by Hu et al., (Hu et al.,2000)
was the ﬁrst to study relation between persistence and antibiotic response. The
existence of transcriptional activity in persistent bacilli even in presence of antibiotics
was identified by the help of this model. |
The resuscitation model: This in vitro dormancy model was developed to observé the

resuscitation properties of the stationary phase cultures whereby it could be
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established that early stationary phase culture supernatant could resuscitate dormant
bacilli in old batch cultures (Sun et al., 1999, Zhang et al., 2001). '
Nutrient starvation model: This model had been developed with the purpose of
testing antimycobacterial drugs against persistent bacteria. By using proteome
analysis approach a number of proteins that are induced under nutrient starvation
conditions were identified (Betts et al., 2002). -

In addition to be these models various other conditional expression studies like
heat shock (Graham et al., 2002) and specific non-replicating stages (Niranjala et al.,
2004) have. been studied to identify the factors or processes involved in the
development and maintenance of the persistent M. tuberculosis. Also focus has been
on the identification of factors involved in the macrophage existence and survival of
tubercle bacilli (Rengarajan et al., 2005). As a result of all these efforts the main
altered environments/stresses that M. tuberculosis faces during the course of infection
can be summarized as follows. The first stress is exposure to oxidizing agents
represented by the reactive oxygen intermediates produced by activated macrophages.
The second exposure is to low pH produced as a result of phagosome acidification
(Deretic,1999).The third is damage to surface structures due to anti-bacterial activity
and detergent like properties of alveolar surfactant (Dieli et al., 2001). The fourth
stress is hypoxia encountered both within granulomas and phagosomes and this
environmental condition is actually the best candidate for induction of persistence
(Wayne et al., 2001).The fifth is nutrient and essential-element starvation. There may
be reduced nutrients and essential elements inside phagosomes and granulomas, also
during transmission (between expulsion from an infected patient and inhalation by a -
new host), M. tuberculosis must face other environmental stresses such as nutrient
stawatioh, exposure to UV light, dehydratiori and low temperature (Riccardo ef al.,
2004). »
M. tuberculosis employs a battery of machinery to overcome the unfavorable
conditions for its in vifro or in vivo survival. Various cellular processes must be
getting altered in these conditions resulting in the production of specific factors that
must help the bacteria in these altered conditions. Most importantly, tubercle bacilli
can actively manipulate the host immune system to its own advantage to allow for
long term persistence through secretion of bacterial factors or by changing the surface
antigenic properties to avoid immune attack (Ying, 2004). The cellular processes that

can respond to different environments include energy metabolism, lipid biosynthesis,
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RNA synthesis and modification, translation apparatus to name a few. One of the
important way of responding to the altered environments is by changes in the patterns
of gene expression of those gen‘es whose products are required to combat. those
changes (Hecker et al., 2001). By studying the expression profiles (Upregulation or
Downregulation) of various genes of Mycobacterium tuberculosis, various factors
have been found to be important during different types of environments which M.

tuberculosis encounters during the course of its life.

1.2 Sigma factors

As discussed above M. tuberculosis is capable of adapting to diverse environments
and is even able to circumvent host immune system. The sophisticated infection and
adaptation mechanisms can be expected to require complex genetic programmes
Transcription initiation is the major step in the regulation of gene expression in
bacteria (Browning et al., 2004). Bacteria use their genetic material with great
effectiveness to make right products at right time and in correct amounts. This is
accomplished by the regulation at every step between gene and function and for the
sake of economy the key step is to regulate the initiation of RNA-transcript formation
(Browning et al., 2004).

o factors: o factors are essential for transcription initiation by virtue of their role in
promoter recognition. Each of several sigma factors in cell is required for the
transcription of a specific subset of gene operons within their ‘_regulons’ (Mooney et
al., 2005). The central part of the bacterial transcription machinery is the multi-
subunit DNA;dependent RNA polymerase, which is responsible for all transcription
(Ebright, 2000). The core enzyme with a subunit composition of Bf’aym is competent
for transcription, but not for promoter directed transcription-initiation. The structural
studies have shown the E. coli structure is similar to that of found in yeast DNA-
dependent RNA polymerase 1T (Claudia ef al., 1999, Zhang ef al., 1999). This points
to the high levels of conservation.among the basic components of transcriptional
machinery. For RNA polymerase to begin transcription at a particular promote, it
must first intéract with a 6 subunit to form the holoenzyme (Gruber e? al., 2003). The
o subunitb has three main functions: (i) to ensure the recognition of specific promoter
sequences, (ii) to position the RNA polymefase holoenzyme at a target promoter and

(iii) to facilitate unwinding of the DNA duplex near the transcription start site
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(Wosten et al., 1998). Bacterial genomeé encode a principal ¢ factor, devoted to the
transcription of house-keeping genes and also contain a variable number of alternative

o factors (ASFs) (Gruber et al., 2003, Browning et al., 2004).

1.2.1 Structure and classification of ¢ factors

o factors can be categorized into two phylogenetically distinct families related to
either >* or 6'° from Escherichia coli (Lonetto et al., 1992, Buck et al., 2000, Gruber
et al., 2003).While all eubacteria encode at least one ¢ factor copy of the " class, not
all of them encode members belonging to the o> family. Structurally ¢’° members are
composed of up to four conserved regions (Fig 1.1) which can be further divided into
subregions (Lonetto et al., 1992, Gruber et al., 2003). Region 1 is located in the
amino-terminus and contains subregions 1.1 and 1.2. Region 1.1 has been found to
contain negative charge and thereby inhibit the binding of free ¢ factors to DNA
(Dombroski et al., 1993). Region 2 is composed of four subregions of which region
2.4 is required in the recognition of the -10 promoter box and region 2.3 generates the
open. complex (Tsujikawa et al., 2002, Tomsic et al., 2001) by formation of the
‘bubble’ with the non template strand resulting in the movement of free template
strand into active site of RNA polymerase to allow the RNA synthesis (Gardella et al.,
1989, Siegele et al., 1989, Zuber et al., 1989, Panaghie et al., 2000). Region 3
comprises subregions 3.0, 3.1 and 3.2. Subregion 3.0 is implicated in the recognition
of the extended -10 promoter elements (Barne et al., 1997, Sanderson et al.,
2003).The last one i.e., Region 4 consists of sub-regions 4.1 and 4.2. This latter
subregion is responsible for the recognition of the -35 promoter element and for the
interaction with numerous transcription activators (Dove et al., 2003, Grubér et al.,
2003, Paget et al., 2003). All regions contribute, albeit to different extents, to the
binding of the o factor to RNA polymerase (Sharp et al., 1999; Gruber et al., 2001).
The first bacterial o factor was discovered in 1969 as the subunit of E. coli
RNA polymerase that was essential for promoter selection (Burgess et al., 1969). The
presence of multiple o factors was established with the finding that several ¢ factors
were required in B. subtilis sporulatioﬁ. Later it was found that certain stress
responses (for example, heat shock) in E. coli are dependent on alternate ¢ factors and
whole-genome sequencing has revealed a wide_: distribution of multiple ¢ factors. On
the basis of their structure and physiological roles, o’ related o factors have been

categorized into four groups (Grubef et al., 2003). Group 1 is composed of principal ¢ .
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factors, which are essential genes containing all four conserved regions. Group 2 ¢
factors are only found in a limited number of bacterial species (Proteobacteria,
Cyanobacteria and high-GC Gram-positive bacteria) and consist of primary like o
factors. Although closely related to Group 1, these o factors are normally not essential
under laboratory growth conditions and lack most of region 1. The best characterized
Group 2 o factors are involved in the transcription of general stress response and
stationary phase survival genes. Group 3 o factors also contain conserved regions 2, 3
and 4, but are more distantly related to principal ¢ factors. Group 3 o factors fall into
clusters comprising evolutionarily related proteins with similar functions, such as heat
shock, sporulation or flagellar biosynthesis. These are sometimes called as ‘alternative
o factors’. Group 4 is the largest and most heterogeneous collection of ¢ factors
(Gruber et al., 2003). Also described as extracytoplasmic function (ECF) o factors,
members of this group contain conserved regions 2 and 4 only (Fig 1.2). Although the
function of most Group 4 ¢ factors remains unknown, they are often involved in the
response to stress conditions, such as iron limitation, oxidative stress and surface
stress. Moreover, several o factors from this category are important for virulence
(Raivio et al., 2001, Bashyam et al., 2004). A more simple classification based on the
functional roles has divided members of ¢’° family into three groups: (i) primary ¢
factors which are usually essential sigma factors and allow the transcription of house
keeping genes: (ii) non-essential primary factor-like o factors, and (iii) alternative o
factors (Wosten et al., 1998). All eubacterial genomes encode one primary ¢ factor
which is usually essential for the transcription of house-keeping genes. The second
group i.e., primary factor-like o factors are non-essential under standard physiological
growth conditions and are highly similar to primary ¢ factors (Wosten et al., 1998).
They can be involved in functions like stationary-phase survival, carbon and nitrogen
utilization, antibiotic biosynthesis etc (Riccardo et al., 2004). The group of alternative
o factors is the most heterogenoué containing numerous subgroups the important ones
being stress response-sporulation ¢ factors and extracellular function (ECF) o factors.
ECF o factors are environmentally responsive regulators, and bacteria usually contain
several members of the ECF family that control a variety of functions in response to
specific extracellular environmental signals (Missiakas et al., 1998).

The complete genome sequence of M. tuberculosis revealed a genome
of about 4.4Mb, possessing about 3924 open reading frames accounting for

approximately 91% of the potential coding capacity. Analysis of the sequences have
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resulted in attributing precise functions to 40 % of the predicted proteins, some
information is available for 44% and the remaining 16 % might account for specific
mycobacterial functions (Cole et dl., 1998). A re-annotation suggests that the genome
contains 3995 genes coding for proteins (ORFs) and 50 RNA genes (45 tRNA, 3
rRNA and 2 stable rRNA) (Camus et al., 2002). Expectedly given the complexity of
environmental and metabolic variants that M. tuberculosis faces during its life cycle,
an extensive repertoire of regulatory proteins has been identified. The M. tuberculosis
genome encodes about 190 transcriptional regulators: 13 ¢ factors, 11 two-component
systems, 5 unpaired response regulators, 11 protein kinases, and more than 140 other
putative transcriptional regulators (Riccardo et al., 2004). M. tuberculosis ¢ factors

have been found to be involved in diverse functions and are discussed in next section.
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Fig 1.1: Cartoon illustration of the RNA polymerase and its
interactions at promoter. The contacts of C-terminal domain of o subunit with
the UP element of promoter and that of N-terminal in assembling B and B’ subunits is
shown. The four regions of o factor are shown as ), 6, 63 and 04 and their role in
the initiaition of transcription by binding to DNA is illustrated. The consensus
sequences for the -35 (TTGACA), extended —10 (TGn) and -10 (TATAAT) elements

are shown. (Adapted from ienegisngiy Browning ef al., 2004)
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Fig 1.2: Schematic overview of conserved regions in o factors.
Structural organization of o factors of Groups 1, 2, 3 and 4. The broken lines link o
factor regions to the promoter element they recognize. The arrow indicates the

transcription start site (Adapted from Sebastien er al., 2006).
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1.2.2 Mycobacterial ¢ factors

Mycobacterium tuberculosis encodes 13 o factors falling into the all groups of ¢™
families described in previous section. Like other ¢ factors, mycobacterial sigma
factors have their own specificity allowing the transcription of a particular subset of
genes. Genes belonging to a defined regulon often participate in related cellular
functions. Therefore, temporal Variationi in active ¢ factor populations must be a
powerful way for M. tuberculosis to modulate its gene expression profiles in
accordance with physiological requirements, helping to survive in altered
environments and thus achieving a successful infection.

The primary o factor in M. tuberculbsis is 6™ which controls the expression of
all the essential genes and has been found to be essential for bacterial viability in
Mycobacterium smegmatis (Gomez et al., 1998). In addition to its role as essential &
factor, ® has been found to be responsible for enhanced intracellular growth and an
increased resistance to superoxides, suggesting that this ¢ factor also modulates the
expression of virulence genes (Shiping et al., 2004).

6" has been predicted to be the sole representative of the Group 2 although its
physiological role is still unclear. M. tuberculosis sigB knockouts have been found to
be more sensitive to surface stress, heat shock, oxidative stress and exposure to
vancomycin (Sebastien et al., 2006). ¢® has also been found to be important for
adaptation to stationary phase or to growth in nutritionally poor environments
(Mukherjee et al., 2005).

The other o factors oS, O'D, o, of, o°, G_H, o, o, o¥, o' and M belong to Group 4
where o' belongs to the subgroup that also contains the stress response-sporulation o
factors in bacilli and streptdmycetes (DeMaio er al., 1996) and the rest to the
suvbgroup' of the extracellular function (ECF) o factors. 6 has been found to
important for the maintenance of the cell wall properties and and the toxicity levels of
M. tuberculosis thus contributing to the proliferation of the pathogen in host tissues '
(Sun et al., 2004). 6” has been suggested to be part of Rely tuberculosis regulon (Dahl et
al., 2003) and is induced during starvation (Betts etal., 2602). Relus wperculosis 1S @ gene
requiréd for virulence and produces hyperphoshphorylated guanidine (p)ppGpp which
is used as a'molecule in stringent response and modulates bacterial gene expression
- for long-term survival under starving conditions (Magnusson et al., 2005).The role of

" has been found to be in regulating responses to heat shock, oxidative stress and
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SDS and vancomycin-mediated cell surface stress. Genes regulated by ¢ include its
own structural gene and genes
encoding o, 6®, DNA repair proteins, enzymes involved in thiol metaboloism such as
thioredoxin -and thioredoxin reductase and enzymes involved in cysteine and
molydoptérin biosynthesis (Sebastein et al., 2006). ¢’ has been shown to be strongly
induced in stationary phase cultures and during growth (Hu et a/.,2001) in human
macrophages (Cappelli et al., 2006), however a confirmatory role has been found to
be in resistance to oxidative stress (Hu et al., 2004). 6" has been found to be
important for maintaining the lethality of M. tuberculosis (Hahn et al., 2005; Dainese

et al., 2006). No comprehensible.information is available for ¢©, o', 6 and ™.

11
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Fig 1.3: Schematic overview of conserved regions in M. tuberculosis ¢

factors. Numbers at the top and bottom of the coloured boxes indicate the residues
at the beginning and end of each conserved region. The amino-terminus of each
protein is represented by ‘1° and the number of the last C-terminus residue is shown
on the right side of each o factor. 6™ corresponds to the sequence from M.
tuberculosis CDC1551(Adapted from Sebastien et al., 2006).
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1.2.3 M. tuberculosis GF

The role of ¢F has been thoroughly debated and studied in M. tuberculosis, primarily
for the reason that this alternate ¢ factor has been found to be homologous to Bacillus
subtilis stress-response sigma factor, SigB, as well as to its developmental o factor,
SigF. M. tuberculosis ¢ is preceded by an open readiﬁg frame usfX encoding a
protein that shows statistically significant homology to Bacillus subtilis anti-sigma
factors RsbW and SpollAB (This is detailed in later sections) (DeMaio et al., 1997).
The presence of SigF was reported for the first time by DeMaio and co-workers and
identified to be present only in slow growers like M. bovis BCG and M. avium in
addition to M. tuberculosis but not in rapid growers like M. smegmatis and M.
abscessus. They proposed that M. tuberculosis SigF is involved in survival outside the
host like in expectorated sputum where it is required for adaptation to oxidative stress,
low nutrient levels and low temperature (DeMaio et al., 1996).They also observed
that SigF is closely related to S. coelicolor and B. subtilis sporulation factors. The
studies to solve the question of M. tuberculosis SigF relatedness to either B. sdbtilis
SigB or SigF i.e, whether it was a stress response regulator or a developmental factor
were initiated by same workers in 1997. They concluded that on the basis of gené
organization and antigenic closeness, M. tuberculosis SigF is closely related to B.
subtilis SigB. Further in their experiments they observed that SigF over-expression in
M. bovis BCG was partially toxic to the cells apparently due to the expression of
SigF-dependent genes which may prevent cellular growth due to the involvement of
these genes in program of growth arrest in response to starvation or stress (DeMaio et
al., 1997).

Theresa and co-workers made efforts at identifying the conditions that induce
the sigF" expression. They found that the exposure of antlblotlcs like ethambutol,
rlfampm streptomycm and cycloserme resulted in the over-expression of sigF in their
experimental setup, the level of expressmn being proportional to the amount of
antibiotic added. They further found: that level of expression was 100-fold in late-
stationary-phase compared to that in exponentlal growth. The expression during
exponential phase was found to be induced by a number of other stresses like -
anaerobic metabolism/oxidative stress, nitrogen depletion, stationary phase growth
and cold shock. These workers also suggested that as both stationa'ry phase and

antimicrobial exposure lead to sigF’ induction, therefore, SigF-dependent genes may
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be conferring a protective effect against some antibiotics. SigF was postulated to
contribute to both genotypic and phenotypic tolerance towards antibiotics. Phénotypic
tolérance by way of SigF-mediated entry into a stationary growth state resulting in
physiological alterations that render antibiotic targets non-essential or genetic
tolerance by up-regulating certain genes that overcome target inhibition produced by
low levels of the drug (Theresa et al.,1999).

A comprehensive analysis of the conditions that contribute to the over-
expression of sigF’ came from the mutational analysis where a sigF’ null mutant was
challenged by various altered conditions. Temperature shift, oxidative stress, entry
into stationary phase and macrophage infection didn’t elicit a survival difference
between the mutant and the wild type. It was therefore, concluded that although these
conditions may be inducing the expression of sigF, the increased expression is not
necessary for the bacterial survival under these conditions. Instead from thé mouse
survival data from the same mutant, it was concluded that sigF" gene has a role in
virulence in whole animal. The loss of sigF" didn’t prevent the mutant strain from
-producing a lethal infection but death was significantly delayed in the mouse infected
by the mutant strain (Ping et al., 2000). '

The expression of genes controlled by SigF was analyzed by microarray
analysis with wild type and sigF’ mutant by Geiman and co-workers (Geiman et al.,
2004). In their studies these workers found that in the mutant sigF, 187 genes were
relatively underexpressed in early stationary phase, 277 in late stationary phase and
only 38 in exponential growth phase. Going into the functional role of these
underexpressed genes, those underexpr;:ssed in exponential phase were found to be.
mostly hypothetical proteins. The genes that were underexpressed during stationary
phase include those involved in energy metabolism (such as electron transport,
fermentation, anaerobic metabolism, and polysaccharide synthesis and degradation),
nucleotide synthesis, and central intermediary metabolism (including oxidoreductases,
arylsulfatases, methyl transferases, acyltransferases, monooxygenase flavin adenine
dinucleotide [FAD] binding protein, and a glutamine amidotransferase). This broad
range of genes whose expression was influenced in part by SigF supported its role as
a stress-response regulator. Also genes involved in biosynthesis and structure of cell
envelope were found to be down regulated and also those involved in biosynthesis
and degradation of surface polysaccharides and lipopolysaccherides. ,Mostb important

in their observations these workers found sigF itself to be down-reguléted in absence

14



Ghaptor Sntroduction

of functional SigF protein indicating a part autoregulation for sigF expression. Other
transcription related proteins whose expression was found to be related to sigF
expression include sigC gene which has been found to be essential for the lethality in
mouse model, repressors/activators from the MarR, GntR and TetR family of DNA
binding regulators. On the basis of these findings the authors have suggested the role
of SigF in a hierarchial network of M. tuberculosis gene regulation. On the basis of a
large gene pool found to be SigF dependent, the same workers were able to derive a
putative M. tuberculosis SigF consensus sequence, GGTTTCX;sGGGTAT and was
found to be similar to the B. subtilis stationary-phase and stress response sigma
factor, SigB. It was also observed by these authors that that the conservation of the
putative -35 hexamer varied from 43 to 93%, suggesting a role for some residues to be
critically important for recognition.

_ Conclusively, Mycobacterium tuberculosis possesses a repertoire of sigma
factors; the probable roles of most have been explored in great detail. The alternate
sigmé factor SigF has been implicated in stress response and important for
maintaining the lethality of the infection. It has also been found to be important for
expression of approximately 500 genes most of which are expressed in the stationary
or stress phase. The co-relation of down-regulation of sigFF with the absence of

functional SigF indicates an auto regulatory mechanism.
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1.3 Transcription regulatory mechanisms

After a description about the initiation of transcription through sigma factors and an
elaboration of the mycobacterial sigma factors, a look into the mechanisms involving '-
the transcription regulation through sigma factors is described. A crucial point in
consideration of microbial gene regulation is to understand that the active RNA
polymerase is in short supply inside the cell as much of it is channeled into copying of
genes that encode stable RNAs needed for translation. Similarly, some of the RNA
polymerase is bound non-productively to the cell’s DNA, consequently the amount of
free RNA polymerase available for transcription is limited. Additionally, the o factor
supply is limited, so there is intense competition between different promoters for
RNA polymerase holoenzyme (Ishihama, 2000, Maeda et al., 2000). So in addition to
the regulation of transcription at o factor level there are few other mechanisms that
operate to ensure a prudent distribution of RNA polymerase between competing
promoters. These involve promoter DNA sequences, small ligands, folded bacterial
chromosome structure, transcription factors and of course the ¢ factors (BroWning et
al., 2004). These different mechanisms are utilized in different ways to alter profiles
of gene expression in response to environmental change and thereby allowing
variation in the level of genes known as ‘fine tuning’. However different mechanisms
are used in some cases where instead of fine tuning is effective ‘on-off” switches are
created.

Promoter sequences: Bacterial cells contain about 2000 promoter sequences and the
differences in their sequences act as powerful drivers in unequal distribution of RNA
polymerase between different transcription units (Salgado et al., 2001). The
promoters with near consensus sequences function more efficiently but the presence
of non-consensus sequences balances the activity of each promoter against the other-
promoters. Although differences in promoter sequence elements proVide a useful way
to control a wide range of promoter activities, these differences only provide a “static
regulation’ that can not be modulated accordiﬁg to environmental conditions. So most
‘adaptative’ responses are modulated by trans-acting factors. ,
Small ligands: Small ligands provide a mechanism by which RNA polymerase can
respond quickly and efficiently to the environment. Guanosine 3,5 biphosphate
(ppGpp) is synthesized when amino-acid availability is restricted to the extent that
translation is also limited (Chatterji ef al., 2001). It has been proposed that‘ppGpp
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controls expression of translation machinery in response to sudden starvation,
similarly ATP availability has been predicted to control expression in response to
growth rate (Gaal et al., 1997, Schneider et al., 2002).

Folded chromosome: Bacterial chromosomes are highly compacted by supercoiling
and by their interactions with proteins and RNA. In E. coli a dozen important proteins
are involved in this compaction. These so-called nucleoid proteins are abundant in the
cell and most of them bind nonspecifically to DNA but some bind with weak
specificity occupying sites that are distributed throughout the chromosome. The
binding of these nucleoid proteins. to DNA and the resulting folding of the bacterial
chromosome must affect the distribution of RNA polymerase between promoters. As
there is not a conclusive idea about the basic unit of bacterial chromatin structure, no
general rules have been established. The best-understood case is H-NS protein
(histone-like nucleoid-structuring protein) which completely silences gene expression
by forming extended nucleoprotein structures e.g. at the proU and bgl promoters
(Schnetz et al., 1995, Jordi et al., 2000, Petersen e al., 2002). |

Transcription factors: Transcription factors are predicted to bind to promoters and
either up- or downregulate transcription. The E. coli genome contains more than 300
such proteins. and half of them have been functionally characterized. Some of these
proteins control large genes, whereas others control just one or two genes. When a
transcription factor binds to a promoter, it can activate or repress transcription
initiation. Some transcription factors function solely as activators or repressors,
whereas others can function as either according to the target promoter (Perez-Rueda et
al., 2000). These factors couple the expression of genes to environmental signals and
they are in turn regulated by control of their expression or their activity. The DNA-
binding affinity of transcription factors is modulated by small ligands, the
concentrations of which fluctuate in response to nutrient availability or stress. An
example of this kind of regulation is the reduction of DNA-binding affinity by the Lac
reprevssor by allolactose which signals the presence of lactose in growth medium. Also
the activity 6f some transcription factors (Response Regulators) is modulated by
covalent modifications e.g. some like NarL bind to their target. DNA only when
phoSphorylated by its cognate sensor kinase. These sensor kinases are located in the
inner bacterial cell membrane and are regulated by extra-cellular signals (Stock et al.,
2000). '
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o factorsf The role of sigma factors in the initiation of transcription has been already
discussed, so they become one of the primary tools in the regulation of gene
expression. The alteration of gene expression by o factors occurs through the
competition between the principal sigma factor and the alternative sigma factors for
the RNA polymerase. As these alternative ¢ factors accumulate in response to specific
signals, they compete with ¢’° for RNA polymerase and enable it to recognize
prorﬁoters that control genes that assist the cell in coping with the altered conditions
in response to which these alternate o factors are synthesized. As different o factors
regulate cellular responses to different stresses, consequently their activities are
tightly regulated. Regulation of alternative o factors occurs at transcriptional,
translational and post-translational level. Some of the regulation is at the level of ¢
factor synthesis, but in many cases regulation is effected by anti-sigma factors which
modulate the activity of a ¢ factor independently of its transcription and translation
(Hughes et al., 1998). Many anti-sigma factors sequester their cognate ¢ factor so that
it is not free to combine with RNA polymerase. The activity of the anti-sigma factor is
then regulated by ligand binding, covalent modification or proteolysis (Helmann
1999) (Discussed in next section). In some cases, the anti-sigma factor sequesters its
cognate ¢ factor to the cell membrane, where it is sensitive to extracellular signéls. In
other cases, the activity of the anti-sigma factor controls proteolytic degradation of its
cognate o factor (Hengee ef al., 2003). In most of the bacteria' >, an unrelated
member of the ¢’ family renders alternate specificity to RNA polymeraée by
recognizing different elements. In addition these o factors have an absolute
requirement for an activator. Such activators carry specific conserved modules that
drive an ATP-dependent remodeling of the RNA polymerase promoter complex,
which results in formation of open éomplex (Buck et al., 2000).

Overall, the regulation of transcriptibn, occurs at multiple steps with each step
important in its own way. In the next part we are detailing the role of anti-sigma and-
anti-anti sigma factors, as my thesis work is mainly involved in the study of these

proteins.
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1.4 Anti-o factors : Posttranslational regulation of ¢ factors

Anti-c factors provide a means of regulating gene expression at the transcription level
acting as an inhibitor protein by holding o factor in a reversible interaction. An anti-c
factor is defined by its ability to prevent its cognate o factor to compete for core RNA
polymerase. The result of the action of an anti-c factor is the inhibition of the
transcription from a given set of promoters specific for its cognate ¢ factor. Anti-c
factors are themselves regulated by either secretion from the cell (i.e, FlgM export
through the hook-basal body), sequestration by an anti-anti-c factor (i.e,
phosphorylation regulated partner switching modules), or interaction with
extracytoplasmic proteins or small molecule effectors (i.e, transmembrane regulators
of extracytoplasmic function o factors). A description of few well studied anti-o
factor systems is given to get an idea about the factors involved in the interaction and
the mechanism by which they regulate the transcription.

Bacteriophage T4 AsiA Protein: Anti-amof E. coli: The AsiA protein of T4
bacteriophage has been purified and found to inhibit transcription of T4 DNA by E.
coli RNA polymerase (Orsini et al., 1993). During growth after infection of E. coli,
the genes of bacteriophage T4 are differentially transcribed according to when they.
are needed in phage development. The T4 promoters are assigned to one of three
classes depending on when in the infection state they are recognized: early, middle or
late. The early promoters are transcribed immediately after infection by the E. coli
6”’- containing RNA polymerase holoenzyme. AsiA is an early gene product of
10kDa that was found to co-purify with E. coli from T4-infected cells (Stevens 1972,
1973, 1976). The purified AsiA protein was found to inhibit transcription of T4 DNA
by E. coli RNA polymerase (Orisini et al., 1993). Also AsiA has been found to
associate with the modified RNA polymerase (Modified by mod and alt early gene
products) of E. coli and results in the start of transcription from middle promoters and
inhibition of transcription from early promoters (Hinton et al., 1996). This
transcription facilitating role is played by AsiA in presence of other protein MotA
(Guild et al., 1998). One of the middle genes, gene 55, encodes an alternative o factor,
gp55 that is specifically required to transcribe late promoters (Geiduschek et al.,
1991). Because E. coli o "—dependent transcription is needed throughout the T4
infection cycle, it will normally outcompete T4 gp55 for RNA polymerase but an

AsiA-dependent mechanism has evolved in which AsiA weakens ¢°—core RNA

19



%/&{4&!% 7 ‘ ﬂwma/mﬁwzz

polymerase interactions to an extent that allows both middle and late transcription
promoter activity to occur simultaneously. Thus AsiA presents an example of a
temporal regulator of gene expression as it plays dual roles as a positive and a
negative regulator of ¢’°~dependent transcription.

FligM anti-a factor: Regulator of flagellar biosynthesis: The regulation of flagellar
genes of Salmonella typhimurium is similar to that of bacteriophage genes in that the
genes are organized in a transcriptional hierarchy. The Class 2 genes synthesized by
the action of transcription factor gene products of Class 1 encode the proteins needed
for the structure and assembly of the basal body hook structure as well as a flagellar

8, necessary for transcription from Class 3 promoters

specific alternative o factor, o”
(Liu et al., 1995, Ohnishi et al., 1990). The Class 3 genes encode proteins involved in
the final stages of flagellar assembly like flagellar motor force generators, flagellin
subunit genés and chemotactic signal transduction pathway. In E. coli, the
transcription of a flagellin subunit gene fliC has been found to be coupled to the
formation of an earlier stage of flagellar assembly, the hook-basal body sfructure
(HBB). If any of the necessary genes required for the formation of intermediate
assembly is defective or absent the expression of fliC gene is blocked. flgM was found
to be the negative regulatory gene preventing the expression of Class 3 genes
defective in HBB formation. Same form of negative regulation has been found true in
S. typhimurium for all Class 3 genes (Lord et al., 1996, Gillen et al., 1991, 1991). The
inhibitory role of the flgM gene product was confirmed with the experiments with
purified FIgM. Purified FigM protein was found to be able to inhibit Class 3
transcription of the fIiC promoter in levels stoichiometric to the o2 holoenzyme
(Oshini et dl., 1992). The structural characterization of FlgM-o? interaction has
revealed FIgM to be an unstructured proteinv in solution which attains é partially
structured conformation on complex formation (Hughes et al., 1998).With further
experiments it was conclusively proved that FlgM acts by binding directly to ¢*® to
prevent both its interaction with core RNA polymerase and interaction of free o2 to
Class 3 promoter DNA (Kutsukake et al., 1994). FIgM senses the signal for its
functioning from the flagellar exp'ort system.When the HBB structure is complete, the
transport machinery switches over to the transport of the Class3 proteins which is
regarded as the signal by FlgM. This is recognized as the signal for the completion of
HBB formation and for being ‘export-c':ompetent to be transpdrted by flagellin
subunits. In the presence of HBB complex, FigM has been found in spent growth
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medium while as in case strains having defective gene required for HBB formation,
FlgM has been localized in cytoplasm (Kutsukake 1994, Hughes et al., 1993). In this
way FlgM is removed from the cytoplasm and o®® is relieved free for transcription
providing a means of temporal regulation of gene expression.

Recently, the crystal structure of the 6**/FIgM complex from Aquifex aeolicus has
been reported, where o°® has been found tb be tightly packed where the important core
binding determinants have been found to be occluded by FigM (Margareta et al.,
2004).

Fig. 1.4: Regulation of late flagellar genes by FlgM antl-o factor.

FlgM (square) 1nh1b1ts the activity of 6 either by bmdm§ to free 0*® or by inducing
dissociation of the ¢®® holoenzyme. When bound to ¢*, FIgM adopts a partially
folded structure (diamond). Once the hook and basal body structure is complete, FigM
can be exported from the cell by the flagellar export machinery. FlgM passes through
the hollow inner core of the basal-body, hook, and flagellar filament structures. Once
o transcription commences, flagellin becomes a 'competing substrate for this export
channel and FlgM levels in the cell again begin to rise (Adapted from Helmann et al.,
1999).
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DnaK, An anti- ¢ factor regulator of heat-shock response: The heat-shock response

of E. coli involves the coordinated expression of heat-shock pr&?éihs that either act as

chaperones by preventing protein turnover by maintaining proper folding or as

proteases by facilitating protein turnover (Hendrick et al., 1993, Gottesman et al.,

1997). In E. coli an alternative ¢ factor, 6%, is induced following heat shock which

then helps in the transcription of heat-shock proteins (Grossman ef al., 1984, 1987).

Regulation of the heat-shock response has been found to be achieved by changes in

concentration of o2 in the cell by a posttranscriptional control (Straus et al., 1987,

Voelker et al., 1996). The DnaK (Hsp70 homolog), DnaJ (Hsp40 homolog) and GrpE

proteins make up the prokaryotic Hsp70 system. They are themselves heat-shock

proteins assisting in refolding of proteins following heat-shock and also help in

folding of nascent polypeptide chains and protein translocation (Polissi et al., 1995).

Biochemical evidences have suggested a mechanism for binding and release of
proteins including 6°2 by DnaK and its regulation by ATP hydrolysis, DnaJ and GrpE

(Karzai et al., 1996). Dnak, DnaJ and GrpE can bind ¢* independently, but with

conclusive evidences it has been established that DnaJ binds ¢*% and presents it to

ATP-bound DnaK. The binding of .GrpE into. this complex allows entry of ATP to .
dissociate the complex (Reid ef al., 1996, Packschies et al., 1997).

As a result of heat shock, 6’ bound to RNA polymerase dissociates, gets inactivated

and forms aggregates (Blaszézak et al., 1995). Under these conditions, 6°2 remains
active and associates with free core to direct transcription from o’>-dependent

promoters. DnaK, DnaJ, and GrpE are induced by the heat-shock response and act on

the o™ aggregates to refold 6™ into active protein. As protein aggregate substrates for

the DnaK, Dnal, and GrpE proteins are rémoved, they are free to act on o°2. Under

normal growth conditions, in the presence of ATP, DnaJ induces DnakK to compete

with RNA polymerase for binding o** and to form a stable DnaJ-6*>-DnaK-ADP

complex after ATP hydrolysis (Liberek et al., 1995). GrpE can interact with this

éomplex to release active o2, which can reassociate with RNA polymerase or present

unfolded o™ to the HfIB (FtsH) protease for degradation (Hughes et al., 1998).
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Fig. 1.5: Regulation of heat-shock response of E. coli.

Under normal growth condltlons Dnal in presence of DnaK 3}Z)rotein binds the heat-
shock—specific alternative o> factor to form a stable DnalJ- 6>>-DnaK-ADP complex
after ATP autohydroly51s by DnaK. GrpE directs this complex to FtsH grotease for
degradation of ¢*> and complex dissociation. Following heat-shock, bound to
RNA polymerase becomes inactivated and separates from the active core RNA
polymerase complex and forms aggregates. The DnaK, Dnal, and GrpE act on the o’°
aggregates to refold 6’ into active protein. The FtsH protease acts on proteins that
have become denatured as a result of heat shock. o> is unaffected by heat shock and
is free to interact with core RNA polymerase and transcribe 6°? dependent operons
(Adapted from Hughes et al., 1998).
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SpolIAB Anti-o factor in B. subtilis sporulation regulation: Sporulation a process -
activated by known stress signals such as nutrient starvation, in B. subtilis proceeds
through a series of morphological stages that are regulated by the activity of a cascade
of different o factors, each required for the expression of a set of operons necessary
for transition from one developmental stage to other (Haldenwang 1995, Errington
1996 and Stragier ef al., 1996). of, 6, 6° and o* are the four o factors that play a role
in sporulation. Sporulation causes nuclear division followed by an asymmetric septum
formation resulting in the formation of two diploid cells; the mother cell and the
forespore. This results in the activation of compartment specific ¢ factors, " in
forespore and o® in mother cell. Thereafter forespore becomes engulfed within the
mother cell and causes the activation of another o factor, 6, within the forespore
(Hughes et al., 1998). Although o* has been found to be active in forespore only, by
immunofluorescence methods its presence has been detected in the predivisional cell
and post division in both the mother cell and forespore (Lewis et al.,1996, Straiger et
al., 1996). The activity of c* is controlled by regulatory proteins SpolIAB, SpolIAA,
SpollIE and purine nucleotides. SpolIAB is an anti-c factor that inhibits ¢ activity in
the predivisional cell and mother cell by direct interaction (Duncan et al., 1993, Lewis
et al., 1996). In the mother cell, SpolIAB has kinase activity that inactivates SpolIAA
by phosphorylation thereby inhibiting its anti-anti- ¢ factor activity (Magnin, 1996).
This way SpolIAB can act both as an anti-o factor for ¢’ and as an anti-anti-anti-c
factor for its antagonistic anti-anti-c factor. The key to oF activity in the forespore is
the activity of SpollE (Margolis et al.,1991). In the forespore SpollE is active where
it dephosphorylates SpoIIAA-PO4 leading to accumulation of SpollIAA which
releases o ‘from the. SpolIAB-c* oomplex aod gene expression leading to
development of spore is initiated by o' —bound RNAb polymerase.

In the last few years many reports have come up explaining the structural basis of
these protein-protein interactions and giving details about their functioning in the
regulatory mechanisms. The crystal structure of the Bacillus stearothermophilus anti-
o factor with the sp'orulation o factor o' has been reported (Campbell et al., 2002). In
total 17 residues of o' have been found to make favorable interactions with SpolIAB
involving mostly hydrophobic interactions in addition to electrostatic and van der
Waal’s interactions. The alignment analysis of SpolIAB:6® structure with other ¢’
type o factors found in B. subtilis, has reveéled a maximum of 59% hOmology in the

case of interacting residues, thus providing a structural insight into the highly specific
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nature of o factor/anti- o factor interactions. Also these authors proposed a ‘zipper
model’ explanation for SpollAA ‘induced release’ model (Duncan et al., 1996) ;Vhere
they found that the interaction of SpolIAB with ¢* partially occludes the nucleotide
binding site in one chain. This allows SpollAA to gain foothold on the other side
distal from o" binding site and SpollAA engages its binding sites in a sequential
manner beginning with the ATP pocket of SpolIAB thereby gradually displacing o*
due to increasing steric clashes. Arg-20 of SpollAB was found to be the residue
involved in the interaction with both the proteins. A ‘docking model’ for the release
of 6" was proposed on the basis of biochemical evidences (Margaret et al., 2003).
These authors also showed the relevance of Arg-20 but afgued that SpollAA docks
onto the SpolIAB on one side and thereby dislodges oF but not in a sequential way.
The crystal structure (Shoko ef al., 2004) of ATP and ADP bound forms of B.
stearothermophilus SpollAB/SpollIAA complex confirmed the ‘docking model’. In
their opinion there are actually two docking events involved occurring two separate
surfaces dislodging o' and it is the final docking steps that makes SpolIAA amenable
for phosphorylation. The phosphorylation acts to provide an eleétrostatic flag that
alters the affinity of the protein for its binding partner.

Conclusively, the ¢ factor/anti- ¢ factor mteractlons are hlghly specific in nature with
the specificities determined by intrinsic prop_ertles of the proteins. The regulation by
another set of proteins the anti-anti-o_factérs provides a higher order level of -
regulation where cells can program the expression of their genes in response to

changing stimuli.
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Fig. 1.6: Regulation of sporulation-specific expression in B. subtilis.
(A) Induction of sporulatlon leads to expression of the spolld operon, spoILAA
spolIAB-spolIAC, from a o —dependent promoter. The spolIAC gene encodes o', the
spolIAB gene encodes anti-c* factor and the spolIAC gene encodes an anti- SpoIIAB
factor (anti-anti-c ) o s autoregulatory and transcribes the spoll4A-spollAB-
spolIAC operon as well as the spolllG operon. spolllG gene encodes the sporulation-
specific sigma factor, o©.

(B) In the mother cell, SpolIAB inactivates SpollAA by phosphorylation. SpolIAB is
free to bind o' to prevent ¢* -dependent gene expression.In the forespore, SpollE
protein is active. SpollE is a phosphorylase that dephosphorylates SpoIIAA -PO;,.
Unphosphorylated SpolIAA binds SpoIIAB to prevent its interaction with o' leaving
it free to transcribe sporulation-specific genes. (Adapted from Hughes et al., 1998)
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RsbW Anti-o factor in B. subtilis stress response regulation: B. subtilis responds to
various stresses by the expression of stress-induced genes utilizing a stress-response-
specific alternative o factor °. The transcription factors ¢° and ¢* are closely related
and the regulatory mechanisms affecting their activity are strikingly similar. o®
activity is regulated by anti-c factor RsbW and its antagonist RsbV (Kang et al., 1996,
Yang et al., 1996). The o® pathway actually is a partner-swit;:_hing cascade that
utilizes phosphorylation to alter the binding partner-specificity of the proteins that are
ultimately responsible for activation of o®. Interactions between RsbW and both o®
and RsbV have been demonstrated by gel-filtration chromatography, co-
immuhoprecipitation, chemical cross-linking and yeast two hybrid system (Hughes e?
al., 1998). There are two distinct streéss response pathways; energy stress and
environmental stress, but in each case the key signal is the phosphorylation state of
RsbV (Dufour et al., 1994, Alper et al., 1996). RsbW is a kinase, and during normal
exponential growth, RsbW inactivates RsbV by phosphorylation. RsbW is then free to
bind ¢® and inhibit o®-dependent transcription. Under stress response, RsbV-POy is
dephosphorylated, and it is this form of RsbV that binds the RsbW-6® complex to
release o® and allow transcription from ¢®-dependent promoters. A drop in the levels
of ATP forms one of the important stress signals and the cell responds by inhibiting
RsbW activity by the dephosphorylation of RsbV and RsbV catalyzed release of o®
from the RsbW-o® complex. RsbW has been found interact with o® independently of
ATP, while as ATP has been found to strongly inhibit binding between RsbV and
RsbW (Alper et al., 1996). In this system RsbP which acts as an energy-responsive
phosphatase activated RsbV (Delumeau et al., 2002), while RsbP is itself activated by
RsbQ. The exact mechanism has not been yet defined but structural studies on RsbQ
have shown it to be an a/B-hydrolase (Brody et al., 2001) that is capable of binding
some small yet to be 1dent1ﬁed hydrophobic molecule (Kaneko et al., 2005) that may
be used to activate RsbP (Jon et al., 2007).

A separate regulatory mechanism allows induction of 6°-dependent expression
by stresses that have no direct effect‘ on cell’s ATP levels. In these cases, other
reguldtory proteins RsbR, RsbS, RsbT, RsbU, RsbV, RsbW and RsbX that are co-
transcribed from the o® operon have been identified to affect RsbW and RsbV
activities (Kang et al., 1996, Voelker et al., 1995, 1996 and 1996). Of these RsbU has
been identified as a positive effector of ‘6B-dependent transcription (Voelker et al.,
1995, 1995, Wise et al., 1995). RsbU is a phosphétase of R,st‘whose activity is
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opposite to that of kinase activity of RsbW (Yang et al., 1996) and has been
implicated in the release of o® from RsbW-c® complex. RsbU activity in turn is
controlled by RsbT which acts as a kinase, which in turn is regulated by
phosphorylation state of RsbS. The phosphorylation state of RsbS is dependeﬁt on the
opposing RsbT kinase and RsbX phosphatase activities. Two partner switching
modules have been proposed for for the regulation of ¢®. One module, RsbU-RsbV-
RsbW, composed of a phosphatase (U)-antagonist (V)-kinase(W), responds to energy
stress through ATP levels, while the other module, RsbX-RsbS-RsbT, also composed
of a phosphatase (X)-antagonist (S)-kinase(T) responds to environmental stress.
Recently attempts have been made to characterize the role of the RsbR and the
presence of a supramolecular protein assembly, the ‘stressosome’ has been reported.
In a series of gel-filteration experiments 6n the interactions-of RsbR, RsbS and RsbT,
RsbR and RsbS proteins have been reported to form high molecular weight complex
that can also bind RsbT (Chien-Cheng ef al., 2003). These complexes have been.
subsequently isolated from wild type B. subtilis (Delumeau et al., 2006). The
stressosome _repreSents a signaling hub where environmental stress encompassing
signals from small molecules, light, protein and peptide fragments (Hecker et al.,
2001) are integrated to effect a single signaling outcome (Jon et al., 2007).

Bacillus subtilis appears to have exploited the anti-c factor control mechanism to
three areas of gene regulation viz., sporulation, energy stress and environmental stress
by gene duplication of a key regulatory module: the phosphate-antagonist-kinase
module. The fundamental processes involved in these regulatory networks involve
various protein-protein .interactiohs and protein ligand especially nucleotide
interactions. The role of protein-nucleotide interactions in these regulatory networks
apparently acts as a steric or electrostatic plug that alters the affinity of a protein for-

its binding partners and facilitates partner switching cascades.
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Fig. 1.6: Model for the regulatlon of ¢"

In the absence of stress, o> is held inactive in a complex with its antisigma factor,

RsbW, which also inactivates RsbV by phosphorylation through its kinase activity.

Depending on the nature of the imposed stress, either RsbP or RsbU (the phosphatases
for RsbV-P) is activated. The RsbW: ¢® complex is disrupted by RsbV, with which
RsbW forms an alternative complex (dashed arrows). Free o® can interact with RNA
polymerase and direct the synthesis of the general stress response genes. In the
environmental stress pathway RsbU is activated by RsbT, which, in the absence of
stress, is believed to be inactivated by forming a complex with RsbS. During stress,

the kinase activator RsbR facilitates the phosphorylation of RsbS by RsbT, which is
released from the inhibitory complex formed with RsbS (dashed arrows). RsbX, the
phosphatase for RsbS-P, has been shown to be responsible for the feedback
mechanism by which the level of o® Activity returns to the prestress levels.(Adapted
from Chien-Cheng et al., 2003)
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1.5 Posttranslational regulation of mycobacterial o factors

The posttranslational regulation of o factor activity has been reported in
Mycobacterium tuberculosis also. To date four anti- ¢ factors have been identified in
the genome of M. tuberculosis ; RshA, RseA, RslA and UsfX. RshA a ¢"-specific
antagonist that senses redox potential through specific cysteine residues and therefore
RshA binds ¢" in reduced environments. Under oxidizing conditions the disulphide
bonds are formed resulting in the release of that becomes free to ~interact with RNA
polymerase (Song et al., 2003). RslA is a transmembrane protein and has been shown
to bind o~ (Hahn er al., 2005) specifically and is able to inhibit o dependent
trariscription in vitro (Dainese et al., 2006). Because of being a transmembrane
protein, RslA has been speculated to respond to the signals from cell envelope or from
external environment (Sebastien et al., 2006). RseA has been found to code for &
specific anti-c factor but the signals and potential effectors regulating their interaction
are still unknown (Sebastien ef al., 2006).

The role of UsfX as the anti-c factor of ¢* has been debated since the
identification of the ¢" operon (DeMaio ef al., 1997). The gene for usfX (Rv3287c) is
located upstream of sigF’ (Rv3286¢) and the two are co-transcribed. The physical
interaction of UsfX and " has been demonstrated and UsfX has been found to inhibit
oF -dependent transcription from o" promoter. UsfX has been reported by ‘same
workers to be regulated by two anfagonistic proteins: RsfA and Rsz. Both anti- anti-
o factors have been found to bind tb UsfX and disrupt the UsfX-c® interaction
ensuring the release of o' and transcription from o’ -dependent promoters (Beaucher et
al., 2002). While as RsfA has been shown tb respond to changes in redox potential
RsfB. is believed to respond in phosphorylation dependent manner but no evidences -
- are yet available for this prediction. Parida and co-workers have shown the presence
of other anti-anti-o factors regulating ¢* and' have identified their interactions with
UsfX and ‘oF (Parida et al., 2005). | |
We é‘arried out our work for exploring the structural aspects of UsfX interaction with
its sigma factor and anti-anti-factor and identifying the nucleotide binding /nucleotide

hydrolysis properties of UsfX.
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2.1 Introduction

Working on any scientific problem involves a number of methodologies at different
stagee of the experiment. In the following pages of this chapter the reader is
introduced to various techniques that have been employed in the execution of the
planned experiments. These include analysis of gene sequences, cloning of genes,
protein purification, techniques used for biochemical and structural characterization of
the proteins. Also the computational approaches employed have been detailed. A
description of the media, strains, vectors and chemicals used in this study is detailed

in Annexure.

2.2 Database searches, sequence alignment studies and

phvlogenetic analysis

Analysis of the sequences were carried out to try and identify signature motifs as also
homologous proteins corresponding to Rv3286¢c (SigF), Rv3287c¢ (UsfX) and .
Rv1365c (RsfA) from M. tuberculosis H37Rv. The analysis was preformed using the
BLAST program (http://www.ncbi.nlm.nih.gov/blast/BLAST.cgi). Searches with
BLASTP (Altschul et al., 1997, Altschul et al.,2005) and Position specific iterated
BLAST (PSI-BLAST) were performed against the available protein databases
particularly Protein Data Bank (http://www.rcsb.org/) and the Non-redundant protein
sequences (nr) database. Specific sequence motifs conserved in the respective proteins
with respect to other known sigma factors, anti-sigma factors and anti-anti-sigma
factors were identified. The phylogenetic analysis of the aligned sequences from
various sources was carried out using the ClustalX program (Thompson et al., 1997)
using 10000 bootstrap trials for the analysis. The phylogenetic tree was viewed with
the help of TreeView32. _ '
Identification of conserved residues: To measure the level of sequence variation at
different positions in the sequence alignment, the frequency of occurrence of the
amino acid residues at each position was determined by the calculation of positional
entropy at each position. The degree of amino acid variability was performed using
The  Scorecons Server (Valdar, 2002) (http://www.ebi.ac.uk/thronton-

srv/databases/cgi- bin/valdar/scorecons_server.pl).
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The entropy is known as the Shannon informational entropy and is calculated by

K
S=-2 P, log, P, (1)
a

where K = number of residue types
. P,=n,/N
N = number of residues in column
n, = number of residues of type‘a
The entropy scores calculated from The Scorecons Server are normalized for
Shanhon’s entropy so that conserved (low entropy) columns score 1 and diverse (high

entropy) columns score 0.

2.3 Primers and vectors

Primers for PCR amplification of the proteins were designed using the sequences of
UsfX (Rv3287c), SigF (Rv3286¢) and RsfA (Rv1365c) genes from M. tuberculosis
H37Rv available in the Tuberculist database. The primers were designed using the

OLIGO program. The primers used for clbning were as follows:

UsfX
Forwai;d primer >5’-CTGGGTACCGCCATGGCAGACTCGGATTTA-3’
_ ‘Reverse primer 5’-CGGGATCCCACCTGCTCGATGCCG-3 ’
Forward primer = 5’-CGGGATCCCATGGCTGCGCGCGCT-3’
 Reverse primer | 5 CCCAAGCTTCTCCAACTGATCCCGTAGGCGTGC-3’
RsfA |
Forward primer  5-TGGATCCATGGACCCGACTCAGGCAGGTTC-3’
Reverse primer 5’- CCCAAGCTTGTAGCAGACAGCGCGGACTCC-3’

Co-expression Vector

UsfX _
Forward primer 5 ’-CTGGGTACCGCCATGGCAGACTCGGA'_I‘TTA-B ’

. Reverse primer 5’-CGGGATCCTCACACCTGCTCGATGCCG-3’ '
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SigF ‘
Forward primer 5’-AGCCCATGGATCCCCGCGCGCGCTGC -3°
Reverse primer 5’CCCAAGCTTTCACTCCAACTGATCCCGTAGGCGT-3’
rbsfusion primer 5’CGGGATCCAAGAAGGAGATATACATATGCGGGC-3’
Mutant UsfX
~ AK9A
Primerl 5’-ATGGCAGACTCTGATTTACCCACCGCGG-3’
Primer2 5’-CGGGATCCTCACACCTGCTCGATGCCG-3’
AKS83A
Primerl 5’-GTGGTCGATCCGCGAGCAGACGAAGTT-3’
Primer?2 5’-CACCACAACTTCGTCTGCTCGCGGATC-3’

Underlined nucleotides denote the sites recognized by corresponding restriction
enzymes. UsfX has Kpnl and Ncol in forward and BamHI in reverse; SigF contains
BamHI and Ncol in forward and HindIII in reverse while as RsfA contains BamHI
and Ncol in forward and HindIII in reverse. For co-expression vector the primers for
amplification of usfX were same as used for the cloning while as SigF was. cloned
using Nhel in forward primer and HindlIII in reverse primer. BamHI was introduced -
in the forward primer of the ribosomal binding site (rbs) fusion primer. Ust and
SigF were cloned into pET21d and pQE31 respectivély while for co-expression SigF
was first cloned into pRSETB to fuse it with the ribosomal binding site. |
Bold and underlined nucleotides denote the sequence of alanine replacing lysine in

mutant usfX.
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2.4 Cloning and over-expression

2.4.1 UsfX
The usfX gene was PCR amplified [Denaturation — 97°C (2 min), annealing —

59°C (1 min), extension — 72°C (1 min 30 sec), 35 cycles] from M. tuberculosis
genomic DNA using the primers described above using a GeneAmp PCR syvstem
2400 (Perkin Elmer). The PCR reaction product was electrophoresed in 1% agarose
gel and 0.438 Kb product was excised from the gel and purified using DNA gel band
extraction kit. The PCR product was digested with Ncol and and BamHI cloned into
T7 promoter based expression plasmid pET21d at the same sites. All the digestion
and ligation steps were carried out as per standard protocol (Sambrook et al.,
1989). The clones were screened by restriction digestion. The final confirmation was
done by DNA sequence analysis. Here onwards the protein has been named as
MtUsfX. The clone of usfX in pET21d was transformed into E. coli host cells
compatible for the T7-based expression plasmids. Single colonies were grown at 37°C
in 10 ml of LB and YT media contéining 100pg/ml ampicillin to an Agg of 0.4, 0.6
and greater than 1.0 induced with 0.3mM to ImM IPTG and grown for further 4-12
hrs. The level of induction was monitored using 12% SDS-PAGE (Laemmli, 1976).
Over-expression was achieved in C41(DE3) by inducing with 0.3mM of IPTG at an
Agoo of 0.8 and growing for 4hrs.

2.4.2 SigF

PCR amplification [Denaturation — 97°C (2 min), annealing — 55°C (1 min), extension
— 72°C (1 min 30 sec), 35 cycles] of sigF’ gene was performed from M. tuberculosis
genomic DNA using the respective primers. The PCR product was purified as
described above and was then digested with BamHI and HindIII and cloned into T5
promoter based expression plasmid pQE31. Screening of clones was done by
restriction digestion and finally confirmed by DNA sequence analysis. Here onwards
the protein has been named as MtSigF. The clone of sigF in pQE31 was transformed
into E. coli host cells compatible for the T5 and T7 promoter based exﬁression »
plasmids. Single colonies were grown at 37°C in 10 ml of LB and YT media
containing 100pg/ml ampicillin to an Agg of 0.4, 0.6 and greater than 1.0 induced
with 0.3mM to ImM IPTG and grown for further 4-12 hrs. The level of induction

was monitored using 12% SDS-PAGE. Over-expreséion was achieved in JM109 and
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C41 (DE3) by inducing with 0.5mM of IPTG at an Agy of greater than 1.0 and

growing for 8hrs.
2.4.3 RsfA

The rsfA gene was PCR amplified [Denaturation — 97°C (2 min), annealing —
59°C (1 min), extension — 72°C (1 min 30 sec), 35 cycles] from M. tuberculosis
genomic DNA using the primers described above using a GeneAmp PCR system
2400 (Perkin Elmer). The PCR reaction product was electrophoresed in 1% agarose
gel and 0.387 Kb product was excised from the gel and purified using DNA gel band -
extraction kit. The PCR product was digested with Ncol and and BamHI cloned into
T7 promoter based expression plasmid pET21d at the same sites. All the digestion
and ligation steps were carried oﬁt as per standard protocol (Sambrook et al.,
1989). The clones were screened by restriction digestion. The final confirmation was
done by DNA sequence analysis. Here onwards the protein has been named as
MtRsfA. The clone of rsf4 in pET21d was transformed into E. coli host cells
compatible for T7 promoter based expression plasmids. Single colonies were grown
at 37°C in 10 m] of LB and YT media containing 100pug/ml ampicillin to an Ago of
0.4, 0.6 and greater than 1.0 induced with 0.3mM to 1mM IPTG and grown for further
4-12 hrs. The level of induction was monitored using 12% SDS-PAGE. Over-
expreséion was achieved in E. coli Origami (DE3) using 2X YT medium was induced
in mid log phase (c;orrespbnding to an absorbance of 600nm of 0.6-0.7) by IPTG and
grown for further after 12hrs. The cultures were also suppleménted by Spg/ml

tetracycline and 50pg/ml kanamycin to maintain the Origami strain.

2.4.4 Co-expression construct of UsfX-SigF complex

usfX and sng are in a single operon in Mycobacterium tuberculosis and the stop
codon of usfX lies inside the ORF of sigF. A co-expression vector was constructed
where the two genes were cloned in a way as they are present in Mycobaciérium
tuberéulosis' genome. This facilitated the large scale purification of UsfX-SigF
complex for biochemical and biophysical studies. ' |
Following steps were involved in the construction of the vector:

Amplification of usfX gene: The usfX gene was PCR amplified from M. tuberculosis
genomic DNA as described in section 2.4.1 except for reverse primer carried a stop
codon immediately at end of usfX sequence. The amplified product was digested with.

BamHI and used for ligation.
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Cloning of sigF gene into pRSETB vector with n-terminal His tag: The sigF gene
was PCR amplified from M. tuberculosis genomic DNA and cloned into pRSETB by
the methodolbgy as described in section 2.4.2 with the difference that a different set
of primers was used (Section 2.3).

Fusion of ribosomal binding site of pRSETB with sigF gene: A forward primer was
designed for the PCR amplification of sigF" gene along with the ribosomal binding site
(rbs) of the vector. A BamHI restriction site was also introduced in the forward
primer. The reverse primer used introduced a stop codon immediately at the end of
sigF sequence. The PCR amplified fragment was digested with BamHI and used for
ligation. The product is named as SigFrbs.

Ligation of SigFrbs with usfX gene: The digested products of SigFrbs and usfX gene
were ligated at 16°C using 2% PEG8000 as a crowding agent in one of the reactions.
The ligation reaction products were electrophoresed in 1% agarose gel and 1.3kb
product was excised from the gel and purified using DNA gel band extraction kit .
The product was named as [US.

Cloning and expression: Using [US as template, a PCR amplification reaction
[Dénaturation — 97°C (2 min), annealing — 55°C (1 min), extension — 72°C (2
min 30 sec), 35 cyéles] was performed using forward primer of usfX and reverse
primer of sigF. The PCR amplified product was digested with restriction enzymes
Ncol and HindIII and cloned into same sites in pET 21d. The clone was confirmed by |
restriction digestion and DNA sequence énalysis. The clone has been named as pUS.
The constructed vector was transformed into E. coli host cells compatible for the T7-
based expression plasmids. Single colonies were grown at 37°C in 10 ml of LB and
YT media containing 100pg/ml ampicillin to an Aggo of 0.4 - 0.6 and with 0.3mM to
ImM isopropyl-1-thio-p-D-galactopyranoside, and grown for further 4-16 hrs. The
level of induction was monitored using 12% SDS-PAGE. Over-expression was
achieved in C41 (DE3) by inducing_ with 0.3mM of IPTG and growing for 8hrs. |

2.4.5 Mutant UsfX

A double mutant for the two lysine residues was generated by using the primers

given’in section 2.3. The mutations were introduced by modifying the residue specific
nucleotides in the oligonucleotides. A PCR based strategy was used for site-directed
mutagenesis in which the products of the first reaction acted as template as well as

primer for second reaction. A nucleotide change was introduced in the primer so as to
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change lysine to alanine. The conditions for the PCR amplification were as
Denaturation — 97°C (2 min), annealing — 59°C (1 min), extension — 7-20(?,, (li
min), 35 cycles. For AK9A change in the nucleotide sequence was introduced in ?the
forward primer and reverse primer used was as used for cloning. The 438bp PCR
product was electrophoresed in 1% agarose gel, excised from the gel and purified
using DNA gel band extraction kit. Purified fragment was used as template for the
introduction of K83A mutation. For AK83A mutation the change was introduced as
explained in the scheme above. The two PCR products were run on 1.5% agarose gel
and the fragments of 249bp and 156bp were excised from the gel, purified and used in
a mixture as template for amplification from the cloning primers.

The further steps for cloning and expression were thé same as explained in section

24.1.
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2.5 Purification

2.5.1 MtUsfX and its mutant

One-liter medium of YT containing 100pg/ml ampicillin were inoculated with 1%

inoculum and grown at 37°C until the Ao reached 0.8.The cultures were induced by
the addition of 0.3mM IPTG and grown for 4hrs. The cells were harvested by
centrifuging at 7000 rpm for 10 minutes, resuspended in buffer A (50mM Tris-Cl, pH
8.5, 50mM NaCl,10mM Imidazole), and lysed by sonication at 16 % output power, 50
% pulsar duty cycle with a pulse time of 8 min. The cell lysate was centrifuged at
14000 rpm for 20min at 4°C to remove the cell debris. The clear supernatant was
loaded on a Ni**-IDA column pre-equilibrated with Buffer A (50mM Tris-HCl pH
8.5, 50mM NaCl, 10mM Imidazole). The column was washed with 5 column volumes
of buffer A. The protein was eluted using a linear gradient of buffer B containing
500mM Imidazole. The protein eluted at 35-55% Imidazole (175-275 mM). Purity
was monitored by electrphoresing the samples on a 12% SDS-PAGE. Fractions with
less contamination were pooled and precipitated with 60% ammonium sulphate.
Precipitate was dissolved in minimum volume of gel filtration funning buffer (50mM
Tris-Cl, pH 8.5, 50mM NaCl, 5SmM EDTA, 2mM -mercaptoethanol).Trace
contaminants were removed by gel filtration on a Superdex S-75 HR10/300 column
on AKTA FPLC system. For protein to be utilized for ATPase assay slight
modification was made in the purification procedure. After elution from Ni**-IDA
columh the protein was concentrated in a 10kDa cut-off centricon and run on S-75
column in 50mM HEPES,pH 7.5 and 50mM KCl.

2.5.2 MtSigF

One-liter.medium of YT containing 100pg/ml ampicillin were inoc.ulated with 1%
inoculum and grown> at 37°C until the Aggo réached greater than 1.0. The cultures were
induéed by the addition of 0.3mM IPTG and grown for 8hrs. The cells were harvested
by centriﬁiging at 7000 rpm for 10 minutes, resuspended in buffer A (50mM Tris-Cl,
pH 8.5, 50mM NaCl,-10mM B-mercaptoethanol and 10mM Imidazole) and lysed by
sonication at 16 % output power, 50 % pulsar duty cycle with a pulse time of 12 min.
The cell lysate was centrifuged at 1>4000 rpm for 30min at 4°C to remove the cell
debris. The supernatant was loaded on a Ni*’-IDA column pre-equilibrated with
Buffer A (50mM Tris-HCI pH 8.5, SOmM NaCl, 10mM B-mercaptoethanol, 10mM

Imidazole). The column was washed with 5 column volumes of buffer A. The protein
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was eluted using a stepwise gradient of buffer A containing 50mM, 100mM, 150mM,
200mM and 300mM Imidazole. The protein eluted at 200mM Imidazole. Purity was
monitored by electrphoresing the samples on a 12% SDS-PAGE. Fractions with less
or no contamination were pooled and precipitated with 80% ammonium sulphate.
Precipitate was dissolved in minimum volume of gel-filtration running buffer (50mM
Tris-Cl, pH 8.5, 50mM NaCl, 5SmM EDTA, 10mM B-mercaptoethanol). Trace
contaminants were removed by gel filtration ona Superdex S-75 HR10/300 column

on AKTA FPLC system.
2.5.3 MtRsfA

One—liter medium of YT containing 100pg/ml ampicillin, Spug/ml tetracycline and
50pg/ml kanamycin were inoculated with a 1%inoculum and grown at 37°C until the
Agoo reached greater than 1.0.The cultures were induced by the addition of 0.5mM
isopropyl-1-thio-B-D-galactopyranoside and grown for 12hrs. The cells were
harvested by centrifuging at 7000 rpm for 10 minutes, resuspended in buffer A
(50mM Tris-Cl, pH 8.5, 50mM NaCl) and lysed by sonication at 16 % output power,
50 % pulsar duty cycle with a pulse time of 12 min. The cell lysate was centrifuged at
14000 rpm for 20min at 4°C to remove the cell debris. The supernatant was loaded on
a Ni**-IDA column pre-equilibrated with Buffer A (50mM Tris-HCl pH 8.5, 50mM
NaCl, 10mM Imidazole). The column was washed with 5 column volumes of buffer
A. Th_e protein was eluted using a stepwise gradient of buffer A containing 50mM,
100mM, »ISOmM, 200mM and‘ 300mM Imidazole. The protein eluted at 150mM
Imidazole. Purity was monitored by electrphoresing the samples on a 12% SDS-
PAGE. The pﬁriﬁed fractions were pooled and concentrated in a 30KDa centricon and
loaded into the gel filtration column Superdex-75 pre-equilibrated with SOmM Tris-
HCI pH 8.5, S0mM NaCl and 5mM EDTA.

2.5.4 UsfX-SigF complex

One-liter medium of YT containing 100pg/ml ampicillin were inoculated with a

1%inoculum and grown at 37°C until the Aggp reached 0.3-0.4.The cultures were
induced by the addition of 0.3mM IPTG and grown for 6hrs. The cells were Harvested
by centrifuging at 7000 rpm for 10 minutes, resuspended in buffer A (50mM Tris-Cl,
pH 8.5, SOmM NaCl, 10mM MgCl,, Imm ATP, 10mM Imidazole and 12%glycl'érol),
and lysed by sonication at 12 % output power, 50 % pulsar duty cycle with a puise
time of 8 min. The cell lysate was centrifuged at 14000 rpm for 20min at 4°C to
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remove the cell debris. The supernatant was loaded on a Ni**-IDA column pre-
equilibrated with Buffer A (50mM Tris-HCI pH 8.5, 50mM NaCl, 10mM MgCl,,
Imm ATP, 10mM Imidazole). The column was washed with 5 column volumes of
buffer A. The protein SigF complexed with UsfX was eluted using an increasing
gradient of Imidazole in buffer A in a batch wise manner. The proteins (US) eluted in
the range of about 200mM Imidazole. The eluted fractions of US compléx were
pooled and concentrated in a 30KDa centricon and loaded into the gel filtration
column Superdex-75 pre-equilibrated with SOmM Tris-HCI pH 8.5, 50mM NaCl,
10mM MgCl; and 1mM ATP. The purification of the complex could be achieved in
the absence of 10mM MgCl, and ImM ATP also.

Protein Estimation

Protein concentration was determined by the Bradford method (Bradford, 1976) using
BSA as a standard.

2.6 Pull-down binding assay

The pull-down assay is an in vitro method used to determine physical interaction
between two or more proteins. Pull-down assays are useful for both confirming the
existence of a protein:protein interaction predicted by other research techniques (e.g.,
co-immunoprecipitation, yeast two-hybrid and density gradient centrifugation) and as
an initial screening assay for identifying previously unknoWn protein:protein
intéractions. The minimal requirement for a pull-down assay is the availability of a
purified and tagged protein (the.bait) which will be used to capture and ‘pull-down’ a
protein-binding partner (the prey). The co-expression vector acted as a tool for pull-
down assay for UsfX-SigF interaction analysis. The presence of N-terminal 6x -
Histidine tag in MtSigF made it to act as a bait protein. The bacterial culture of pUS
transformed C41(DE3) was used for protein purification as described in section 2.4.4.
Control experiment of non-his t_agged MtUsfX purification was utilized to rule out
non-specific binding of MtUsfX to Ni**-IDA column. The presence of MtUsfX in the

complex was confirmed by nucleotide bihding-of the Usf'}(;SigF complex.
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2.7 in vitro protein-protein interaction analysis

The interaction analysis between MtUsfX and MtRsfA was performed by setting up in
vitro reactions between equimolar quantities of MtUsfX and MtRsfA in 50mM Tris-
HCI pH 8.5, 50mM NaCl. Two sets of reactions were set one containing SmM DTT
and one without DTT. The mixtures were incubated on ice for 2-3hrs.The formation

of complex was monitored by gel-filtration analysis of the reaction mixtures. -

2.8 Structural characterization

2.8.1 Size-exclusion chromatography (SEC)

Gel filtration experiments were carried out on a Superdex 75 HR 10/300 column

(manufacturer’s exclusion limit 70 kDa) with AKTA Fast Performance Liquid
Chromatography (GE Biosciences). The running buffers used during purification were
- the same as indicated in the purification protocols above. The column was
equilibrated and run with 50mM Tris-HCI pH 8.5, 50mM NaCl and 5nﬂM EDTA for |
all the molecular weight analysis experimehts, For molecular weight analysis 200 pl
(containing at least 0.4 mg protein) of the sample was loaded on the column and run
in buffer containing 50mM Tris-HCI, pH 8.5, 50mM NaCl and 5mM EDTA
maintained at 25°C at a flow rate of 0.3 ml/min and eluted protein was detected at 280
nm. The column was calibrated with various rﬁolecular weight standard markers like
Albumin (66kDa), Ovalbumin’ (43kDa), Chymotrypsinogen (23.5kDa) and
Ribonuclease (13.7kDa) (GE Bioséiences). The partition coefficient (Kay) was plotted
as a function of log MW of the standard proteins according to the equation

Kav = VerVo/ Vi Vo e)
_ wher¢ Ve is the elution volume of the protein, V, is the void volume of the column
and V. is the total column volume. _
Gel filtration chr.omatography was also used to monitor changes in MtRsfA és a result
of reaction with DTT. 0.5mg protein in 200ul buffer containing SOmM Tris-HCI
pH8.5 and 50mM NaCl and 10mM DTT were run in gél filtration column Superdex
75 under the conditions above.The control run was done in buffer without DTT. The
conformational -changes were detected in molecular Stokes radius. Molecular Stokes
radii (Rs) were estimated‘ from partition coefficient (Kav) by plotting a calibration
curve of known proteins albumin (35.5 A), ovalbumin(30.5A), chymotrypsinogenA
(209 A) and ribonucleaseA (16.4 A).To estimate the individual peak position
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accurately of native and reduced protein, a Gaussian deconvolution algorithm (Keneth
et al., 1995) was used, using software Origin version 5.0 (Origin lab).

2.8.2 MALDI-TOF

The protein solution of MtUsfX was ’characterised on a mass spectrophometer

MICRO-MASS QUATTRO II mass spectrometer (Micro mass, Altricem, United

Kingdom) to verify its precise molecular weight. The samples were precipitated
overnight with 10% trichloro-ethanol (TCA) on ice, washed twice with ice cold
acetone and pelleted by centrifuging at 14000rpm. The pellet was dried at room

temperature and dissolved in MilliQ water and subjected to mass analysis.

2.8.3 Densitometric analysis

Densitometric analysis was used as one of the tools to determine the stoichiometry in

protein-protein interaction analysis of MtUsfX with MtSigF and MtRsfA. Fractions

from the gel filteration column were anélyzed by SDS-PAGE and stained - with

Coomasie blue. The gels were then scanned and the intensity of the bands in the peak

fractions were quantiﬁedl. Since Coomassie blue staining is roughly proportional to .
the protein mass in the band, we compensated for the different molecular mass of
each protein by dividing the observed intensity by the molecular mass. Two

intensities were measured for each protein, and the average calculated. Finally, we

calculated the stoichiometry of ‘the complex by dividing the average intensity of
MtUsfX over MtSigF or MtRsfA. Densitometry analysis was done utilizing Image

QuantTL software (GE Biosciences). '

2.8.4 Tryptophan fluorescence

Identification of emission maxima of intrinsic tryptophan Sfluorescence:
Fluorescence spectra were recorded with a Perkin Elmer Life Sciences LS 50B
spectfoﬂuorimeter in a 5 mm path length quartz cell at 25°C. The spectra were
recorded at 25 °C with excitation at 285nm and fluorescence monitored from 300-
420nm. Typically the spectra were acquired for 0.5pM protein samples dissolved in
50mM Tris-HCI pH8.5 and 50mM NaCl with a scan speed of 200nm/sec, each spectra
representing an average of two accumulations. The reading for every sample was
taken in triplicates. | ‘

Solute acces&ibility studies: Solvent phase quenchers are often employed to
investigate the accessibility of fluorescent probes and to trace the micro-environments

around these probes. We used these studies to trace the micro-environment around

]
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tryptophan of MtUsfX. Further quenching studies were used to trace the changes in
solvent accessibilities as a result of nucleotide binding. Acrylamide was used as the
quencher for these studies. Fluorescence dynamic quenching of a fluorophore during
its excited-state lifetime occurs as a result of the random collision of quenching
ligand (Q) and the fluorophore (Bujalowski et al., 1994). The deactivation of the
_excited state in absence of a static component is described by equation (Stern et al.,
1919) '
Fo/F=1+ Ksv [Q] 3

where Fo and F are the fluorescence intensities in the absence and presence of the
quenching ligand at concentration [Q], Ksy is the Stern-Volmer quenching constant.
When plotted in this fashion, the data from a single fluorescent species produce a
straight line with a slope that is proportional to accessibility.

The efficiency of solute quenching (y) is defined as y = kq"/kq", where k,” and k" are
the bimolecular quenching rate constants for the free and bound fluorophores
respectively, (in our case tryptophan residues in MtUsfX protein and free tryptophan
in solution). If the effect of two different quenching ligands (Q1 and Q2) is studied,
the ratio of two different quenching efficiencies for Q1 and Q2 in terms of their Stern-
Volmer constants can be défined as (Bujalowski et al., 1994, George et al., 1991)

T/ 12 = (Ki%K2") / (K2 7Kz 4)

The ratio y)/ y, reflects the relative accessibilities of the tryptophan to Q), as
compared to Q, which can be a consequence of steric hindrances and/or interactions
of quencher with fluorophore surroundings (Bujalowski et al., 1994). Acrylamide was
used as the reference quencher to which thé quenching efficiency of I' was compared.
For studying the UsfX-SigF interaction studies were performed with 1uM MtUsfX by
increasing the molar ratio from a 100uM MtSigF solution from 0-2.5 with an
increrﬁgnt of 0.25 uM in each reaction

2.8.5 Circular Dichroism Measurements v

CD measurements were made with a Jasco J 810 spectropolarimete_r calibrated with
ammoniuin (+)-10-camphorsulfonate. The spectra were calculated from 1 pM protein.
samples dissolved in a 20mM Tris-Hcl pH8.5 and 30mM NaCl buffer. Typical spectra
were recorded from 190 to 250 nm for far UV at a scan speed of 10nm per min., with
each spectrum representing an average of 3 accumulations. Each spectrum was an

average of two scans. During acquisition the samples were maintained at a regulated
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temperature (25-30°C). The results were expfessed as molar ellitipicity, [0], or the
residue ellipticity, [0]mrw , are calculated from the measured 6 (in degrees)

[6] =6 * 100 * Mr/c * 1 )

[0lmrw =6 * 100 * Mr/c * 1 * Na (6)
where 0 is the measured ellipticity in degrees, ¢ is the protein concentration in mg/ml,
1 is the pathlength in cm, and Mr and MRW are the protein molecuar weight and
mean residue weight,respectively. No is the number of amino acids per protein.
[0lmrw has units degrees * cm® * dmol” .The values obtained were normalized by
subtracting the baseline recorded for the buffer.
Thermal stability analysis: The thermal denturation experiments with the individual
proteins and fhe complexes were performed in the above said spectropolarimeter with
the temperature maintained with the help of PFD-425S Peltier temperature controller
in the instrument. The samples were scanned from 25-100 °C with the ellipticity
values at 222nm automatically recorded at 2 °C intervals. The folded fraction of

protein at-any temperature was determined as follows:

([61°"-[6]*")/([6]™-[6]"") (7

den

[6]°* denotes the ellipticities at any temperature, [6]°" at highest temperature, [6]"™ at

lowest temperature, respectively.
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2.9 Fluorescence based nucleotide binding assay

The quenching of intrinsic tryptophan fluorescence as a consequence of ligand
binding has been used as p’relude to quantify the extent of ligand binding to protein.
The extent to which nucleotides bind MtUsfX was determined by monitoring the
fluorescence emission of a fixed concentration of protein and either titrating or pre-
incubating with the given nucleotide concentration. We preferred the pre-incubation
method to avoid the dilution caculations. Fluorescence spectra were recorded with
excitation performed at a wavelength of 290nm and the emission values were taken
those at 349nm. Background emission was eliminated by subtracting the signal from
either buffer alone or bufer containing the appropriate quantity of substrate (Picard-
Jean et al., 2007). The binding can be described by eqn (8),
Kq = ([P]IN])/[P.N] ®)

Where Ky is the apparent dissociation constant, [P] is the concentration of the
protein, [P.N] is the concentration of the complexed protein and [N] is the
concentration of unbound nucleotide.

The proportion of nucleotide-bound protein as described by eqn (8) is related to the
measured fluorescence emission intensity by eqn (9),

AF/ AFmax = [P.N}/[P]t C)

Where AF is the magnitude of the difference between the observed fluoresence
intensity at a given concentration of nucleotide and the fluorescence intensity in the
absence of nucleotide, AFmax is the difference at infinite [Nucleotide], [P] is the total
protein concentration.

If the total hucleotide concentration, [N] ¢ , is in large molar excess relative to [Plor,
then it can be assumed that [Nucleotide] is approximately equal[Nucleotide] tor .
Equations (8) and (9) can be combined to give eqn (10),

- AF/AFmax=[Nucleotide};o/(K4 +[ Nucleotide]i: ) (10)

The K4 values were determined from non-linear leaét-squares regression analysis
of titration data by eqn (iO). ‘ '

The stoichiometry of binding was established from a linear version of the Hill
equation, | |

log(AF/AFmax—AF)= nglog[Nucleotide]-logK’ an
where nH.(Hill Constant) is the order of the binding reaction with respect to ligand

concentration and K’is the concentration of nucleotide that yields 50% of AFmax.
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Correction for inner filter effect: Correction for apparent decrease in fluorescence of
MtUst due to inner-filter effect of absorption of incident light by nucleotide was
corrected by equation

Foorr = Fo/ 100 (12)
where N is nucleotide concentration and m is a constant determined for ratios of at

saturated nucleotide concentrations([at least 10 fold dissociation constant)].
2.9.1 Effect of salts on binding affinity

The dependence of nucleotide binding on ionic strength was examined for the case of
ATP. All ATP binding experiments were carried out in 50mM Tris-HCI1 pH8.5 at 25
°C by studying the effect on binding of ImM ATP with the appropriate amount of
KC1 added to generate the ionic strength of buffer to S00mM. The resuits were
plotted as increase in %AF as a function of ionic strength 1. The control experiments

were done by titrating the protein with KCl alone.

2.9.2 Role of divalent ions in binding

The role of divalent ion MgCl, in the binding of ATP to MtUsfX was monitored by

observing the enhanced quenching of tryptophan fluorescence by a fixed

concentration of ATP in presence of increasing concentration of MgCl, In order to

determine the role of MgCl in ATP binding, the enzyme in presence of ImM ATP in
50mM Tris-HCI pH8.5 was treated with an increasing concentration of MgCl, from 0-

30mM.The monovalent ionic strength of the medium was held at 0.050 M by adding

the appropriate quantity of KC1. The results were plotted as increase in %AF as a
funcfion of increasing concentratidn of MgCl,. MgCl, alone also produced decrease in

fluorescence intensity so standard column graph was plotted in which fluorescence

change in presence of ATP alone, MgCl, alone and in presence of both ATP and

MgCl, was plotted. ’ |

2.10 NTPase activity assay

Purified MtUsfX was assay::d for nucleotide hydrolysis activity (ATPase/GTPase) by
analysing the the release of [**P]Pi from '['y-nP]NTP (Yamanaka et al., 2000). 0.5 ug
protein from gel filteration peak fraction was assayed in reaction mixtures (15ul)
consisting of 1uCi [y->*P]NTP, in 50mM HEPES-KCI buffer pH7.4 and 10mM MgCl,’
at 37°C for varying time. The reaction was terminated by addition of 0.75 M
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NaH,;PO4 (pH 3.65). Portions of the terminated reaction mixture (1pl) were spotted
onto a silica gel thin-layer chromatography plate, which was developed in 1M LiCl
and 0.35 M NaH,PO4 (pH 3.65). The plate was autoradiographed to identify
hydrolyzed products. In this solvent unhydrolysed ATP appears as a retarded spot
towards the base of the plate and released [°P]Pi as fast moving upper spot. The
intensity of the spots was calculated was measuring the densities of the spots.
Densitometry analysis was done utilizing Image QuantTL software (GE Biosciences).
The activity was expressed as % activity (%oATP or GTP hydrolysed). Briefly, the
density of both unhydrolysed and hydrolysed spots was estimated and % activity was
calculated as % hydrolysed of the total intensity of two spots.
% Activity = (Ip;/ Itom)*100 (13)

where Ip; is the intensity of the inorganic phosphate band (fast moving band on TLC)
and Iro is the total intensity i.e, unhydrolyzed ATP and and the released inorganic

phosphate.
2.10.1 Substrate specificity analysis

To determine the substrate specificity of MtUsfX competition experiments were
carried out with unlabelled ATP and GTP at concentrations ranging from 20-100uM.
Reaction mixtures (15ul) containing 50 mM HEPES-KCI buffer pH7.4 and 10mM
MgCly and 1pCi [y-P]NTP were incubated for 45 min at 37°C. Concentrations of
unlabelled nucleotides ranging from 20-100uM were added into the reaction mixture.
Competition experiments were also performed with ATPyS, a slowly hydrolyzing
analog of ATP to observe the effects in presence of a competiﬁve ahalog. The results
were plotted as retained % ?ctivity in presenée of respective competitor/analog.

2.10.2 Effect of salts

Reaction mlxtures (15ul) containing 50 mM HEPES buffer pH7 4 and 10 mM MgCl,
and 1pCi [y-*PINTP were mcubated for 45 min at 37°C at NaCl and KCI

concentration ranging from 0 to 400 mM. Extent of hydrolysis was plotted as %

activity as a function of salt concentration.

2.10.3 Role of divalent ions

For divalent cations, reaction mixtures (15 ul) containing 50mM HEPES-KCI buffer

pH7.4, 1pCi [y-”P]NTP‘ and 10 mM div’alent‘cationvs each of CaCl,, CoCl,, MgCla, |
MnCl,, NiClp, SrCl, and ZnCl, were incubated for 45 min at 37°C. Extent of

hydrolysis was plotted as % activity as a function individual cation.
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2.11 Crystallization

2.11.1 Preparation

The presence of extraneous substances during setting up of crystallization may act as
initial nuclei for crystal formation. Control of excessive nucleation by filtration and
general cleanliness has been shown to be conducive to the formation of better crystals
(Chayan et al., 1993, Blow et al., 1994). All buffers, crystallization feagents, solutions
were filtered through 0.22um filters. Protein solutions were centrifuged at 10,000g for
5 min to settle extraneous debris prior to setting up drops. Microscopic cover slips
used in vapour diffusion method needed special cleaning treatments. These cover slips
were thoroughly washed with cleaning solutién, rinsed with MilliQ, dried and then

coated with dilute siliconizing solution.

2.11.2 Crystallization trials

Preliminary cfystallization trials of MtUsfX, MtSigF, MtRsfA, UsfX-SigF complex
and UsfX-RsfA complex were performed using hanging drop vapor diffusion method
in a “Sparse rhatrix” (Jancarik and Kim, 1991), “Crystal screen 2 (Jancarik and Kim.,
1991; Cudney et al., 199;:) and “Mixed precipitant SCI‘CCI?I%” (Mazeed et al., 2003).
The basis for utilizing sparse matrix and “Crystal screen 2” is tl:at each methodology
evaluates ~ 50 unique combinations of pH, salts and precipitants which cover a
diverse fange of chemical entities. “Mixed precipitant screens” contaih_s a
combination of sixty-foﬁr precipitant mixtures the individual components having
mechanistically distinct properties. The “Mixed precipitant screens” was used at a 1:1
dilution initiaily. For crystallization of protein-protein complexes in addition to the
above screening methods those described by S.ergei were utilized (Sergei 2002, Sergei
et-alf, 2006). iBoth thesge methods involve.using an enlarged' screen around those
crystallizing ‘agents which have been reported for protein-protein complexes in
Protein Data Bank. Initial crystallization trials for all the forms were set up by mixing
2 pl of 2-12 mg/ml protein in 50 mM Tris-HCI, pH 8.5, 50 mM NaCl and 2 mM
EDTA with an equal volume of reservoir solution at different temperatures rahging
from 4°C_to 25°C. For crystallization of MtSigF the buffer contained 5SmM DTT to
prevent protein aggregation. For crystallization of UsfX-SigF complex the buffer was
supplemented with 10mM MgCl, and ImM ATP. Crystallization attempts using

sitting drop method was also employed in later stages to screen for initial conditions.

! _ ' - N
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2.11.3 Exploration of leads for MtUsfX

No leads in crystallization trials of MtSigF, MtRsfA, UsfX-SigF complex and UsfX-
RsfA were observed for further exploration. Following crystal leads were obtained in
case of MtUsfX in “Mixed precipitant screens”:

A. 4M NaCl, 5% Isopropanol — pH 7.5

B. 2M Na Formate, 2.5% PEG 3350 and 15% ISopropanol —pH 8.5

C. IM LSOy, 15% MPD and 0.1M MgSO,4 — pH 4.5

Crystal leads obtained from condition “A” were very small crystallites too tiny to be
used for diffraction so further optimization. became essential. Optimizations were
performed by screening the constituent concentrations over a wide range, Varying the
overall pH and temperatures. Nucleotide co-factors and combination of nucleotide
and Mg”* were also added into the crystallization solutions.

Various inorganic and organic additives were used in an attempt to improve
crystalline conditions. Additives were used in range-from 5 to 10mM concentration in

a whole range of pH.

2.11.4 Seeding techniques for MtUsfX

Seeding techniques can be classified into two categories based on the size of the
seeds: |

. Microseeding—transfer of submicroscopic seeds, too small to be distinguished
individually. &
» Macroseeding—transfer of a single crystal, usually 5-50 um.

Microseeding (Thaller ez al., 1981, 1985) was used to improve the crystallizing .
conditions of MtUsfX as the crystals obtained in the above conditions were too small
for the macro-seeding te;:hnique.'For the microseeding experiments, a complete drop
of MtUsfX in all the above three deééribed conditions were crushed with the help of
capiilary jets and transferred td a microcentrifuge tube and mixed in 50 pl well
solution, centrifuged at 6600g for 5 min to exclude large nuclei, precipitate etc. Serial
dilutions of the seeds were prepared upto a factor of 107 and crystallization trials at
all dilutions were performed by p-ipetting the seed solution into crystallization drop.
Streak seeding was also perfoi’med with the help of a rabbit whisker. In this method’
usually a plucker (an animal whisker or a seeding wand) is used, which is touched or

stroked over the surface of the parent crystal to dislodge and trap the nuclei. The

whisker is then drawn through the new drop, depositing the seeds in a streak line.
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2.12 In silico structural analysis

2.12.1 Molecular modeling and energy minimization

Models for MtUsfX, MtS.igF and MtRsfA were generated using t’he PHYRE (Protein
Homology/analogy Recognition Engine) server at
http://www.sbg.bio.ac.uk/~phyre/index.cgi. Subsequently, the DISCOVER program
implemented in the InsightIl (M/s Accelrys Inc.) program was used for the refinement
of the raw models. The DISCOVER program performs functions like energy
minimization, template forcing, torsion forcing and calculates properties such as
integration energies and mean square deviations. Accordingly this can be used for
energy refining a model-built structure, evaluate the conformations available to a
model and also evaluate configurations or chemical pertufbations of a system.
Discover employs the steepest descent, conjugate gradients and Newton-Raphson
algorithms. Energy minimizations were run initially using steepest gradient and then

with conjugate gradient.

2.12.2 Protein-protein interaction analysis

The models of the protein-protein complexes were generated by superposing the
individual models With the known structural homologs. This was done utilizing the
BIOPOLYMER module of Insightll. The model for UsfX-SigF complex was
developed by superposing the individual models of MtUsfX and MtSigF by structural
superimposition of Sequgnce Conserved Regions (SCRs) with the structural homolog
from Bacillus stearothermophilus (PDB ID:1L00O). The model coordinates were
merged after the alignment and used as the raw model for refinement and energy
minimization as before. Steric clashes were removed by visualization and adjustment
using InsightIl and minimized further. Similarly the model for UsfX-RsfA complex |
was developed by using the structural homoiog from Bacillus subtilis (PDB
ID:1THS8). The final models were refined by minimizing with both steepest decent

and conjugate gradient algorithms.

2.12.3 Nucleotide:docking

Active site/binding site J;dentiﬁcation of MtUsfX was carried out by a superposition of the
B. stearothermophilus SpoIIAB-SigF complex structure (PDB:]LOO)' with the movdel of
MtU'st. Docking experiments were carried out with ATP as well as other three
nucleotides GTP,CTP and TTP for in silico analysis of the active site using AutoDock
v 3.0.5 (Morris et al., 1998). AutoDock provideS an automated procedure for pre_:dicﬁng
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the interaction of ligands with biomacromolecular targets. Docking procedure can be

divided into five steps:

1.  Macromolecule/Target Preparation
2.  Ligand Preparation

3.  Generating Grid Maps

4.  Running Autodock

5.  Analyzing Results

Macromolecule preparation involves removal of all non-protein atoms and addition
of all / polar hydrogens. This is followed by addition of Kollman united atom charges
and solvation parameters defined for each residue in Addsol. The model of MtUsfX
that had refined by energy minimization was chosen as the target molecule for
docking analysis.

Ligand preparation involves addition of all hydrogehs followed by Gasteiger charge
calculation. Non-polar hydrogens and their corresponding charges are merged with
the parent heavy atom. Rotatable bonds in the ligand are identified with Autotors and
appropriate records are written to an output file. All the nucleotide ligands were
sketched and converted to 3D and optimized in Builder module of Insightil.
Optimized ligands were converted into respective pdbs. Prior to docking studies, the
ligands translation, rotation and internal torsions were assigned.

Grid map consists of a three dimensional lattice of regularly spaced points,
surrounding and centered on some region of interest. The analysis was done by setting
central grid point around T;g'plO6, a residue identified by fluorescence spectros;opy
experiments to be in the active site vicinity. The number of points set in the x, y and z
dimensions were as 76*76*76 centered on Trp106 with 04 A spacing making a total of
456533 grid points because AutoDock adds_one point in each dimension as the central
grid point. These parameters covéred an aréa of about 70 percent of the targst
molecule. | , |

Running Autodock is finally accomplished with help of docking parameter file which
defines the map files to be used,- the ligand molecule to move, what its center and
number of torsions are, where to start the ligand, which docking algorithm to use and
how many runs to do. Four different dockiﬁg algorithms are currently available in
AutoDock: SA, the original Monte Carlo simulated annealing; GA, a traditional
Darwinian genetic algorithm; LS, local search; and GALS, which is a hybrid genetic

algorithm. with local search. The GALS is also known as a Larmarckian genetic
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algorithm, or LGA, because children are allowed to inherit the local search adaptations of
their parents. Each search method has its own set of parameters, and these must be set
before running the docking experiment itself. These parameters include what kind of
random number generator to use, step sizes, efc. The most important parameters affect
how long each docking will run. In simulated annealing, the number of temperature
cycles, the number of accepted moves and the number of rejected moves determine how
long a docking will take. In the GA and GALS, the number of energy evaluations and the
number of generations affect how long a docking will run. In our docking run we used
Larmarckian genetic algorithm with 100 runs.

Evaluation of the docked structures found at the end of each run can be done from the
energies of these docked structures and their similarities to each other. The similarity of
docked structures is measured by computing the root-mean-square—deviatiori, .rmsd,
between the coordinates of the atoms. UsfX-nucleotide docked complexes were evaluated

for their energies using the scoring function implemented in the program. |

2.12.4 Molecular Dynamics simulations

MD  simulations were used to analyze the UsfX-RsfA interaction for the
conformational changes that may have occurred as a result of complex formation.Two
types of UsfX-RsfA models were taken as the starting material for performing
simulations, one in which the Cys73-Cy§_109 disulfide bond was intact and the other
in which the said bond was 'broken. MD simulations for both the models were
performed using the Discover module in the Insightll program. The simulations were
performed within a sphere of 10 A radius with the protein complex solvated with
water molecules. The pH was, set in the calculations to 8.5 using the appropriate
option in the program. This reflects the pH of the buffer in which the experiments
were performed. All atoms were .considered explicitly and their interactions were
computed using the CVFF force field. The time step in MD simulation was 1fs and
frames were record after each 100fs. All simulations began with 1000 iterations of SD
energy minimization. MD simulations were performed at 300K for 200ps with the
first 25ps taken as equilibration phase and trajectories of this time period were not
used for final calculations. A computer cluster consisting of SGI ORIGIN350 servers

and SGI OCTANES were used for the computational analysis.

52



CHAPTER 3

CLONING, PURIFICATION

- &

CHARACTERIZATION OF
MtUsfX(Rv3287c¢)



Ghaprer3 Characterization o MIUSIX

3.1 Introduction

Technological advances in sequencing techniques have enabled the sequencing of a
large number of whole genomes while concomitant advances in the field of
bioinformatics are helping us in understanding and utilizing this plethora of
information. Characterization of a new protein, amongst other things, involves
identifying its relation with its homologs from other sources. Biochemical and
biophysical characterization of a‘ protein requires the isolation of highly purified
protein in large amounts. Recombinant DNA technology has helped in the
development of a number of cloning and expression systems for obtaining good
quality and quantity of proteins for structural studies. In this chapter the analysis of
the gene sequence of  wsfX (Rv3287c) is discussed in the first section. The
methodologies employed for cloning the usfX gene and for purification of the MtUsfX
protein are discussed. Various structural properties and the nucleotide

binding/hydrolysis properties of the protein properties have been detailed

3.2 Results and discussion

3.2.1 Sequence alignment studies and phylogenetic analysis

The Tuberculist (http://genolist.pasteur.fr/Tuberculist/) (Cole.et al., 1998) database
annotates Rv3287c as rsbW because of its homology tc; the anti-sigma factor
Regulator of SigB W of Bacillus subtilis. In later reports it was renamed as UsfX .
(Upstream of SigF) because of the firm identification of the Rv3287¢ gene as being
exactly upstream of SigF with the initiation codon of MtSigF 5tarting within MtUsfX
(DeMaio et al., 1997). Protein sequence homology searches of the MtUsfX using‘
BLASTP against the available protein databases yielded hits with a value worse than
the threshold. Positién specific iterated BLAST (PSI-BLAST) against the Protein
Data Bank (PDB) and other data bases also gave worse than threshold value results.
PSI-BLAST against the non-redundant protein sequences (nr) database showed
homologies with COG 2172 (Anti-sigma regulatory factor, Serine/Threonine Protein
Kinase), cd00075 (Histidine kinase-like ATPases), PRK 03660 (anti-sigma F factor)

of Conserved Domain Database and similar clusters (Marchler-Bauer A et al., 2007).
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The protein database of Clusters of Orthologous Groui)s' (COGs) phylogenetically
classifies proteins on the basis of the orthologous relations between them. Orthologs
can be defined as the evolutionary counterparts that are related by vertical descent i.e.,
they have a common ancestor; consequently they retain the same function in the
course of evolution. COG2172 contains the cluster of anti-sigma regulatory
factors/Serine-threonine protein kinases. Overall there is a very low global sequence
homology among the members from diverse backgrounds (Fig 3.1A). However,
within mycobacteria the UsfX sequences are rather well conserved with homology of
up to 83 % for the respective proteins (Fig 3.1B). This suggests that MtUsfX is an
anti-sigma factor with a common ancestral origin with even the sequence
characteristics conserved within the mycobacteria family. Cd00075 of the Conserved
Domain Database contains histidine kinase-like ATPases whose main features consist
of ATP and Mg?®* binding sites. MtUsfX can be expected to possess such properties
because anti-sigma factors are known to regulate/alternate their binding with sigma
factors and anti-anti sigma factors by phosphorylation of their cognate anti-anti sigma
factors.

The phylogehetic analysis provides an insight into the evolution of mycobacterial
anti-sigma factors sharing a common ancestor with other anti-sigma factors, but
having diverged as. a séparate group (Fig 3.2). Also clustering of MtUsfX in
COG2172 points tovz;ards its orthologous behavior. Overall the sequence analysis
suggests thaf the mycobacterial anti-sigma factors (taking MtUsfX as a representative
because of high sequence homology) while maintaining their primary functions might
have evolved novel modes of regulating the role of their interacting partners in

transcription regulation. -
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Fig 3.1: Multlple sequence allgnment of MtUst _ ‘

A.With members of COG2172: BhSgBR: Bacillus halodurans Regulator of SigB
activity, CpHK:Chlamydophila; pneumqmae ‘Sigma regulatory factor-histidine kinase,
DrSgBR:Deinococcus: -adiodurans : SigmaB: . regulator-.RsbT, -DrHK:Deinococcus
radiodurans Sensor histidine "Kinase/response “regulator, TmSgBR: Thermotoga
maritima SlgmaB regulator, LiRsbT: Listeria innocua SigmaB regulator.B. With
anti-sigma ' factors from mycobacteria: MDbRsbW: Mycobacterium bovis,
‘MmRsbW: Mycobacterzum marinum, . MuRsbW:. Mycobacterium ulcerans,
MsRsbW: Mycobacterium smegmatis. '
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Fig 3.2: Phylogenetic analysis of Sigma-factor regulatory proteins.

The mycobacteria anti-sigma factors cluster as separate group. BH/STPK (Bacillus halodurans:
Switch protein/serine-threonine kinase), CP/SrfHK (Chlamydophila pneumoniae: Sigma regulatory
factor-histidine kinase), BH/SPKrsbW (Bacillus halodurans: serine-protein kinase RsbW, BH/ASF
(Bacillus halodurans: anti-sigma F factor), BS/SPKrsbT (Bacillus subtilis: Anti-sigma-B factor rsbT),
BS/SPKrsbW - (Bacillus subtilis: Serine-protein kinase rsbW/Anti-sigma-B factor), BS/SpoAB
(Bacillus subtilis: Anti-sigma F factor /Stage II sporulation protein AB), CA/ASF (Clostridium
acetobutylicum: anti-sigma F factor ),CT/SRFHK (Chlamydia trachomatis: sigma regulatory factor-
histidine kinase), DR/SBRrsbT (Deinococcus radiodurans: sigma-B regulator RsbT, DR/SnHK
(Deinococcus radiodurans; Sensor histidine kinase/response regulator), MT/Rv1364c (Mycobacterium
tuberculosis: Uncharacterized protein Rv1364c/MT1410), SA/SPKrsbW (Staphylococcus aureus:
Serine-protein kinase RsbW),TM/SigBREG (Thermotoga maritime: Sigma-B regulator, putative),
Nsps/ASF (Nostoc sp: Anti-sigma B factor), Nsps/SBR' (Nostoc sp: Sigma-B activity negative
regulator), LI/rsbT rsbT (Listeria innocua: Regulator of SigB),LI/SPKrsbW .(Listeria innocua:
Serine-protein kinase RsbW), MT/UsfX (Mycobacterium tuberculosis: UsfX), BT/rsbW (Bacillus
stearothermophilus: Anti-sigma factor F), BS/rsbW (Bacillus subtilis: Anti-sigma factor), AA/AS
(Aquifex aeolicus : Anti-sigma factor), MB/rsbW (Mycobacterium bovis: rsbW), MM/rsbW
(Mycobacterium marinum: rsbW), MU/rsbW (Mycobacterium ulcerans: rsbW), MS/rsbW
{Mycobacterium smegmatis: rsbW) :

56



%Zapmc? ' %%metwywtwn gMtUsfX

3.2.2 Cloning, over expression, purification and structural properties

3.2.2.1 Cloning, over ex _pressxon and purification

The 438bp usfX gene was PCR amplified from M. tuberculosis genomic DNA and
cloned into the T7-based expression plasmid pET21d (Novagen) at Ncol and BamHI
to acquire a C-terminal 6x Histidine tag. The clones were confirmed through
restriction digestion (Fig 3.3A) and the integrity of clone was confirmed by
sequencing. _

The expression plasmids harboring the gene for MtUsfX were introduced into E. coli host
strains like BL21 (DE3) and C41(DE3) that contain T7 RNA polymerase gene under the
control of lacUV5 promoter. MtUsfX expressed both in BL21 (DE3) and C41(DE3)
and the conditions for growth were optimized at 37 °C by adding 0.3mM isopropyl-1-
thio-B-D-galactopyranoside (IPTG) to an ODggp of ~0.6 and growing for further three
hours. ODggo of ~0.6 or greater than that was the critical factor for growth as host cells
at lower than this OD were intolerant to expression of protein. The protein was
soluble in a broad pH as well as salt concentration range but highest percentage about
60-70% soluble protein was observed in 50mM Tris-Cl, pH 8.5, 50mM NaCl. Soluble
protein could be obtained only by growing in C41(DE3) and utilizing 2X YT medium.
The protein could be identified as a band of ~22kDa on 12%SDS-PAGE. This was
approximately 8kDa greater than the calculated mass 15.5kDa+0.8kDa tags. There
was no band corresponding either to C41(DE3) alone or C41(DE3) transformed with
pET21d without the msert when induced with IPTG. ' |
The C-terminal Hls-tagged protem was purified from a N1 *.IDA column (GE
Biosciences). The column was equilibrated with buffer containing 50mM Tris-Cl, pH
8.5, 50mM NaCl and 10mM Imidazole (Buffer A). The protein waé eluted using a
linear gradient of buffer B. (Buffer A containing 500mM Imidazole). The protein
eluted at 35-55% Imidazole in buffer B. The protein was highly pure with minor trace
_contaminénts as observed on the SDS-PAGE (Fig 3.3B). The final purification step
was ﬁerformed by precipitating the protein with 60% ammonium sulphate. The
precipitate was dissolved in minimum volume of gel filtration running buffer.(SOmM '
Tris-Cl, pH8.5, 50mM I\lfaCl and 5SmM EDTA). Trace contaminants were removed by
gel filtration utilizing Superdex-75 size exclusion column mounted in an AKTA-

FPLC system (GE Biosciences). .
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Fig 3.3: Cloning and purification of M. tuberculosis UsfX in pET21d.
(A). Cloning: Lanel: Ncol and HindIIl digested pET21d, Lane2:440bp usfX PCR
amplified fragment digested with same enzymes, Lane3: Restriction digestion of usfX
clone in pET21d, Lane 4:1 Kilobase DNA marker.

(B). Purification: Lanel:Load, Lane2: Flowthrough, Lane3:Washl, Lane4:Wash2,
Lanes5,6 and 7: Purified fractions From Ni2+-IDA column, Lane8:Low Molecular
Weight Protein Marker.
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3.2.2.2 Molecular weight determination and oligomeric association
The soluble MtUsfX when electrophoresed on SDS-PAGE showed a retardation of

about 8 kDa in the mobility giving a molecular mass higher than that of calculated
from the amino acid sequence of the protein. The actual mass of the protein was
determined by MALDI-TOF analysis and came out to be 15.05+0.5kDa which is in
accordance with the expected mass (Fig 3.4A). The retardation of the protein in SDS-
PAGE analysis may be because of interactions of MtUsfX with nucleotides as
phosphorylated proteins have been found to show retardation in SDS-PAGE run
(Sung-Jin et al., 1997).

Size exclusion chromatography was used to probe the oligomeric nature of MtUsfX.
Every protein shows a characteristic elution pattern in a gel filtration column
depending upon the molecular mass and hydrodynamic radius of the protein.
Superdex-75 column was calibrated with proteins of known molecular weight and the
estimations were made from K,, (partition coefficient) which was plotted as a
function of logMW. The protein eluted at a volume of 10.9 ml (Fig 3.4B) in the size
exclusion column which corresponds to a molecular weight of about 33 kDa. From
the molecular mass of MtUsfX (15.5kDa) we conclude that MtUsfX exists as a dimer
in solution. The quaternary association was found to be quite robust in gel-filtration
experiments as the dimer was found to be stable even upto 0.7M salt concentration.
Chemical cross-linking was also utilized to study the oligomerization pattern of
MtUsfX. Analysis of the chemical cross-linking reactions by bifunctional cross-
linking agent glutaraldehyde using SDS-PAGE revealed two bands. The lower band
corresponds to the monomer of MtUsfX. The upper band corresponds to a molecular
weight of approximately 44kDa which corresponds to dimeric MtUsfX considering
that the monomer runs at about 23kDa (Fig 3.4C). The dimeric band is weak in
intensity and apparently results from the cross-linking reaction not being complete
under conditions of the experiment.

Conclusively, MtUsfX is a dimeric protein in solution with the monomer subunit
molecular weight of about 15.5kDa and the subunit interactions stabilized mostly by

hydrophobic interactions as deduced from its resistance to high salt levels.
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Fig 3.4: Molecular weight determination and oligomeric association
of MtUsfX.

(A) MALDI-TOF analysis of purified MtUsfX. The result is near to the expected
molecular weight of 15.5kDa.

(B) Size-exclusion chromatogram.The elution volume points towards a molecular
weight of ~ 33kDa.

(C) SDS-PAGE analysis of chemical cross-linking reactions. Lane 1: Uncrosslinked
protein, Lanes 2 and 3: Cross-linked protein.
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3.2.2.3 Intrinsic tryptophan fluorescence

i .
Steady-state tryptophan fluorescence has been extensively used to obtain

information on the structural and dynamic properties of proteins as the spectral.
parameters of fluorescence emission such as position, shape (spectral bandwidth) and
inteﬁsity are dependent on the electronic and dynamic properties of the chromophore
environment. The nature of the microenvironment around tryptophan residues in a
protein can be assessed from their fluorescence emission spectra (Bujalowski et al.,
1994). The spectrum of MtUsfX is characterized by a fluorescence maximum at
~349nm (Fig.3.5A). The observed Amax at 349nm in the case of MtUsfX suggests that
Trp106 (the only Trp residue in the protein) exists in a partly shielded environment
away from the solvent. The shielded nature of the residue was further verified by
guanidium hydrochloride denaturation éxperiments involving MtUsfX. At ~2.5M |
concentration of the denaturant, MtUsfX gives an emission maxima at 353nm which
 points towards solvent exposure of the tryptophan (Fig.3.5B) on partial denaturation
of the protein. |
Measurement of the accessibility towards fluorescence quenchers also gives an idea
about the location of the tryptophan molecules in the protein. Solvent accessibility
was determined by measuring the quenching of fluorescence produced by the solvent
phase quencher acrylamide (Section 2.8.4; Eqn. 3). The Stern-Volmer plots (Stern et
al., 1919) for fluorescence quenching of MtUsfX and free tryptophan are shown in
Fig.3.5C. The obtained quenching constants are 17.3 M and 11.3 M™! for tryptophan
and MtUsfX, respectively. Although Ksv for MtUsfX quenching with acrylamide is
lower compared to that observed for free trypfophan_, it differs by a factor of only ~ |
1.5. This supports that Trp106 in MtUsfX isb parfially shielded from the environment.
Additional information about the nature of the location and microenvironment of"
tryptophan residue in a protein can be obtained by studying the quenching of protein
fluorescence by ionic quenchers. Tonic quenchers provide information about the
polarity of the environment surrounding the tryptophans in proteins. We chose
potassium iodide as the ionic quencher to probevthe polarity of the environment
utilizing the fact that both acrylamide and I" have the same high quenching efficiency
of indol fluorescence and T is smaller in size and has a higher diffusion coefficient
compared to acrylamide (Lakowicz, 1983). The Stem-lemer constants together with

relative efficiencies are listed in Table 3.1. There is a marked decrease (~3.5 times) in
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the accessibility towards KI (Kgy=3.2) as compared to acrylamide (Kgy=11.3). Also
the relative solute quenching efficiency of I" (yu¥/, Yacrylamide = 0.45) is 2.2 times less

than that of acrylamide. This suggests that there are negatively charged groups of

amino acids in close proximity to tryptophan residues in MtUsfX.

Thus the only 'tryptophan of MtUsfX(Trp106) is in a partially shielded environment
relatively less accessible to the solvent as free tryptophan would have been and bulk

of the atmosphere around the tryptophan is composed of negatively charged

molecules.

Table 3.1 Effective quenching parameters of free tryptophan and MtUsfX

protein tryptophan fluorescence by acrylamide and I'.

Acrylamide Ir
.. P;lrameter Trp UsfX Trp UsfX
Ksv o (M) 17.3 11.3 10.94 3.2
(Yquencher Yacrylamide) ff 0.45
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Fig 3.5: Intrinsic tryptophan ﬂuorescence of MtUsfX.

(A) Intrinsic fluorescence emission spectra otained for MtUsfX showing emission
maxima at 349nm.

(B) Guanidium Hydrocmoride denaturation of MtUsfX showing change in emission
maxima with increasing concentratlon of Guanidium Hydrochloride.
. (C) Stern-Volmer plots for quenching of the tryptophan fluorescence of free trytophan
with acrylamide, MtUst with acrylamide and MtUsfX with KI.

63



%‘é@mg ‘ ' %ﬁm@t@(g;ﬂdm& g MtUsfX

3.2.2.4 Circular Dichroism Measurements/Secondary structure

Circular Dichroism spectroscopy is used to identify three common secondary
structure motifs (alpha-helix, beta sheet, and random coil) by virtue of their distinctive
CD spectra in the far-ultraviolet region (170-260 nm). The secondary structure
content of proteins can be estimated from their CD spectra using computer
algorithms. The analysis of the far UV CD spectra (Fig. 3.6A) of MtUsfX for the
estimation of secondary structure content was performed by using the K2D (Merelo et
al., 1994) software. Secondary structure predictions were also obtained using the
JPRED?2 package (Cuff et al., 1998) and 3DPSSM Fold prediction server (Kelley et
al., 2000). MtUsfX is predicted to consist of three helical regions and five sheet
regions linked by short loops with an overall helical content of 33% and sheet content
of 23%. The calculated results from CD spectra are more or less in conformation with |
the predicted results (45% helix and 25% sheet). ’

Thermal stability of MtUsfX was assessed by monitoring the changes in the
spectrum at a fixed wavelength of 222nm with the increasing temperature. The fitting
of the data into the sigmoidal model (Solid line Fig.3.6 (B)) returns the midpoint of
the transition as 70.5+1 °C. An irﬁportant parameter of thermal stability is the onset of:
unfolding which can be defined as the temperature at which-5% of the protein is
unfolded. MtUsfX shows onset at about 55°C. From the CD spestroscopy data it can
be concluded that MtUsfX is a thermostable ‘protein, a characteristic which- may be
related to its functioning in varied environments M. tuberculosis faces during its life

cycle.
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Fig 3.6: Secondary structural properties of MtUsfX.

(A) Far-UV CD spectra of MtUsfX. '

(B) Thermal transition of MtUsfX. The signal change of CD at 222nm was measured
as a function of increasing temperature.

(C) The percentage folded protein measured as a function of temperature, giving an
onset of unfolding in the range of 55-60°C.
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3.2.2.5 Crystallization of MtUsfX

Crystallization trials of MtUsfX were performed as described in Section 2.11.3.

Much success was not met in the crystallization of MtUsfX with very tiny crystals
(Fig 3.7) obtained in 4M NaCl, 5% Isopropanol — pH 7.5, a condition described in the
“Mixed precipitant screens” (Mazeed et al., 2003).The further optimization by
screening the constituent concentrations over a wide range, varying the overall pH
and temperatures also did not bring any change in the quality of the crystals.
Utilization of the nucleotide co-factors and combination of nucleotide and Mg®* as’
~ additives in the crystallization solutions also was ineffective in bringing about a
change in thé size of the crystals. Additional inorganic and organic additives were
also used in an attempt to improve crystalline conditions but the results were
unaltered as above. ‘

The primary step in the crystallization is the nucleation i.e., the formation of centers
for the growth of crystals. A paradoxical situation that is often encountered during
crystallization is that the optimal conditions for nucleation of the crystals are at times
not the ideal ones to support their subsequent growth. This is because spontaneous
nucleation is more. likely to occur when the levels of super-saturation are high,
whereas slow, ordered growth of large crystals is favored by lower levels. A situation
where the crystals do not grow beyond a limit needs to be tried for uncoupling the
nucleation from growth to satisfy the distinctly different requirements of the two
events. Seeding is one such technique that can be used for the separation of nucleation
and growth. We utilized the microseeding technique as described in section 2.114.
Again no improvements inthe qua;lity' of the crystals could be achieved (Thaller et al.,
198.1‘,. 1985, Terese et al., 2003). Formation of the crystals is accompanied by
decrease of entropy .including the conformational entropy of the surface residues
which become ordered in the crystal lattices during formation of crystals. It has been
hypothésized that surface amino .acids. like lysines and glutamates with a high
conformational entropy are thermodynamically. unfavorable and hence impede
crystallization (Kenton et al.,2001, Agnieszka et al., 2002) There are two lysine
residues in MtUsfX: K9 and K83.The mutants for these lysi'nes (AK9A and AKS83A)
weré'generate_d by replacing therﬂ with alanine. Simultaneously a double mutant was
also created fot these lysines but that also did not have any effect on the

crystallization of MtUsfX.
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Fig 3.7:Crystals of M. tuberculosis UsfX.
The pictures (B) and (C) are higher resolution pictures of (A).
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3.2.3 Nucleotide binding properties of MtUsfX

The anti-sigma factors are known to regulafe the activity of their cognate sigma
factors by sensing and responding to the levels of various signaling molecules. One
important stress signal is a drop in the ATP levels in the cell (Energy stress) which
occurs in both carbon source limitation and entry into the stress phase. The ATP
functions either by influencing the interaction of sigma factor with anti-sigma factor
or the anti-sigma and anti-anti sigma factor interaction (Alper et al, 1994, 1996).
MtUsfX has been designated as a stress phase anti-sigma factor (De Maio et al., 1997)
and exists in a genomic cluster with its sigma factor MtSigF. The functional similarity
of MtUsfX with known anti-sigmé factors like RsbW of B. subtilis and SpollAB of B.-
stearothermophilus was used as a premise for identifying the nucleotide binding
properties of MtUsfX. The location of the natural chromophores of the protein
(tryptophan residues) in close proximity to the nucleotide-binding site provides an
opportunity to directly study the presence of nucleotide binding site by monitoring the
changes in the intrinsic tryptophan fluorescence of the protein. Both purine and
pyrimidine nucleotides have been shown to be effective quenchers of endogenous

protein fluorescence (Gordon et al.,1970).

3.2.3.1 Fluorescence based nucleotide binding assay

- Using fluorescence spectroscopy strong nucleotide bindingv properties were identified
in MtUsfX. The binding of all the purine and pyrimidine nucleotide tri-phosphates
(NTPs) was found to result in a significant decrease in the fluorescence emission
int_en'sity of MtUsfX. Titrations with nucleotide di-phosphétes also produced a
significant change in ﬂﬁoréscence intensities. The titration curQes for the interaction
of MtUsfX with ATP, GTP and ADP are shown in Fig 3.8. The decrease in the
emission intensity was a cohsequence of nucleotide binding and not a result of ATP
hydr.o‘lysis reaction of MtUstX, kinetics of fluorescence QUenching were studied. The
binding buffer was supplemented with 10mM MgCl, to give the conditions required
for hydrolysis reaction (Fig3.8D). After a fixed time interval (100sec) the effect of
_éddition of NTP and NDP was monitored in time drive based experiments. Immediate
and approximately equivalent quenching of fluorescence was observed on addition of
both tri- and di- phosphate ‘li_gands with no fﬁrther decrease in case of tri-phosphate

reactions.
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Fig 3.8: Steady state and Kkinetics of quenching of trytophan

fluorescence of MtUsfX due to nucleotide binding .(A), (B) and (C).
Effect of ATP, ADP and GTP. The spectra were scanned from 300nm to 440nm at an
excitation wavelength of 290nm. (D) The kinetics based analysis clearly shows that
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ATP hydrolysis reaction.
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Saturation isotherms or binding isotherms provide a means of quantifying the binding
properties like molecular affinity and selectivity of ligands for their interacting
partners. A saturation isotherm can be defined as a measure of the concentration
dependent recognition behavior of the system. The saturation isotherms for the
binding of NTPs and ADP to MtUsfX were generated by plotting percent change in
fluorescence intensity ‘versus nucleotide concentration and are shown in the Fig
3.9.The saturation isotherms allow for the comparison of binding properties and the
most impbrtant parameter that can be calculated is K4 : Dissociation constant.
Dissociation ‘constant describes the. affinity between the ligand and the protein
molecule i.e. how tightly a ligand binds to a particular protein. Dissociation constant
corresponds to the ligand concentration at which the binding sites on the protein
molecule are half occupied i.e. the concentration of ligand at which the concentration
of liganded protein equals concentration of unliganded protein. The dissociation
constants (Kq) for all the nucleotides and ADP were generated from a fit of Equation
10 to the saturation isotherm as outlined in Section 2.9. Approximately 98% of
intrinsic tryptophan fluorescence is évailable for quenching as found by interaction
with ImMGTP where a complete saturation of fluorescence quenching is achieved
(Bougie et al., 2004). Binding for all the four nucleotides and ADP was identified
with a very high K4 value for adenosine nucleotides observed in comparison to the
other three naturally occurring nucleotides (Table 3.2). The binding of nucleotides
other than ATP is unlike the explained system of Bacillus subtilis which acts via
ATP/ADP alone. |

Another property of ligand binding that can be calculated by treatment to saturation
isotherm is the Hill coefficient, ng (Section 2.9 ; Hill equation : Equation 11). Hill
coefﬁcient measurés the degree of cooperativity between subunits that bind in multi-
subunit pr&teins. The most common ﬁsage of ny is an estimate of the minimal number
of binding sites available for the l-igénd binding interaction. A binding stoichiometry
of two per protein molecule was calculated for the binding of nucleotides to MtUsfX
(Fig 3'.10)_. A stoichiometry of two can be explained in terms of the dimeric nature of
MtUsfX. The Hill coefficients for the binding of all nucleotides (Table 3.3) aré less
than two' which indicates the absence of cooperativity for the MtUsfX-nucleotide
interaction. The lack of cooperativity can be explained in terms of the function of the
anti-sigma factors molecule to sense the ATP levels inside the cell. The anti-sigma

factor RsbW of B. subtlilis, a homolog of MtUsfX is bound by two anti-anti sigma.
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factor molecules, and once the levels of ATP inside the cell increase, the two anti-anti
sigma factor molecules are simultaneously phosphorylated thus releasing itself for
binding to SigB and stopping the stress phase transcription. As the phosphofylation
reactions have to occur simultaneously, the binding sites for nucleotides must be
behaving independently of one another.

Conclusively, MtUsfX like other anti-sigma factors has a nucleotide binding pocket
with affinities for all the naturally occurring nucleotides which is unlike the other
known systems like that of B. subtilis. The absence of cooperativity in ligand binding
in the dimeric MtUsfX seems a plausible property for maintaining the functional
integrity as an anti-sigma factor. The unusual properties in terms of affinity for other

nucleotides in addition to ATP and ADP can be attributed to the different survival |

conditions in which MtUsfX is supposed to regulate the function of MtSigF.
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Table 3.2: Binding constants and stoichiometry values of nucleotide
binding.

Ky ‘values, calculated AFmax values (AFmax(caic)) and Hill coefficients (ny) for the
interaction -of MtUsfX with various nucleotide ligands. The correlation coefficients
(R?) are for the fits of Equation 10 to the data in Figure 3.9.

Ligand K (uM) AF max(cale) Ny R’
ATP 1300450 210%5 1.8+0.1 0.99
GTP 200420 430%5 1.940.2 0.97
TP 200220 470%5 18202 0.97
CTP T 180+20 42045 1.940.2 0.98
ADP 1900£50 20545 1.6+0.1 0.97
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Fig 3.9: Saturation isothetms for nucleotide binding to MtUsfX.

The plots were generated by plotting the percent change in intrinsic tryptophan
fluorescence intensity at 349 nm as a function of added nucleotides.
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3.2.3.2 Differential binding of ATP

Adenosine nucleotides as compared to other nucleotides behaved differentially in the
binding site as evident from the AF .« and Kq values. This could not be attributed to
the purine ring of the ATP because like ATP, the GTP molecule also has a purine
ring but the binding values of GTP also were like that of other nucleotides. Thus it
could be concluded that the binding modes adapted by ATP are different as compared
to the other nucleotides. We analyzed the energy transfer rates for the interaction of
MtUsfX with ATP and GTP. Complete quenching of fluorescence energy was seen
with ImM GTP while only 45% energy was quenched by imM ATP. At 500 uM of
nucleotide concentration only 17% fluorescence intensity is quenched by ATP, while
as 87% is quenched in case of GTP. The large reduction in the fluorescence in the
case of GTP suggests that the nucleotide is in close juxtaposition to the Trp106 in the
protein chain. We subsequently calculated the Stern-Volmer constants (Kgv) to probe
the change in the accessibility of the Trp residue in the presence of the different
ligands compared to free MtUsfX. The Stern-Volmer plots for fluorescence
quenching of free MtUsfX and in various liganded forms are shown in Fig 3.11. The
Ksy for ATP-UsfX complex at SOOpM‘concentration is 2.3 fold as compared to the
GTP-UsfX complex at the same concentration (Table 3.4). Also the values for ADP-
UsfX are almost similar to that for ATP- UsfX. This data indicates that the tryptophan
in GTP-Ust complex is not readily accessible to the solvent as compared to that in
case of ATP-UsfX complex at the same ATP concentration. Thus it can be concluded
that the nucleotides other than ATP adapt a differential binding mode as concluded
from their low Kq values and high energy transfer rates and reduced solvent
acceséibilities around Trp106. It can bej’ concluded that the binding of nucleotides in
the active site is through their ring moieties but the significance of this differential -
binding of NTPs and differential responge that may be created in the protein can have

an in vivo role which needs to be probed further.
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Fig 3.11: Stern-Volmer plots for acrylamide quenching of the
tryptophan. fluorescence of MtUsfX in liganded and unliganded

forms. Data shown are for 0.5 pM unliganded protein and 0.5 pM protein pre-
incubated with 500 uM of nucleotide indicated.

Table 3.3: Stern-Volmer constants

Kgv. for acrylamide quenching of. tryptophan fluorescence of MtUsfX in the
unliganded and liganded forms. The: decrease in fluorescence at S00pM ligand
concentration is indicated by (AF/F)so0um While the maximal decrease in fluorescence
is (AF/Fo)max- ' :

Ligand Ksvsooumy (M) - (AF/Fo)s00pm (AF/Fo)max
NIL 9.53 | 3 | ;
ATP 8.6 0.17 0.43
ADP 8.9 0.19 0.44
GTP 3.58 0.87 0.98
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3.2.3.3 Role of ionic interactions in nl_lcléotide binding

Monovalent and divalent ions _confribute to nucleotide binding usually by helping in
stabilizing the binding of the phosphate tail of the nucleotide. The dependence of
nucleotide binding of MtUsfX on ionic strength was examined for the case of ATP.
Fig 3.12A shows the effects of increasing ionic strength, on the percentage change in
relative fluorescence (AF) for ATP binding to the free enzyme. There is a gradual
increase in %AF as I is increased from 50 mM, the ionic strength of the standard
buffer, to 500 mM. There is an increase of about 15% AF as a result of increasing salt
concentration. No change in fluorescence was observed when the protein was titrated
with KCl alone. So KCI can be éxpected to help in the proper juxtaposition of the
nucleotide in the binding site of MtUsfX.

There was a profound effect of MgClz on the fluorescence intensity of MtUsfX when
the concentration of MgCl, was increased from 0-100mM. On addition of increasing
aliquots of MgCl, there is quenching of fluorescence intensity indicating a specific
binding site for the ion. On increasing the MgCl, concentration from 0 to 20 mM into
a lmM ATP and protein solution, a synergistic effect of ATP and MgCl;, on the
fluorescence intensity is obseﬁed (Fig 3.12B). An increase of about 40% AF at
10mM MgCl, is observed which ‘tpoints towards enhanced binding of ATP in presence
of MgCl, MgCl; at this concentrélt'iori produced a fluorescence change of ~30%, while
ATP alone produced about 50% éhange. The change in fluorescence can be explained
as the enhancement of | binding, and not the individual effects as the maximum
quenching is achieved at 10mM MgCl, only and further increase after 20mM in
MgCl; concentration does not produce further change in fluoresceﬁce intensity.. It can
be éoncluded that 10mM MgCl, is the optimum concentration for proper binding of
the nucleotide. The enhanced quéhching in the presence of the magnesium ion and
nucleotide indicates that the presénce of the ion apparently enhances the binding of

the nucleotide probably by stabilizing the active site conformation.

77



Chaprer3 | Characterigation o MIUsX

@A) 1mM ATP
] [ ]1mMATP +KC1
100 -]
80-]
60
g o
40
20
1 HI
50 020 50 100 150 200 250 300 350 400 450 500
KCI [mM] |
MgCl, Only
®) ‘ 1mM ATP Only
Mg CL+1 mM ATH

5 10 1s- . 20 -] 30

MgChL[mM]

Fig 3.12: Effect of mono- and divalent ions on nucleotide binding.

(A) Graph showing the enhanced quenching of fluorescence a consequence of
stronger binding of ATP in presence of increasing KCl concentration. (B) The effect
of increasing MgCl, on the binding of ATP to MtUsfX was investigated. Both MgCl,
and ATP contribute to fluorescence quenching individually but produce a synergistic

effect on fluorescence quenching pointing towards increased binding of ATP in
presence of MgCl,, v C -
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3.2.4 In silico analysis of nucleotide binding

In the absence of good quality crystals of MtUst we used the in silico modeling and
docking approaches to computationally evaluate the binding of nucleotides. The fold-
prediction analysis of the MtUsfX carried out using the 3DPSSM server picked out 4
proteins; the first hit was with the B. stearothermophilus SpolIAB (PDB: 1L00)
which showed about 14% homology. The nucleotide binding sites of Hsp90 (PDB:
1A4H), nucleotide binding domain of human integrin CR3 (PDB: 1ID0) and alpha
ketoacid dehydrogenase kinase from murine source (PDB: 1GJV) were the other hits
and exhibit around 12% homologies. The model generated for MtUsfX was
structurally compared with other ATP binding anti-sigma factors. Fold prediction
using the 3D-PSSM server gave the closest match to PDB 1L0O. A close-up of the
nucleotide binding site after shperposition of the MtUsfX model and PDB 1L0OO
shows that Trp106 of MtUsfX is located in the NTP binding site. Thus the modeling
studies also support the earlier fluorescence experiments which suggested that Trp106
exists. in the vicinity of the NTP binding site (Fig 3.13A). The Genetic algorithm
implemented in the program wes used in the calculations and the docked complexes
were ranked against the scoring functions. Choosing Trp106 which is the only
tryptophan in MtUsfX as the docking centre because of our results from nucleotide
binding assay we could find the nucleotide binding site in the vicinity of tryptophan,
. indeed tryptophan forming a part of the binding site. All the four nucleotides viz.,
ATP, GTP, CTP and TTP docked at the same site. The modeling experiments  suggest
that the nucleotides interact prirriarily through their ring moieties with the phosphates
faeing away from the Trpld6 (Fig 3.13 B& C). The other residues apparently
involved in the interaction include Ser105, Arg63 and Arg66.The calculations predict
that GTP binds with a stronger afﬁnity te the protein compared to ATP and also that
it’s.binding mode exhibits distinct differences. An analysis of the accessible surface
area of the Trp106 shows that in the apo protein it is 144 A? while it reduces on the
binding of ATP to ~101 A2, Iﬁ the case of GTP it is further reduced to 53 A2. This co-
relates rather well to the Stemj—Volmer constants obtained for the apo, ATP and GTP -
bound proteins‘respectively Where the Trp106 was found to be more accessible in the
case of the ATP bound cofnplex compared to the GTP bound form. Thus the
differential binding of ATP and GTP to the protein apparently arises from altered
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binding modes and consequently resulting in altered properties of active. site of
MtUsfX.

Another interesting result that came out of the modeling and sequence analysis was
the identification of an Mg®* binding site close to the nucleotide binding site (Fig
3.13D). As noted in earlier section it was observed that the presence of Mg”" is
important for nucleotide binding and activity. The observed quenching of
fluorescence on addition of Mg®* and a very low accessibility for the ionic quencher
KI suggests that the divalent ion should bind close to the active site in the vicinity of
Trp106. A conserved metal ion binding nﬁotif in mycobacterial UsfX homologs could
be identified on the basis of modeling studies and sequence analysis. In the human
integrin CR3 structure (Jie-Oh ef al., 1995) a DXSXS motif, where X represents any
amino acid, was earlier identified to be involved in metal ion binding. A superposition
of the crystal structure with the pfesent MtUsfX model along with the sequence
analysis lead to the identification of a conserved XGSFS motif in mycobacterial UsfX
homologs where X is mainly a P or L (Fig 3.14). An examination of the superposed
Mg”* ion position reveals that this motif is in an advantageous position to interact
with the bound metal ion. No such motif has been reported in other characterized anti-
sigma factors. In fact the mycobacterial anti-sigma factors form a separate
phylogenetic cluster (Fig 3.2) and suggest that these proteins might have evolved

novel modes of specific inhibition of their cognate sigma factors.
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Fig 3.13: Nucleotide binding site of MtUsfX

(A) Structural superimposition of modeled MtUsfX (brown) with 1L0OO (cyan). The
nucleotide binding site of 1L0O is proximal to the MtUsfX Trpl06 in the
superposition.

(B) & (C) Docked ATP and GTP respectively in the MtUsfX nucleotide binding site.
D) Mg2+ metal ion interactions in the active site. The metal ion interacts with
residues from the conserved motif XGSFS.
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MtUsfX S MADSDLPTKGRQRGVRAVELNVAARLENLALLR
MbRsbW MADSDLPTKGRORGVRAVELNVAARLENLALLR
MmRsbW MTNRLORWAQSGTQSESTVGAKLPGGOMTDADPRINKRERGHRAVELNVAARLENLSMLR
MuRsbW : MTDADPRINKRERGHRAVELNVAARLENLSMLR
MsRsbW MAETPARGERSVEIRVAAMLENLAVVR

. . kk kokko kkk kkkkyo ok
MtUsfX TLVGAIGTFEDLDFDAVADLRLAVDEVCTRLIRSALPDATLRLVVDPRKDEVVVEASAAC
MbRsbW TLVGAIGTFEDLDFDAVADLRLAVDEVCTRLIRSALPDATLRLVVDPRKDEVVVEASAAC
MmRsbW TLVGAIGTFEDLDFDAVADLRLAVDEVCTRLIRSATPDATLTLVVDPRDDELVVQASAAC
MuRsbW TLVGAIGTFEDLDFDAVADLRLAVDEVCTRLIRSATPDATLTLVVDPRDDELVVQASAAC
MsRsbW TVVAATATFEDLDFDVVADLRLAVDEACTTLIRSAVPDATLVLRVDPGPDAVVISTSTVC

Kok kk khkhkdhk KhAKARERAA hk Ahhkk kkkkk Kk kkk K k. k.
MtUsfX DTHDVVA |PGSFS _W_ HVLTALADDVOTFHDGRQPDVAGSVFGITLTARRAASSR
MbRsbW DTHDVVA |PGSFS || W [HVLTALADDVQOTFHDGROQPDVAGSVFGITLTARRAASS- .
MmRsbW GTHDVVA [PGSFS || W [HVLTSLADDVQTFHDGRPPEAAGSVFGIMLTARRVASGR
MuRsbW STHDVVA |LGSFS || W [HVLTSLADDVQTFHDGRPPEAAGSVFGIMLTARRVASGR
MsRsbW . IGDNVVE [PGSFS || W jHVLSSLTDE
Jokk | wkewk ||k |xrnookox,

Fig 3.14: Multiple sequence alignment of MtUsfX with anti-sigma

factors of mycobacterium family. The highlighted sequences depict the
putative metal ion binding site XGSFS and the presence of conserved Trp in the
nucleotide binding site. (Mb : Mycobacterium bovis, Mm: Mycobactertum marinum,
Mu: Mycobatermm ulcerans, Ms: Mycobatermm smegmatts) -
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3.2.5 NTPase assay of MtUsfX

In other known anti-sigma factoré, ATP binding has been associated with the
phosphorylation of their anti-anti-sigma factors (Dufour et al.,1994). The probable
role for this phosphorylation is to bring about the release of anti-sigma factor from
anti-sigma and anti-anti sigma factor complex in the presence of increasing
concentrations of ATP. The kinase activity of MtUsfX has been a subject of
speculation in terms of phosphorylation of its anti-anti-sigma factor RsfB. Beaucher et
al., 2002 have reported the existence of autophosphorylation activity in MtUsfX but
no kinase activity for RsfB as the substrate. More recently Greenstein et al., 2007
have reported kinase activity of MtUsfX for the universal kinase substrate MBP
(Myelin Basic Protein). No bands for autophosphorylated MtUsfX bands could be
seen. We tried the kinase assay with MBP but could not detect either
autophosphorylation or the kinase activity. Then we went on to identify and
characterize the nucleotide hydrolysis activities of MtUsfX. The hydrolysis activity
was'performed by observing for the release of y-""P; in a hydrolysis reaction utilizing
the [y-*P] NTP as the substrate and the activity was monitored over time periods of
upto 8 hrs. MtUsfX was found to possess both ATPase and GTPase activities with the
rate of ATP hydrolysis 4 times higher than that of GTP (Fig 3.15). Although the
binding affinity of GTP for MtU“st was found to be higher, the higher hydrolysis rate
in case of ATP can be explained on the basis of the differential binding of the
nucleotides. GTP is more embedded in the active site and that apparently positions
phospﬁéte residues away from the residues involved in hydrolysis (Section 3.2.2.3) .
while in case'”of ATP which is not too buried into the active site, the phosphate
moieties are relatively free to get hydrolyzed. We tested the same reactions mixtures
for autophosphorylation also by ruhning on SDS-PAGE and no signals could be
deteb‘ted for autophosphorylated bands of MtUsfX. Thus MtUsfX possesses
nucleotide hydrolysis property with the ébility to use more than one nucleotide as the
substrate for hydrolysis but thé actual role of hydrolysis in terms of kinase activity or

any other activity needs to be probed further.
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Fig 3.15: ATP and GTP hydrolytic activity of MtUsfX.

(A) Autoradiograph of ATPase activity shows complete hydrolysis attained within 2
hours. (B) GTP hydrolysis autoradiograph showing reaction continuing even upto 6
hours. (C) % Activity plotted as a function of time. ‘
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3.2.5.1 Substrate specificity

The property of hydrolyzing both ATP and GTP prompted us to screen for the
substrate specificity of MtUsfX. To determine the substrate specificity, competition
experiments were carried out with unlabelled ATP and GTP at concentrations ranging
from 20-100uM. As shown in Fig 3.16, at even 20uM of competitor concentration
there is a 55% loss of activity in the case where unlabelled ATP is used as a
competitor. On the other hand unlabelled GTP used as a competing substrate resulted
in only 20% reduction in ATPase activity. The higher ATPase activity observed in the
presence of GTP shows higher épeciﬁcity of MtUsfX for ATP. Thus even though
both nucleotides can be used as substrate like other known anti-sigma factors MtUsfX
uses ATP as preferable substrate, but utilizing GTP may be related to some
unexplored function of this protein. Competition experiments were also performed
with ATPyS, a slowly hydrolyzing analog of ATP. ATPyS was found to result in
enhanced reduction by about 20% as compared to unlabelled ATP alone. The
enhanced reduction can be attributed to blocking of the hydrolysis reaction by binding

of ATPYS to the nucleotide binding sites.

1007
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Fig 3.16: ATPase assay of MtUst in the presence of unlabelled
nucleotide competitors.
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3.2.5.2 Role of divalent ions

The role of divalent ions in nucleotide hydrolysis reaction is to properly orient the B
and y phosphate groups of nucleotides. Experiments to probe the requirement of
divalent ions for the activity of MtUsfX demonstrated that the activity is maximal in
the presence of Mg®" (Fig 3.17A). In the case of Co, Ca and Mn salts the activity is
similar while it is abolished in the presence of the Ni, Zn and Sr salts as the protein
precipitates. As in nucleotide binding Mg”* was found to enhance the binding of the
nucléotide, the requirement for hydrolysis activity further confirms the importance of
Mg®" in functioning of MtUsfX.

3.2.5.3 Role of monovalent ions

The increasing concentrations of monovalent ions were found to result in decrease in
activity with NaCl having more inhibitory effect than KCl (Fig 3.17B). This probably
results from the disruption of the active site and the interactions with the Mg ions
which are necessary for activity in the presence of high salt concentrations. The
complete absence of salt for optimal actiVity can’t be predicted because our reaction
mixture contained approximately 20mM of KCI; further reduction in salt

concentration leads to precipitation of the protein.
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Fig 3.17: (A) Divalent ion specificity for MtUsfX ATPase activity.
(B) Effects of salt concentration on the ATPase activity of MtUsfX.
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3.3 Summary

The anti-sigma factor MtUsfX (Rv3287é) from its sequence and phylogenetic analysis
can be classified to be a member of a highly conserved class of mycobacterial anti-
sigma facfors. The gene for MtUsfX was cloned into E. coli based expression system
vector and and the soluble protein was purified and found to exist as dimer in
solution. Exploiting the changes in intrinsic tryptophan fluorescence as a consequence
of ligand binding, nucleotide binding properties were identified in MtUsfX. MtUsfX
doesn’t have any of the known conserved mbtifs of nucleotide binding, therefore
utilizing intrinsic tryptophan fluorescence had an advantage in that it hélped in
‘locating’ the binding site of the protein. The protein was found to bind to a variety of
nucleotides including GTP, ATP, CTP, TTP and ADP with a stoichiometry of 2
nucleotide molecules per dimer. Two non-cooperative nucleotide binding sites per
MtUsfX molecule were identified. Adenosine nucleotides were found to behave
differently - from other nucleotides. The nucleotide binding properties were
rationalized by in silico modelling and docking approaches with the binding of the
nucleotides identified to be through their ring moieties. A conserved metal ion
binding motif XGSFS in mycobacterial UsfX homologs was found in the nucleotide
binding site expectedly facilitating' the ligand binding. Dual nucleotide hydrolysis
activity was identified in MtUsfX ,\"vith the ATPase activity about 4-fold higher than
the activity with GTP. ' |

Conclusively, MtUsfX is a dimeric protein with two independent nucleotide binding

sites per subunit and possessing ATP and GTP hydrolysis properties.
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4.1 Introduction

Protein-prdtei.n interactions are an intrinsic part of cellular processes. Many such
interactions are transient but control and regulate a number of functions of the cell.
The interactions among proteins can have a number of effects like altering kinetic
properties, forming a new or altered binding site; change the specificity of a protein
for its substrate or simply inactivating the binding partner. The analysis of the protein-
protein interactions in terms of the factors contributing to their interaction, the
consequences of the interaction and the extent to which interactions take place inside
the cells helps in understanding the significance of these interactions.

The regulation of gene expression in M. tuberculosis is performed by an exquisite
cascade of transcription factors. An important component of these proteins consists of
sigma factors, anti-sigma factors and anti-anti-sigma factors which interact via direct
physical interactions. In this chapter we detail the cloning and purification of the
interacting partners of MtUsfX viz., bsigma factor MtSigF (Rv3286¢) and anti-anti-
sigma factor MtRsfA (Rv1365¢). The co-expression of MtUsfX and MtSigF for the in
vivo formation of UsfX-SigF complex and the in vitro conditions for the formation of
the UsfX-RsfA complex have been elucidated. The purification of the UsfX-SigF and
UsfX-RsfA complexes are discussed as also the factors contributing to their formation

and stability.

4.2 Results and Discussions

4.2.1 UsfX-SigF interaction analysis

4.2.1.1 Cloning, over expression and purification of MtSigF

The 786bp sigF gene was PCR ampllﬁed from M. tuberculosis genomic DNA and
cloned into the T7-based expression plasmld pET21d (Novagen) at Ncol and HindIIl
sites to acquire a C-terminal 6x Histidine tag and T5-based expression plasmid pQE31
(Qiagen) at BamHI and HindIII site_séto acquire an N-terminal 6x Histidine tag. The
clones were confirmed through restriction digestion (Fig 4.1A) and the integrity of -
clones was confirmed by sequencing. | |

The expression plasmids were introduced into E. coli host strains that contain T7 RNA
polymerase gene [like BL21 (DE3) and C41(DE3)] and strams that contain T5 RNA
polymerase gene [like JIM109 and XL1 Blue]. The expression of MtSigF in E. coli
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could not be achieved upon induction in the exponential phase in any of the host-vector
combinations. The final expression of MtSigF was attained by utilizing the pQE31
cohstruct and C41(DE3) host and was achieved only when induced at the late growth
stage i.e ODggp greater than 1. This could be due to the toxic nature of MtSigF as
reported earlier in case of B. subtilis (Campbell et al., 2000). The conditions for
grthh were optimized at 37 °C by adding 0.3mM isopropyl-1-thio-B-D-
galactopyranoside (IPTG) and growing in 2X YT medium for further six hours. Most
of the MtSigF protein was found to be present in the insoluble fraction. The addition
of 10mM B-mercaptoethanol into the buffer containing SOmM Tris-Cl, pH 8.5, 50mM
NaCl enabled the solubilisation of the protein upto ~30%. ﬁ;mercaptoethanol possibly
prevents self aggregation that might occur on account of a single cysteine residue
present in MtSigF. The protein could be identified as a band of ~30kDa on 12%SDS-
PAGE. This was approximately ‘equal to the calculated mass 28.7kDa+0.8kDa tags.
There was no band corresponding either to C41 (DE3) alone or C41 (DE3)
transformed with pQE31 without the insert when induced with IPTG. The N-terminal
His-tagged protein was purified from a Ni*’-IDA column (GE Biosciences). The
column was equilibrated with buffer containing 50mM Tris-Cl, pH 8.5, SOmM NaCl,
10mM Imidazole and 10mM B-mercaptoethanol (Buffer A). The protein was eluted
using a linear gradient of buffer B (Buffer A containing 500mM Imidazole). The
protein eluted at 30-45% Imidazole in buffer B. The protein was highly pure as
observed by SDS-PAGE analysis (Fig 4.1B) and the final purification step was
performed by precipitating the protein with 60% ammonium sulphaté. The precipitate
was dissolved in minimum volume of gel filtration running buffer (50mM Tris-Cl,.
pH8.5, SOmM NaCl, 10mM | B-mercaptoethanol and 5mM EDTA). Trace
contaminants were removed by gel :filtration utilising Supefgex-75 column. The
protein eluted at a volume of 11.2ml in the above said column and from the
calibration of the columh, this 'elutiong volume corresponds to a molecular weight of
~30kDa and agrees well with the predicted molecular weight of 29.6kDa for the
construct. The molecular mass analysis supports the monomeric nature of MtSigF
prot'eih- in solution which is in accordance with the in vivo existence of sigma factors.
in the absence of PB-mercaptoethanol frovm' the elution buffer most of MtSigF was
found to elute as soluble aggregates in the void volume of the gel filtration column
(Fig 4.1C). '
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Fig 4.1: (A) Cloning of M. tuberculosis SigF in pQE31.

Lanel: 1Kilobase DNA marker, Lane 2: BamHI and HindIIl digested pQE3l,
Lane3:786bp sigF" PCR amplified fragment digested with same enzymes, Lane3:
Restriction digestion of sigF clone in pQE31.

(B) Purification of MtSigF.

Lanel:Load, Lane2:Flowthrough, Lane3:Washl, Lane4:Wash2, Lanes5,6 and 7:
Purified fractions From Ni 2+IDA column, Lane8:Low Molecular Weight Protein
Marker.

(C) Size-exclusion chromatogram. The elution volume of 11.2ml points
towards a molecular weight of ~ 30kDa for MtSigF. The elution volume at 8.2ml
shows the existance of soluble aggregates of MtSigF in absence of B-mercaptoethanol

in buffer.
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4.2.1.2 Co-expression and purification of UsfX-SigF complex

The problems encountered with the expression and solubility of MtSigF in the earlier
stages of the work was one of the factors for attempting the co-expression of MtUsfX
and MtSigF. The co-expression vector was constructed as described in section 2.4.4.
The co-expression vector pUS placed MtUsfX and MtSigF in a transcriptional operon
similar to that found in MtSigF operon in vivo. Each gene contains its own ribosomal
binding site (rbs), with the termination of transcription achieved in each gene with the
help of stop codons in respective gene sequences. This system added an N-terminal
Hise.tag on MtSigF (Fig 4.2A). The final construct was cloned in pET21d at Ncol and
HindIII in such a way so as to keep the operon under the control of a single inducible
T7 RNAP promoter. The integrity of the size of the construct was confirmed by
restriction digestion and final confirmation performed by sequence analysis (Fig
4.2B). E. coli C41 (DE3) cells transformed with this plasmid and induced transcribed
both genes on a single RNA. The expression of UsfX-SigF complex was achieved at
37°C by adding 0.3mM isopropyl-1-thio--D-galactopyranoside (IPTG) to an ODggo
of ~0.4 and growing for further three hours. Since induction occurs in the exponential
phase, where ATP is presumably in sufficient concentration, we expected the two
proteins to assemble into a complex in vivo, but the proteins were translated
separately and separated as two separate proteins on SDS-PAGE (Fig 4.2C). The
complex was purified in a buffer containing 50mM Tris-Cl pH 8.5, 50mM NaCl,
10mM MgCl; and ImM ATP in a batch wise manner from Ni**-IDA column with
equilibration at 10mM Imidazole, washing with 30mM and 70mM Imidazole and
finally elution with a 200mM Imidazole. The protein-protein interactions were strong
enough to allow for the purification of the complex based on the N-terminal Hiss.tag
on MtSigF alone in the co-expression vector. The untagged MtUsfX from the solution
remained as a complex with MtSigF through the purification steps. The existence of
the two proteins as a complex could also be verified from the elution pattern in size-
exclusion chromatography. Further the major fraction of MtSigF eluted in the void
volume as aggregates while in the presence of its interacting partner MtUsfX no peak

for aggregates could be detected (Fig 4.3A).
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- T7 usfX TCA ..'... sigF TCA [—

Fig 4.2: Co-expression and purification of MtUsfX and MtSigK;

UsfX-SigF Complex formation.

(A) The genes coding for MtUsfX and MtSigF were placed in a transcription operon
under T7 promoter. Each gene contains its own ribosomal binding site. (pUS
construct)

(B) Fusion of usfX and sigF and cloning into pET21d. Lanel. Digested usfX. Lane2.
Digested SigFrbs. Lane 3. Ligation of usfX and SigFrbs Lane 4.Band of 1.25 kb was
excised from ligation reaction and PCR amplified with usfX (Forward) and sigF
(Reverse) primers. Lane 5. Confirmation of the clone in pET21d.

(C) Cells transformed with the fusion vector were induced for two to three hours and
proteins purified from the solube fraction of lysed cells. Lane 1. Uninduced cells.
Lane 2. Induced cells. Lane 3. Soluble fraction applied to a Ni-NTA column. Lane 4.
Flowthrough Lane 5. 50mM Imidazole eluate. Lanes 7&8. Purified fractions with
300mM Imidazole.
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4.2.1.3 Stoichiometry analysis

The analysis of stoichiometric ratios in which the proteins interact can give
mechanistic information about the functional importance of the interaction. In order to
investigate the stoichiometry of the UsfX-SigF complex we examined the results of
gel filtration analysis. The protein complex eluted at a volume of 8.9ml which
corresponds to a molecular weight of about 67kDa. Using the molecular mass of
MtSigF (28.7kDa + 1.54kDa Tags) and MtUsfX (15.55kDa) along with our early
finding that MtUsfX exists as a dimer, it was concluded from the gel filtration
analysis that UsfX: SigF complex exists in a stoichiometric ratio of 2:1 with a
molecular weight of 60.3kDa i.e the MtUsfX dimer interacts with one chain of
MtSigF. Densitometry analysis of the SDS-PAGE gels also yielded a stoichiometry of
UsfX:SigF (1.75:1) interaction which agrees well with the above result. The
molecular mass of MtUsfX is almost twice as that of MtSigF while the intensity of
the two bands is almost equal thus showing that MtUsfX is twice as that of MtSigF
(Fig 4.3). A similar stoichiometry is observed in the case of the B. stearothermophilus
SpolIAB-SigF complex too (Campbell et al., 2002). The ratio is also expected in
terms of the individual oligomeric status of the proteins and can be concluded that the
anti-sigma factor MtUsfX interacts with its sigma factor MtSigF to block the

transcription.
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Fig 4.3 A: Gel filtration and densitometry analysis of UsfX-SigF
complex.

(A) A Superdex-75 column was used for molecular weight determination of the UsfX-
SigF complex. The protein complex eluted at a volume of 8.9ml which corresponds to
a molecular weight of about 62kDa.Standard molecular weight markers were used for
calibrating the column.

(B) SDS-PAGE analysis of the peak fractions from gel filtration.

(C) Calculated stochiometry of UsfX-SigF based on PAGE and densometric
scanning.
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4.2.1.4 Structural studies on Ust-SigF interaction

The analysis of the structural properties of a protein-protein complex or the changes
involved in the interacting partners can give an idea about the extent of interaétions
and the forces involved in the interaction. Analyzing the strength of the UsfX-SigF
_complex at high salt concentrations, we found the interaction between the proteins to
be stable up to 0.6M salt concentration suggesting that hydrophobic forces are largely
involved in stabilizing the protein-protein interactions. The observed strength of the
complex at high ionic strength may have arisen due to the functions of these i)roteins
under stress conditions. The complex is stable in the absence of the nucleotide too.
Excluding MgCl, and ATP from the size exclusion buffer didn’t have any effect on
the stability of the complex as evident from the elution profile. We also tried probing
complex formation of individually purified proteins in vitro, but were unable to get a
stable complex in the presence/absence of nucleotide. It is therefore probable that
additional in vivo interactions/factors may be responsible for generation of the UsfX--
SigF complex.

Circular Dichroism spectroscopy can be used to probe the changes in the secondary
structural elements due to molécular interactions. The CD spectra obtained for both
MtUsfX and the UsfX-SigF -éo,mplex are typical of those seen for proteins with a
moderately helical content, whereas the strikingly different spectrum observed for
MtSigF aloné is indicative of high helical content (Fig 4.4A). A helical content of
70% was calculated for MtSigﬁ with K2D server which is near about similar to the
predictions with JPRED2 package'and' 3DPSSM Fold prediction server which predict
an overall helical content of 60%. From these spectra it can be concluded that the
interaction between these two p‘roteins is accompanied by gross structural changes in
MtSigF with the helical regioné playing a greater role in the interaction (Table 4.1).
Thermal denaturation analysis using the two state model showed a higher thermal _
stability for the UsfX-SigF cbmplex as éompareq to MtSigF (Fig 4.4B). This
increased resistance to high temperatures can be attributed to the complex formation
with MtUsfX which was found to have a high Trm. Overall the interaction between
MtUsfX and MtS}gF is accompanied by a change in the secondary strucf&re of
MtSigF and the complex is stabilized by the more stable MtUsfX.
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Table 4.1 : Predicted and calculated secondary structure of MtUsfX
and MtSigF. :

Structural Method MtUsfX MtSigF UsfX-SigF
Element Complex
a-Helices 3D PSSM 31 59 n.d*

JPred 27 58 : nd

Calculated 45 70 53

B-Sheets 3D PSSM 22 5 n.d
JPred 23 n.r* n.d

Calculated 25 n.r 20

*n.d, not done; n.r, no results
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Fig 4.4: CD spectroscopy studles w1th MtUsfX, MtSigF and Ust-
SigF complex.

(A) Secondary structural changes are observed particularly in MtS1gF as a
consequence of complex formation.

.(B) Thermal denaturation profiles of the two proteins and the protein complex
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Fluorescence spectroscopy studies can also be used to draw information about
changes in tertiary structures/conformations of proteins due to fheir interactions with
other proteins by analyzing changes in the micro-environments of their tryptophan
residues. Typical intrinsic fluorescence spéctra obtained for MtUsfX (Trpl106),
MtSigF (Trpl112), and the UsfX-SigF complex are shown in (Fig 4.5A). MtSigF is
characterized by a fluorescence maximum at about 339nm. The emission maximum of
MtSigF is blue shifted relative to that of free L-tryptophan, for which the emission
maximum under the same conditions is observed at 354nm. It can be concluded that
the tryptophan molecule in MtSigF is in a hydrophobic environment not significantly
exposed to the solvent as a fluorescence emission Amax at 330-340 nm, with an
increased fluorescence yield is chéracterisﬁc of tryptophan in such environment
(Lakowicz, 1983). The fluorescence maximum observed for the UsfX-SigF complex
at 341.5nm is blue shifted by approximately 8nm when compared to MtUsfX and
slightly red-shifted (by 2.5nm) when compared to that for MtSigF. From these
fluorescence spectra it can be concluded that there is a change in the environment of
at least one of the two tryptophan speqies (either of MtSigF or MtUsfX) upon
complex formation. From the fluorescence maxima of the individual proteins, it
appears that it is the Trp112 of MtSigF which must be slightly solvent exposed as a
result of UsfX-SigF interaction. This can be explained from the nucleotide binding
properties of MtUsfX also, where strong changes in the intrinsic tryptophan
fluorescence as a consequence of nucleotide binding are detected and hence the only
tryptophan present in MtUsfX is part of the nucleotide binding site. The nucleotide
binding properties of other anti-sigma factors are significant in terms of them
_phosphoryl‘ati.ng their anti-anti-sigma factors and an induced release mechanism has
been proposed where the interaction of one binding partner (anti-anti-sigma factor).
induces the release of the other (sigma fqbtor), hence the binding sites for two proteins
can’t be expected to be so close byv(Margeret et al., 2003).

Analysis of the stoichiomc?try of the UsfX-SigF interaction was also performed by
observing the effect of inéfeasing the molar ratio of MtSigF vis-a-vis the MtUsfX on
the wavelength of maximum in_trinsid fluorescence was probed following the
'methodology‘ reported in another prbtein systém' (Renshaw et al., 2002). The
fluorescence maximum initially shifts from 348 to 342.5 nm with increasing MtSigF
concentration; Ihowever no further change in vthc fluorescence maxinihm was observed

at a molar ratio of 1-1.5. Subsequently, at higher concentrations of MtSigF, the
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maximum again shifts towards 339 nm which is the fluorescence maximum of
MtSigF alone in solution (Fig 4.5B). The data strongly suggests that the two proteins
interact to form a 1:1 molar complex i.e the stoichiometry ratio will be 2:1 because of

dimeric nature of MtUsfX.
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Fig 4.5: Tryptophan ﬂuorescence properties of MtUsfX, MtSngF and
UsfX-SigF complex.

(A) Emission spectra obtained for MtUsfX, MtSigF and UsfX-SigF complex.
Clearly one of the two tryptophans undergoes a change on complex formation. (B)
An example of the change in the wavelength of maximum intrinsic fluorescence
observed on increasing the molar ratio of MtSigF to MtUsfX, which clearly suggests
that the two proteins form a tight complex at a molar ratio of 1:1 (stoichiometry ratio
will be 2:1 because of dimeric nature of MtUsfX).
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4.2.1.5 In silico analysis of UsfX-SigF interaction

Attempts were made to crystallize Ust-SigF complex as described in section 2.11.2.
No promising conditions could be detected in any of the crystal screens utilized. We
therefore resorted to the molecular modeling approaéh to analyze the interaction
between MtUsfX and MtSigF and rationalize our experimental data with structural
evidences. As described models were generated with the help of PHYRE server.
MtUsfX could not be modeled for residues 92-100 while as the model for MtSigF
could be made only for residues 110-167 which was found to be the interacting part
with MtUsfX (Fig 4.6A). The region encompassing residues 30-42 from MtUsfX and
that of 155-167 of MtSigF were found to form the interface of the UsfX-SigF
complex. The analysis of the the MtSigF/MtUsfX interface reveals that it is
dominated by the presence of Bydrophobic residues in both the proteins. The residues
of MtUsfX involved in the interaction consist of highly hydrophobic residues leucine
(3), isoleucine (1), valine (1), phenylalanine (1), less hydrophobic residues; alanine
(2), glycine (2), tyrosine (2) and a lone charged arginine residue. Similarly the
residues of MtSigF that are mainly involved in the interaction consist of leucine (2),
isoleucine (1), valine (1),_ala:nine (2), serine (1) and glycine (1) and three bcharge.d
residues ; two glutamines and oné_ arginine. The hydrophobic indices calculated also
show higher values of hydrophobicity for these stretches in both the proteins as
compared to the overall hydi'pphobicity of the protein. This is in conjecture with our
gel _ﬁItration_experiments were we had found the UsfX-SigF complex to be stable
even at high salt concentrations and thus invoi?ement of hydrophobic forces in the -
interaction (Fig 4.6 B, C & i)). Another aspect that could be rationalized from the
model of UsfX-SigF complex was regarding the topography of the MtUsfX in terms
of the locations of the MtSigF binding site and nucleotide binding: site. We had
concluded from our ﬂuorescénce data (Section 4.2.4) that the two binding sites have
to be at a distance from Oné another. From the modeled Usf’X-SigF complex it is
évidént whi]e the MtSigF binding site is gomprised' of helix al (Residues 30-42), the
nucleotide binding site is formed by,a4'(Résidués 105-112) having a significant
structural distance. Thus MtUsfX possesses the structural features required to perform

the functions of an anti-sigma factor.
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Fig 4.6: Modelled UsfX-SigF complex.

(A) Dimer of MtUsfX in complex with MtSigF.

(B) Surface diagram for MtUsfX dimer interface and UsfX-SigF interface.

(C) Hydrophobicity index for modeled MtUsfX and MtSigF. The interacting parts
have a very high hydrophobicity index as shown in the inset Figures.

(D) Gel-filtration profile and SDS-PAGE in presence of 0.6M salt concentration. No
change in elution profile and stoichometry is observed at high salt concentration.
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4.2.1.6 Nucleotide binding properties of UsfX-SigF cdmplex
We probed the nucleotide binding properties of the UsfX-SigF complex for analyzing

the location of the binding sites and observe any changes that may have occurred at
the nucleotide binding site of MtUsfX as a consequence of its complex formation with
MtSigF. MtSigF alone didn’t show any changes in fluorescence intensity when
titrated with increasing concentrations of nucleotide. The titration curves and
saturation isotherms for the interaction of UsfX-SigF complex with ATP and ADP are
shown in Fig 4.7. No significant change was observed in the nucleotide binding
properties of MtUsfX which suggeSts that they bind with nearly the same affinities in
the apo MtUsfX and UsfX-SigF complex (Table 4.1). From the similar binding
affinities for ATP and ADP, it can be concluded that the presence of a nucleotide in
the nucleotide binding pocket of MtUsfX is not essential for its binding to cognate
sigma factor MtSigF. From the in vivo formation of this complex it can be concluded
that there may be other factors involved in the complex formation. The Ky and AF
for MtUsfX and UsfX-SigF complex are identical (Table 4.2) thus showing the
binding of the two ligands to MtUsfX has no effect on one another and it can be
concluded that the location of the nucleotide binding site is apparently distal to the

protein-protein interaction interface.
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Fig 4.7: Nucleotide (ATP and ADP) bmdmg propertles of Ust—SlgF
Left panel: Titration curves showmg decrease in emission intensity with increasing
nucleotide concentration.

Right panel: Saturation isotherms: The percent change in fluorescence intensity at
343nm (The emission maxima.of UsfX-SigF complex) plotted as a function of
nucleotide concentration.
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Table 4.2 K4 values and calculated AF .y values ( AFmax(calc)) of MtUsfX and UsfX-
SigF complex showing complex formation has little change on nucleotide binding
properties of MtUsfX.

Ligand K4 (uM) AF max(eale)
MtUsfX UsfX-SigF MtUsfX UsfX-SigF
v Complex Complex
ATP 1300+ 50 1250+50 21010 220+10
ADP 1900+ 50 1550+50 205+10 21510
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4.2.2 UsfX-RsfA interaction analysis
4.2.2.1 Sequence and phylogenetic analysis of MtRsfA

The sequence and phylogenetic analysis highlighted some interesting aspects of
MtRsfA (Rv1365c¢).This protein along with Rv3687c are the two anti-anti sigma
factors that have been reported to bind to MtUsfX; albeit under distinct conditions
(Beaucher et al., 2002). . Both proteins .are called RsfA and RsfB respectively for
‘regulator of sigma factor F’. While MtRsfA binds to MtUsfX under reducing
conditions, RsfB binds in an ATP/ADP dependent manner. MtRsfA is charactefized
by the presence of four cysteine residues viz., Cys73, Cys74, Cys86 and Cys109 out
of which Cys73 and Cys109 by virtue of a disulphide bridge have been implicated in
the anti-sigma antagonist activity. To our knowledge there are no other known anti-
anti-sigma factors of this class which regulate the sigma factor activity by monitoring
changes in the redox potential although anti-sigma factors have been reported that
regulate activity of their cognate sigma factors in a oxidation potential dependent
manner (Taeksun et al., 2003). For performing sequence analysis the first step
involved was searching various databases using MtRsfA as the query sequénce. A
combination of search tools BLASTP and PSI-BLAST were utilized to search for the
homologs. Position specific iterated BLAST (PSI-BLAST) (Altschul ef al., 1997,
| 2005) search against the non-redundant protein sequences (nr) database resulted in the
identification of about 100 sequences. after three iterations. Additional. iterations did
not result in the identification of hore sequences. Subsequent attention was focused
on sequences with high E values (>102%. MtRsfA is found to be clustered in
COG1366 of the Clusters of Orthologous Groups (COG) database of ConServed
Domain Database along with six other M. tuberculosis genes viz., Rv0516c, Rv1364c,
Rv1904, Rv2638, Rv3687¢ and Rv0914¢ which have been designated as probable
anti-sigma factor antagonists. The BLASTP search agaiﬁst the mycobactrial databases
with MtRsfA as query sequences yielded hits with sequence identities upto 50%. A
multiple sequence alignment with the CLUSTALW (Higgins et. al., 1994, Larkin et
al., 2007) program was performed to identify conserved residue patterns. The Cys73
of MtRsfA has replaced the serine in this anti-anti sigma factor far_ﬁily,  as_ also
reported earlier. A manual analysis of the protein sequences in the alignment revealed
the existence of many proteins with cysteine residues present in place of conserved

serines (Fig 4.8). We separated all these proteins with the criteria of having at least
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three Cys residués out of Cys73, Cys74, Cys86 and Cys109 in MtRsfA. For the sake
of convenience we name this as the CC-(11)-C-(22)-C pattern where 11 and 22 refer
to the sequence spacing between the respective Cys residues. Interestingly all the
proteins with such residues belonged to the members of mycobacteria where they
have been classified as conserved hypotheticals, regulatory proteins or signal proteins
(Fig 4.9). While a representative protein with CC-(11)-C-(22)-C pattern was observed
in all members a SC-(11)-C-(22)-C pattern (where S is serine) could be observed in
M. tuberculosis, M. bovis and M. marinum (Table 4.2). M. bovis BCG1427c shares a
95% homology with MtRsfA. M. tuberculosis Rv2638 and M. bovis BCG2665 share a
unique pattern of CC-(11)-C-(22)-G and like their CC-(11)-C-(22)-C counterfaarts are
highly homologous. The specific patterns of sequence present in these anti-anti sigma
factors may reflect the underlying varied roles of the proteins. The SC-(11)-C-(22)-C
pattern can be either for functioning by the phosphorylation/dephosphorylation
mechanism as well by forming a Cys74-Cys109 bridge in these proteins. Likewise the
M tuberculosis and M. bovis proteins with a CC-(11)-C~(22)-G pattern may be suited

to perform in altered pathways in response to different environmental conditions.
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Table 4.3 Cysteine and serine containing anti-anti sigma factors from

various mycobaterial sources. Position 73 cysteine is replaced by serine in
some members.

Organism and protein name Cysteine Position wrt M .tb RsfA

73 74 - 86 109
M. tuberculosis RsfA C C C C
M. tuberculosis Rv 2638 C C C G
M. tuberculosis Rv 1904 S C C C
M.bovis (BCG1427¢) C C C C.
M.bovis (BCGZ665) C C C G
M.bovis (BCG1943) S C C C
M.marinum (MMAR_2061) C C C C
M.marinum (MMAR_2800) S C C C
M.ulcerans (MUL_3282) C C C C
M.ulcerans (MUL_2925) S C C C
M.avium (MA 2742) C C C C
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Fig 4.8 Multiple sequence alignment of Mycobacterium tuberculosis
RsfA with anti-anti-sigma factor members from various microbial

sources.
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Full form for the codes used in Multiple sequence alignment on
previous page. :
MTBRSsfA (Mycobacterium tuberculosis H37Rv: RsfA), SAAsrR (Streptomyces
ambofacien :ArsR), SCAnti-anti sigma Fac (Streptomyces coelicolor: Anti-sigma
factor antagonist), SCASFA2 (Streptomyces coelicolor: anti-sigma factor antagonist),
LB (Leptospira biflexa : Putative anti-sigma factor antagonist ), FAANTI-RsbB
(Frankia alni: Antagonist protein rsbS), PE (Pseudomonas entomophila: putative
anti-sigma F factor antagonist), FA (Frankia alni :Anti-sigma-B factor antagonist),
FASTAS ( Frankia sp.: anti-sigma-factor antagonist (STAS) domain protein),
COG1366MTBC (COGI1366: Anti-anti-sigma regulatory factor Mycobacterium
tuberculosis C), SCBLDG BIdG (Streptomyces clavuligerus: BIdG), SGAAS
(Streptomyces griseus: putative anti-sigma factor antagonist), Bradyrhizobium Sp
(Bradyrhizobium sp:anti-sigma-factor antagonist), BrSpAASFAM (Bradyrhizobium
sp:putative anti-sigma-factor antagonist- family), MBCHP (Mycobacterium bovis
:Conserved hypothetical protein), MT1904 (Mycobacterium tuberculosis
H37Rv:hypothetical protein Rv1904), MB1939 (Mycobacterium bovis : hypothetical
protein Mb1939), MA2742(Mycobacterium avium subsp. Paratuberculosis:
hypothetical protein), MT2638 (Mycobacterium tuberculosis H37Rv:hypothetical
protein Rv2638 ), MMCHP (Mycobacterium marinum : conserved hypothetical
protein ), MUHP (Mycobacterium ulcerans : hypothetical protein), SA (Streptomyces
avermitilis : anti-sigma factor antagonist), SC (Streptomyces coelicolor :anti-sigma
factor antagonist ), MMCHP2 (Mycobacterium marinum : conserved hypothetical
protein ), PM (Prochlorococcus marinus : anti-anti-sigma regulatory factor), TP
(Thermotoga petrophila : anti-sigma-factor antagonist), SSP (Synechococcus sp: anti-
anti-sigma regulatory factor ),NF (Nocardia farcinica :putative anti-anti-sigma
factor), MM (Mycobacterium marinum : anti-anti-sigma regulatory factor), TM
(Thermotoga maritime : anti-sigma factor antagonist, putative), KR (Kineococcus
radiotolerans : anti-sigma-factor antagonist), PL (Pelodictyon luteolum : anti-anti-
sigma regulatory factor, SpollAA ) PM2 (Prochlorococcus marinus:anti-anti-sigma
regulatory factor), CP (Clostridium perfringens :anti-sigma F factor antagonist ),
MTBRsfB (Mycobacterium tuberculosis H37Rv: RsfB).
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—————————————— MNPTQAGSFTTPVSNALKATIQHHDSAVIIHARGEI
—————————————— MNPTQAGSFTTPVSNALKATIQHHDSAVITHARGEI
-MGLITTEPRSSPHPLSPRLVHELGDPHSTLRATTDGSGAALLIHAGGET
-MGLITTEPRSSPHPLSPRLVHELGDPHSTLRATTDGSGAALLIHAGGEI
-MSVDIAEPFTPHPMLSIRLLRELGDPHST LRAATDFRSTAVLIHAGGEV
-MSVDIAEPFTPHPMLSIRLVRELGDPHSTLRATTDFRSAAVLIHAGGEV
———-MNTVAMGSSPSSSSTRLSSPAGDPHTGLRAVTECTGSAVVVHVGGDV
MRRVNTVAMGSSPSSSSTRLSSPAGDPHTGLRAVTECTGSAVVVHVGGDV
—-——-MRTVAIGPGAGPSSTRPSSQPSDLHSGLRAVTECTGSAVVVHVGGDI
——-MRTVAIGPGAGPSSTRPSSQPSDLHSGLRAVTECTGSAVVVHVGGDI
———————————————————————— LSAPDSITVTVADHNGVAVLSIGGEL
———————————————————————— MSAPDSITAVVTDHDGVTVLSIGGEI
et MNATAKSPNALAIDTRSEDSLVVLSVEGAIX

. 1 2
DAANEHTWQDLVTKAAAATTAPEPLVVNLNGLDFMéEEAVAVLAHEAEﬁE
DAANEHTWQDLVTKAAAATTAPEPLVVNLNGLDFMGCCAVAVLAHKAERC
DGRNEHLWRQLVTEAAAGVTAPGPLIVDVTGLDFMGCCAFAARLADEAQRC
DGRNEHLWRQLVTEAAAGVTAPGPLIVDVTGLDFMGCCAFAALADEAQRC
DAANEHTWRQLIAETAASAPSPGLFVVDVSGLDFMGCCAFEVLAEQAGRC
DAANEHTWRQLIAETAASAPSPGLFIVDVSGLDFMGCCAFEVLAEQAGRC
DASNEVVWQRLVNRSAAIAIAPGPFVIDIRDLDFIGSCAYAVLAQESVRC
DASNEVVWORLVNRSAAIATAPGPFVIDIRDLDFIGSCAYAVLAQESVRC
DASNEVAWQRLVSKSAAIAIAPGPFVIDIRDLDFMGSCAYAVLAQESVRC
DASNEVAWQRLVSKSAAIATIAPGPFVIDIRDLDFMGSCAYAVLAQESVRC
——————————————— MADN--PTALVIDLSAVEFLG-SVGLKILAATSEK
DLITAAALEEAIGEVVADN--PTALVIDLSAVEFLG-SVGLKILAATSEK
DLVTAPALEEAIGAVVADS--PTALVIDLSGVEFLG-SVGLKILAATYEK
DSTNCAALRDAIIKATLDE--PSAVVVNVSALQVPDEASWS IFVSARWQV

*

3

RRRGVDVRLVSRDR-AVARITHACGYGDVLPVHPTTESALSAT-——————
RRRGVDVRLVSRDR-AVARIIHACGYGDVLPVHPTTESALSAT-—————-
RCRGIDLRLVSHQP-IVARIAEAGGLSRVLPIYPTVDTALGKGTAGPARC
RCRGIDLRLVSHQP-IVARIAEAGGLSRVLPIYPTVDTALGKGTAGPARC
RARGVELRIASAARHTRVTRIVAACGLSDALPVYRSVDAALALPAPSD———
RARGVELRIASAAHTRVTRIVAACGLSDALPVYRSVDAALALPAPSD-—-
RRRGVNLRLVSNQP-IVART IAACGLRRLLPMYSSVEAALSPVPNGH---
RRRGVNLRLVSNQP-IVARTIAACGLRRLLPMYSSVEAALSPVPNGH—--
RRRGVNMRLVSNQP-IVARTIAACGLRRLIPLYAMVETALAPPPSAH-—-
RRRGVNMRLVSNQP-IVARTIAACGLRRLIPLYATVETALAPPPSAH——-
IGOQSVKFGVVARGS-VTRRPIHLMGLDKTFRLFSTLHDALTGVRGGRIDR
IGQSVKFGVVARGS-VTRRPIHLMGLDKTFRLFSTLHDALTGVRGGRIDR
LGTAAEFGVVAQGP-ATRRPIHLTGLDKTFPLYPALDDALTGVRDGKLNR
DTPQHVPILLVCASRAGRELITRTGVTRFMPVYPTEKRAIKAVGRLARRK

- * . . * -
.

e ae e cee o o . .

Fig. 4.9: Multiple sequence alignment of anti-anti-sigma factor

members from various mycobacterial sources.
MT: Mycobacterium tuberculosis, MB: Mycobacterium bovis, MU:Mycobacterium
ulcerans and MM: Mycobacterium marinum.

112




%ZW G otein-protein ﬂm«mwm

Phylogenetic analysis: The phylogenetic analysis involving the retrieved anti-anti-
sigma factor sequences demonstrated that the mycobacterial proteins occur in
segregated clusters with good bootstrap values. Proteins with CC-(11)-C-(22)-C and
CC-(11)-C-(22)-G patterns formed one cluster whereas anti-anti-sigma factors with a
SC-(11)-C-(22)-C pattern clustered separately at a significant distance from those
with CC-(11)-C-(22)-C pattern (Fig 4.10). The significant bootstrap value of 66.57%
for the node from which members with CC-(11)-C-(22)-C pattern delineate shows
that these proteins possess common features and suggest's a common origin for them.
Thus a family of anti-anti sigma factors with discreet differences in the sequences
from other known anti-anti sigma factors has diverged to perform a function in
mycobacterial system not reported in other microbial systems. Furthermbre, based on
the work reported earlier and here, this set of proteins may be involved in
transcription regulation under stress conditions. They might have evolved to perform
specialized roles under the diverse environmental conditions faced by the pathogen

during the course of the infection.
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Fig 4.10: Phylogenetic analysis of anti-anti-sigma-factots from

microbial sources.
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Sequence co-variation in MitRsfA homologs: Proteins performing similar functions
usually possess similar structural features like topologies and folds. The sequence
perturbations in the primary sequence in one part of the structure mostly leads to
changes in the other parts to accommodate/compensate for these changes. The co-
variation in the residues of the protein sequence allows for the maintenance of the
overall structural integrity (Campbell er al., 2005). In the present instance, we
calculated the positional entropies in the aligned sequences of anti-anti sigma factors
from the whole set retrieved from the database searches and for those sequences
retrieved from mycobacterial sources (Fig 4.11). The Positional entropy or
informational entropy gives estimates about scores of multiple sequence alignment
where the calculated values obtained from the method employed (in our case The
Scorecons S’erver) are normalized for the Shannon’s entropy so that conserved
sequences i.e, those having low entropy score 1 and divergent sequences i.e, a high
entropy score 0. The sequence numbers describing Cys containing residues are with
respect to RsfA while those for Ser containing residues are with respect to RsfB. The
analysis was carried out using the following criteria: (i) Overall positional entropy of
1 ie., a common residue in all samples. (ii) Positional entropy of 1 with respect to
cysteine or serine containing proteins but overall entropy less than 1 ie.,
representative of the groups at fhat particular position or a primary co-variant
signifying that the variation has come along with the change in the primary active
residue. (iii) Positional entropy of 1 with respect to one group but less than 1 for the
other group at that position ie., a secohdary co-variant for that particular group. Fig
4.12A shows the positional entropy for the whole analyzed set while Fig 4.12B shows
the analysis for mycobacterial seqhences only. The group 1 describes the conserved
residue in all the anti-anti sigma factor sequences selected for analysis. The group 2
fulfills the second criteria discusséd abdve which can be described as the signature
residues for their groups. Cys73 of MtRsfA was found to have replaced Ser61 of
RsfB; similarly Ile51 of M. tubercdlosis RsfB has been replaced by Val63. The
positional entropy at these positions within the group is 1 ie., the position is highly
conserved over the whole sequence set. The same entropy values at Ile/Val position
points that the change in the primary sequence at this position is a direct consequence
of - introduction of Cys73 and th_ese residues may be of primafy importance for
maintaining the overall stability of the structure. Group 3 describes the co-variations

that have been brought by the introduction of cysteines in the sequence. The positions
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do not follow a conservation .pattem in serine containing anti-anti sigma factors but
the positional entropy values of 1 at these positions in cysteine containing anti-sigma
antagbnists points towards the conserved nature of the residues at these positions. The
formation of a disulphide bond between Cys73 and Cys109 must be introducing
rigidity into the protein with additional structural constraints in the form of volumetric
changes, charge imbalances etc. introduced into the protein. To compensate for these
structural perturbations, the résidues must have co-varied along with cysteines over
the whole length of the protein to accommodate these changes in the proteins. The co-
variation of the residues can also be for allowing the protein to perform specific
function. One such example is Cys109 position which doesn’t show conservation in
serine containing antagonists but has to be essentially cysteine in redox sensor anti-
anti sigma as it is the key to the formation of disulphide bond. Overall, the evolution
of this class of anti-anti sigma factors has been accompanied by changes in the
primary sequences which may be important for their functions under stress conditions
and at the same time they help maintain the basic structural features of the anti-anti

sigma factor proteins. -
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MM MMAR 2061 —~MSVDIAEPFTPHPMLSIRLVRELGDPHS-TLRATTDFRSAAVLIHAGGE
MT Rv2638 MGLITTEPRSSPHP-LSPRLVHELGDPHS-TLRATTDGSGAALLIHAGGE
MB BCG2665 MGLITTEPRSSPHP-LSPRLVHELGDPHS-TLRATTDGSGAALLIHAGGE
MAP2742 MNSVIVEPMSATHLTLSTKLVYELGDPNS-TLRATTARSGSAVLIYAGGE
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MT RsfA IDAANEHTWQDLVTKAAAATTAPEPLVVNLNGLDFMGCCAVAVLAHEAER
MB BCGl427c IDAANEHTWQDLVTKAAAATTAPEPLVVNLNGLDFMGCCAVAVLAHKAER
MU MUL3282 VDAANEHTWROLIAETAASAPSPGLFVVDVSGLDFMGCCAFEVLAEQAGR
MM MMAR2061 VDAANEHTWROLIAETAASAPSPGLFIVDVSGLDFMGCCAFEVLAEQAGR
MT Rv2638 ‘ IDGRNEHLWRQLVTEAAAGVTAPGPLIVDVTGLDFMGCCAFAALADEAQR
MB BCG2665 IDGRNEHLWRQLVTEAAAGVTAPGPLIVDVTGLDFMGCCAFAALADEAQR
MAP2742 IDACNEDTWRHLVSEAAGVVTTPGPFVVDVTGLEFMGCCAFAVLTDEAKR

:*- **. *:.*::::*. _.:* ::*::.**:******. -*:.:* *

- 2 3

MT RsfA CRRRGVDVRLVSRDR-AVARI THACGYGDVLPVHPTTESALSAT——————~
MB BCG1427C CRRRGVDVRLVSRDR—AVARIIHACGYGDVLPVHPTTESALSAT ———————
MU MUL3282 CRARGVELRIASAAHTRVTRIVAACGLSDALPVYRSVDAALALPAPSD———
MM MMAR2061 CRARGVELRIASAAHTRVTRIVAACGLSDALPVYRSVDAALALPAPSD---
MT Rv2638 CRCRGIDLRLVSHQP—IVARIAEAGGLSRVLPIYPTVDTALGKGTAGPARC
MB BCG2665 CRCRGIDLRLVSHQP-IVARIAEAGGLSRVLPIYPTVDTALGKGTAGPARC
MAP2742 CRORGIDLRLVSCEP-IVGRIIDACGLSDILPIYPTVDSALSGADRW————

* % **:::*:.* * %% * K . **:: :.::**.

Fig 4.11: Multiple sequence alignmént of Mycobaterium tubefculosis
RsfA with putative redox sensor anti-anti sigma factors of other

mycobacteria. MT: Mycobacterium tuberculosis, MB: Mycobacterium bovis,
MU: Mycobacterium ulcerans . and MM: Mycobacterium marinum, = MA:
(Mycobacterium avium subsp. Paratuberculosis: hypothetical protein).
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cysteine and serine containing anti-anti sigma factors.
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4.2.2.2 Cloning, over expression and purification of MtRsfA |

The full-length rsf4 gene 387 base pair in length vwas PCR amplified from genomic
DNA of M. tuberculosisH37Rv and cloned into pET-21d at Ncol and HindII to
acquire a C-terminal 6x Histidine tag. The clones were confirmed through restriction
digestion (Fig 4.13A) and the integrity of clone was confirmed by sequencing. |

The expression plasmids were introduced into E.coli host strains like BL21 (DE3),
Origami(DE3) and C41(DE3) that contain T7 RNA polymerase gene under the control
of lacUV5 promoter. MtRsfA expressed both in Origami (DE3) and C41 (DE3) host
cells. The conditions for growth were optimized at 37 °C by adding 0.3mM isopropyl-
1-thio-B-D-galactopyranoside (IPTG) to an ODgyy of ~0.6 and grdwing for further
twelve hours. The protein was insoluble in other cell variants and was soluble when
expressed in the Origami(DE3) strain. The latter strain facilitates the formation of
disulphide bonds in recombinant proteins. RsfA has a disulphide bond between
Cys73-Cyle9. In the Coomassie Brilliant Blue stained gel the over expressed protein
band was evident with an apparent molecular mass of slightly less than 14kDa; this
molecular mass compares with that of 13.5 kDa obtained from the amino acid
sequence. |

The His-tag present on the C-terminus :of the expressed RsfA facilifated one step
affinity purification from a NaCl Ni**-IDA column. The protein was puriﬁedﬂusing
Imidazole gradient (10mM-500mM) in a buffer containing 50mM Tris-Cl, pH 8.5 and
50mM NaCl. The protein was highly pure with minor trace contaminants as observed
on the SDS-PAGE (Fig 14.3B). The final purification step was performed by
precipitating the protein wifh 60% ammonium sulphate and was dissolved in
minimum volume of gel filtration running buffer (S50mM Tris-Cl, pH8.5, 50mM_iNaCl
and 5mM EDTA) utilizing the gel filtration chromatography column>Superdex-75.The
proteih eluted at a volume of 13.07 ml in the Superdex-75 column which had _-been
calibrated with proteins of known molecular weight. The elution volume of MtRsfA
corresponds to a molecular ‘weight of about 16kDa which is near to the molecular _
weight of 13.5kDa of MIRsfA. Thus it can be concluded that MtRsfA exists as a

monomer in solution with an intra-chain disulphide linkage (Fig. 4.13C).
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Fig 4.13: (A) Cloning of M. tuberculosis RsfA in pET21d.

LaneM: 1Kilobase DNA marker, Lane 1: Ncolnd HindIII digested pET21d, Lane2:
387bp rsf4 PCR amplified fragment digested with same enzymes, Lane3: Restriction
digestion of rsf4 clone in pET21d.

(B) Purification of MtRsfA.Lanel:Load, Lane2:Flowthrough, Lane3:Washl,
LaneM: Low Molecular Weight Protein Marker, Lane4:Wash2, Lanes5,6 and 7:
Purified fractions From Ni 2+-IDA column.

(C) Size-exclusion chromatogram. The elution volume of 13.07ml points
towards a molecular weight of ~ 16kDa for MtRsfA.
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4.2.2.3 Effect of DTT on conformation of MtRsfA v
The importance of Cys73-Cys109 disulphide bond in the RsfA function as anti-anti

sigma factor has been earlier evaluated by mutational analysis (Beaucher et al., 2002).
'MtRsfA binds to MtUsfX only when the disulphide bond is reduced. However, the
actual significance of the disulphide bond in regulating its interactions with the
cognate anti-sigma factor MtUsfX is not known. We utilized size exclusion
chromatography to monitor conformational changes, if any, as a consequence of the
reduction of the disulphide bridge. The gel-filtration elution profiles of MtRsfA from
Superdex S-75 column were monitored under native and reduced conditions. The
breaking of the Cys73-Cys109 diéulphide bond under reducing conditions was
achieved by incubating the protein with SmM DTT. The loss of an intra-chain bond
can be expected to bring small conformational or gross structural changes in the
protéin. Size exclusion chromatography has been used to calculate the Stokes radii of
proteins in altered conformational states by following changes in the hydrodynamic
properties (Ackers et al., 1970, Kenneth et al., 1995, Renu et al., 2006). The reduced
form of MtRsfA eluted earlier than its native form in th‘e size exclusion
chromatography column. Fig 4.14A represents gel filtration profiles of native and
reduced MtRsz. Elution volume of the native protein corresponds to a Stokes radiué
(Rg) of 18.5A while that of the disulphide bond reduced form is 22.1A (Fig 4.14B).
“Reduction of the disulphide bond might result in increased flexibility of the protein
and allow for the enhanced hydrodynamic radius. Thé concomitant structural
alterations may be necessary for the interactions with MtUsfX.
Circular Dichroism spectroscopy was used to detect any changes that may
accompany the changes in the hydrodynamic radius of the protein. CD spectroscopy
is used to identify secondary structural elements in proteins and the changes in these
elements due to molecular interactions. MtRsfA is predicted to be a o/B- protein with
a slightly higher helical content (31%) compared to the residues in the B-sheet regions
(23%).The secondary structuré predictions were obtained using the JPRED2 package
and 3DPSSM Fold prediction server. Analysis of CD spectra with the K2D softwére
provide_d estimates of the secondary struéturc content for RsfA (39% helix, 31%
Sheet).Similar results were obtained with the spectral data of reduced MtRsfA i.e.,
although reduction of the disulphide bond caused an increase in the radius of the

protein, it didn’t produce any gross secondary structural changes (Fig 4.14C). Thus
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the reduction of disulphide bond may be essential for increasing the accessibility of

certain residues that are important for the UsfX-RsfA interaction.
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Fig 4.14: Change in structural propertles of MtRsfA due to DTT.
" (A) Gel filtration elution profile of MtRsfA in presence and absence of DTT.
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(B) The Stokes radii of standard proteins were plotted against a function of their
elution volume (K,,) on a Superdex 75 Column. The elution volumes of native and
reduced (DTT treated) MtRsfA suggest Stokes radii of 18.5 and 22.1 A respectively.
(C) Far UV circular dichroism spectra acqulred from solutions of MtRsfA and

MtRsz in presence of 5SmM DTT
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4.2.2.4 In vitro interaction between MtUsfX and MtRsfA

The formation of the UsfX-RsfA complex could be detected based on the elution
profiles from size-exclusion c.hromatography experiments. MtRsfA and MtUsfX elute
with "volumes which correspond to molecular weights of 16kDa and 33kDa
respectively and corresponds to quaternary associations of a monomer and dimer for
the individual proteins. The UsfX-RsfA complex should elute as a higher molecular
weight entity compared to the individual proteins. Fig 4.15A shows the size exclusion
chromatogram of MtRsfA, MtUsfX énd UsfX-RsfA complex. Clearly the two
proteins have eluted as a complex and the interaction is stable in the solution. All the
protein-protein interactions were conducted in reducing environment in presence of
5mM DTT and the size exclusion running buffer was also supplemented with SmM
DTT. In the absence of DTT there was a change in the elution pattern with the
proteins eluting as a mixture from the column. The reduction of the disulphide bond
(in the presence of DTT) apparently results in favorable conformation changes in
MtRsfA to allow for the formation of a stable UsfX-RsfA complex. In the in vivo
environment, in the event of a redox potential change, this would free the SigF protein
for transcription.

4.2.2.5 Stoichiometry analysis

In- physiological conditions, protein-protein interactions occur in a specific
stoichiometric ratio inside the cells and these ratios have mechanistic implications
related to the functioning of the interacting proteins inside the cell. In order to
investigate the stoichiometry of the UsfX-RsfA complex we examined the results of -
gel filtration analysis The protein complex eluted at a volume of 9.7ml which
corresponds to a molecular weight of about 52kDa.Using the molecular mass of
MtRsfA (13.5kDa) and MtUsfX (15.55kDa) along with our early finding that MtUsfX
exists as a dimer, it was concludéd from the gel filtration analysis that UsfX: RsfA
complex exists in a stoichiometric ratio of 2:1 with a molecular weight of 44.5kDa.
Densitometry -analysis also yielded a stoichiometry of UsfX:RsfA (1.6:1) Fig 4.15.
The molecular mass of MtUsfX is almost equal to that of MtRsfA, while the intensity
of the MtUsfX bands 1s almost twice than that of MtRsfA thus showingvthat MtUsfX
is twice as that of MtRsfA. The paftner-switéhing interactions involving sigma, anti-
sigma and anti-anti sigma factors are governed by certain cellular signals and the

nature of the signal is going to determine which of the interactions will prevail at that

ot
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time; sigma-anti sigma factor or an anti-anti sigma-anti-sigma factor interaction.
Switéhing over from one partner to other involves various structural rearrangements.
The binding stoichiometries determine these structural changes in particular steric
clashes when the protein switches over from one partner to other. A stoichiometry of
2:2 has been described for anti-sigma and anti-anti sigma factor interaction (Shoko et
al., 2002) where one anti-anti sigma factor molecule dislodges the bound sigma factor
from its cognate anti-sigma factor in an induced release mechanism and then another
anti-anti sigma factor molecule binds to the assembled complex (Margeret et al.,
2003). There can be two reasons for the unusual stoichiometry. Either the complex
that has eluted from the gel filtration column is an intermediate of induced release
step or it may be the actual ratio present in vivo and may have a physiological
relevance in terms of the redox potentials that are existent inside the cells dufing the
formation of the complex. We are more convinced about 1:2 being the actual
stoichiometry because this was existent even at higher concentrations of the reducing
agent. Also the phosphorylation and dephosphorylation involved in serine containing
factors which has been found to facilitate the binding of the second anti-anti-sigma

factor molecule is not involved here.
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Fig 4.15: Gel filtration and densitometry analysis of UsfX-RsfA

(A) The UsfX- RsfA complex eluted at a volume of 9.7ml in Superdex-75 Column
which corresponds to a molecular weight of about §3Da.
(B) Standard molecular weight markers were used for calibrating the column.
~ (C) SDS-PAGE analysis of the peak fractions from gel filtration.
(D) Calculated stochlometry of RsfA:UsfX based on SDS-PAGE and:iensnometrlc

scanning.
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4.2.2.6 Structural studies on UsfX-RsfA interaction

Circular Dichroism spectroscopy was used to monitor changes in the secondary
structure that may have occurred in the proteins due to cbmplex formation. Fig 4.16A
shows the CD spectra obtained for MtUsfX, MtRsfA ahd the UsfX-RsfA complef(. No
gross. secondary structural changes were detected in either of the proteins and the CD
spectra of the two proteins and UsfX-RsfA complex appear to be similar. Also no
changes in MtRsfA structure (Section 4.3.3) were observed on reduction of the
disulphide bond, presumably a prerequisite to complex formation so it can be
concluded that the UsfX-RsfA interaction involves orientation of interacting residues
without changing the secondary structure of the proteins. The thermal denaturation
analysis using the two state model showed a higher thermal stability of the UsfX-
RsfA complex as compared to Rsz (Fig 4.16B). This increased resistance to high
temperatures can be attributed to the complex formation with MtUsfX. MtUsfX in
interaction with its cognate sigma factor MtSigF was also found to be resistant to
changes in secondary structure while changes in the secondary structure of MtSigF
were observed there, also its interaction with MtSigF imparts greater thermal stability
to UsfX-SigF complex than is found in MtSigF alone (Section 4.2.5). The
conservation of secondary structure while switching partners from sigma factors to
anti-anti sigma factors may be a way of maintaining the interacting surfaces for
diverse protei‘ns in the anti-sigma factors.

We also utilized ﬂuorésccnce spectroscopy to monitor conformational changes in
proteins due to complex formation. MtRsfA is characterized by a fluorescence
maximum at about 340nm. The emission is blue shifted relative to that of free L-
tryptophan which under the same conditions is observed at 354nm. As buried
tryptophan residues in the folded protein show the fluorescence emission Amax at
330;34'0 nm, with an increase in the fluorescence yield, it can be concluded that the .
tryptophan molecule in MtRsfA is buried in the hydrophobic core of protei_n and not
significantly exposed to the solvent. The fluorescence maximum observed for the
UsfX-RsfA complex at 343nri1 is slightly red-shifted (by 3nm) when compared to that
for MtRsfA and blue shifted by aﬁproximately 7nm when compared to MtUst which
is éharactgrized by a fluorescence maximum at ~349nm..Firther the spectrum of the
complex is characterized by an increase in the band width as compared to the spectra
of the two individual proteins (Fig 4.16C). The fluorescence maxfma of UsfX-RsfA

complex suggests that there is a change in the environments of the tryptophans of
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either one or both of proteins and from the fluorescence maxima of individual
proteins it appears that it is the Trp-106 of MtUsfX which is getting shielded as a
consequence of complex formation, the Trp-44 of MtRsfA is already in a hydrophobic
environmént so cant undergo much change. From these fluorescence spectra it can be
concluded that the interaction between these two proteins although not involving
changes in the structural elements but are accompanied by transitions in local

environments of individual residues.
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Fig 4.16: CD and fluorescence spectroscopy studies with MtUst

MtRsfA and UsfX-RsfA complex.

(A) Far UV circular dichroism spectra acquired from solutions of MtRsfA, MtUst
and the 2:1 UsfX: RsfA complex.

(B) Thermal denaturation profiles of the two protelns and the protein complex
Apparently stability is imparted in the complex from highly stable MtUsfX. '
(C) Intrinsic fluorescence emission spectra obtained for MtRsfA, MtUsfX and UsfX-
RsfA complex. The complex formation is accompanied by changes in the tryptophan
fluorescence of the either of the proteins.
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4.2.2.7 In silico analysis of UsfX-RsfA interaction

No success could be achieved either in the crystallization of MtRsfA or UsfX-RsfA
complex. From our circular dichroism and fluorescence spectroscopy Iexperiments we
could identify changes at the amino acid conformational level as opposed to gross
changes to the secondary structures of the proteins upon complex formation. We used
molecular modeling and dynamics as a tool to probe the nature of the conformational
changes that occur during UsfX-RsfA complex formation. The in silico models for the
UsfX-RsfA complex were generated by comparatifle modeling techniques as
described in section 4.2.1.5. The interacting surfaces were visualized using PYMOL
and the major interacting regions were identified as the stretches encompassing
residues 107-112 in MtRsfA and 100-111 in MtUsfX (Fig 4.17).Two models of the
UsfX-RsfA complex were used as.the starting point in the calculations. In the first one
the Cys73-Cys109 bond of MtRsfA was maintained (model-I) while in the second
model (model-II) the bond was broken as would be the case under reducing
conditions. The latter condition as mentioned earlier is conducive for the complex
formation. The molecular dynamics calculations were run on bbth models and the
results were analyzed. The r.m.s.d values for the stretches involved in the UsfX-RsfA
interfaces and also the stretch harboring Cys73 of MtRsfA are shown in Fig
4.18A.While there is little deviation in the region containing the Cys73 residue in
both the models, significant ».m.s.d can be found in the 107-112 of MtRsfA and 100-
111 of MtUsfX in model-II when compared to the corresponding values in model-1. A
closer inspection shows that the .m.s.d values for the residues in these streches can be
attributed, amongst other things, to increased deviations of MtRsfA- Cys109,
MtUsfX-His107 and MtUsfX-Phel04 (Table 4.3). The atomic distances between
MtRsfA-Cys109 and MtUsfX-His107 were found to decrease during the course of the
dynamics in model-II accompanied by a simultaneous increase in the atomic distances
between MtRsfA-Cys109 and MtUsfX-Phel04. So during the rearrangement in
model-11 His107 of UsfX comes close to the Cys-109 of RsfA which exists as a thiol
and this is accompanied by the movement of UsfX-Phe104 away from the thiol group
(Fig.4.19A, B). Other increased interacti:on‘s in model-II involve the MtRsfA-His81
and MtUsfX- AialOO residue pair and also MtRsfA-lle105 and MtUsfX-Vall08
residues (Fig.4.19C). Some of these residues like Val108 and His107 of MtUsfX are

conserved in mycobacteria and like pointed out earlier, the cysteines forming the
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disulphide bridge in MtRsfA are also conserved. It is conceivable that the
rearrangements observed here may be typical for members of the redox bsensing anti-
anti-sigma factor proteins from mycobacteria. The differences in the side chain
rearrangements in the two models can be attributed to the local charge redistribution.
In model-I the disulphide bridge is maintained and no major rearrangements of the
sidechains of MtUsfX-His107 or Phe104 are observed. When the disulphide bridge
breaks down with the correspbnding formation of thiols (or thiolate), MtRsfA-Cys109
attracts the positively charged His107 residue closer and initiates this and other
observed rearrangements in model-II. o _
Thus the Cys73-Cys109 disulphide bond in MtRsfA while acting as a sensor for
changes in redox potential, appears to strength its interaction with MtUsfX in the
reduced cellular atmosphere which is important for setting MtSigF free to drive the

transcription in the altered atmosphere of the cell.

Table 4.4 r.m.s.d(A) values for important residues in RsfA-UsfX
interaction. The increased rmsd values in Cys73 and Cys109 are due to the loss of
interaction among themselves. MtUsfX Phe104 and His107 have higher values when
the disulphide bond is absent because of their proposed roles during complex
formation. : '

Residue Cys73- Cys109 | Cys73-Cyle9_
' Bond present _ Bond absent
RsfA -Cys73 | . 4.7 - 5.7
RsfA-Cys109 454 7.62
UsfX-Phel04 78 - 943
UsfX -His107 | 5.59 11.06
UsfX -Val108 |© 9.1 : 7.27
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A

(B)

Rv1365¢

Rv3287¢

Fig 4.17: Modelled UsfX-RsfA complex.

(A) Interacting residues and the conserved residues of structural importance of

MtRsfA (Rv1365c¢).
(B) The 180° rotated orientation of the M figure showing the interacting
residues of MtUsfX (Rv3287c).
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Fig 4.18: r.m.s.d (A) and displacement graphs for residue stretches
involved in UsfX-RsfA interaction. (A) Displacements in the functionally
important stretches show that Cys109 of MtRsfA has a prominent role in interactions
involving the region 100-111 of MtUsfX (Rv3287c). The black bars represent the
case when theCys73-Cys109 bond is maintained while the grey bars represent values
in the absence of the bond. (B) Displacement of MtUsfX His107 and Phe104 in the
UsfX-RsfA complex when the Cys73-Cys109 bond is intact. (C) Increased
displacement of MtUsfX His107 and Phel04 in the UsfX-RsfA complex in the
absence of the Cys73-Cys109 bond.
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Fig 4.19: Interactions at the UsfX-RsfA interface.

(A) (Left): Stick representation of residues around Cys109 of MtRsfA in model-I
where the Cys73-Cys109 disulphide bridge in MtRsfA is maintained. The van-der
Waals surface area colored according to charge is also shown in this and in panel B.
The snapshot is at the beginning of the MD simulations. (Righf): Snapshot of the
region at the end of the MD run. Clearly the residues do not exhibit large
conformational changes in model-1. (B) (Lef?): Snapshot of the same region at the
beginning of the MD simulations involving model-II where the Cys73-Cys109
disulphide bridge is broken. (Righf): The snapshot of the region after the MD
simulations. Clearly a rearrangement of the His107 and Phe014 side chains of
MtUsfX takes place where the side chain of His107 comes close to Cys109 of
MtRsfA. (C) Overlay of the UsfX-RsfA interface around Cys109 from model-I and
model-II at the end of the respective MD simulations. Residues shown in blue are of
model-II at the end of the MD simulations and are numbered with a * for clarity while
those shown in green belong to model-I. Clearly increased interactions are observed
between Val108 and Ile105 of MtUsfX and MtRsfA respectively in model-II.
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4.3 Summary

MtUsfX like other anti-sigma factors was found to interact with its cognate sigma
factor MtSigF and anti-anti sigma factor MtRsfA. A stable UsfX-SigF complex could
be attained in vivo only by the co-expression of the two proteins. In vitro complex
formation was difficult even in the presence of the nucleotides. Conclusively the
interaction occurs in presence of some cellular factors and the presence of nucleotides
only doesn’t seem to be important for this interaction. A stoichiometry ratio of 2:1
was identified for the UsfX:SigF interaction with the interactions apparently stabilized
by hydrophobic forces with a greater stability imparted to MtSigF upon complex
formation. From nucleotide binding studies with UsfX-SigF complex it could be
concluded that the protein interacting surface is not in the vicinity of the nucleotide
binding site of MtUsfX. The structural rationalizing of the Ust-SigF interaction with
computational analysis confirmed the presence of hydrophobic residues at the
interface and the distal nature of the nucleotide binding site and the protein interacting
interface in MtUsfX. ‘

Anti-sigma factor antagonists act as sensors for altering conditions inside the cell by
sensing the changing chemical entities or chemical potentials inside the cells. MtRsfA
from its sequence analysis was found to be a member of mycobacterium specific class
of redox sensing anti-anti sigma factors which have evolved with a higher order
conservation of structurally and functionally important residues. The reduction of the
Cys73-Cys109 disulphide bond in MtRsfA with DTT results in an increase of the
hydrodynamic radius and also leads to the formation of a stable UsfX-RsfA complex.
The complex has a novel 1:2 stoichiometry compared to a 2:2 stoichiometry reported'
in other complexes involving anti-anti sigma factors. Circular dichroism studies ruled
out gross secondary structural changes upon complex formation while fluorescence
spectroscopy studies suggest smaller alterations. Using MD simulations analysis, the
reduction of the disulphide bond of MtRsfA for the UsfX-RsfA interaction was found .
to be important to facilitate the specific. conformational changes which lead to
stabilization of the complex. The propefties of the UsfX-RsfA interaction appear to be
a common adaptation in redox sensing anti-anti-sigma factors as suggested by the
consérvation of important interacting residues across the sub-family of mycbbacterial

proteins.
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ANNEXURE



1. Chemicals & Strains

All the chemicals used in this work were of ultra pure grade and purchased from
Sigma-Aldrich, St. Louis, MO-63103, USA. Growth media contents were from HiMedia
laboratories, Mumbai, India. Ortho-phosphoric acid for Bradford reagent was purchased
from Qualigens India Ltd., Mumbai, India.

Protein purification materials, columns, column materials and molecular biology
kits were obtained from Amersham Biosciences (Part of GE healthcare), UK.

All the restriction enzymes were from New England biolabs (UK) Ltd., Herts, SG4
0TY, UK. T4 polynucleotide kinase was purchased from Amersham Biosciences (Part of
GE healthcare), UK. '

v-*P ATP was purchased routinely from BRIT (Board of radiation and isotope
technology), BARC, Mumbai, India.

'T7 based expression vectors pET21d, pET23a, bacterial strain BL21 (DE3) and
other strains to aid cloning and expression were from Novagen, EMD Biosciences Inc.,
Madison, WI-53719, USA while T5 promoter based expression vector pQE31 was from
Qiagen GmbH, Hilden, Germany.

Centricons were purchased from Amicon, Beverly, MA-01915, USA. Hyperfilm-XP
for autoradiograms was purchased from Amersham Biosciences (Part of GE healthcare),
UK.

Primers were synthesized from Sigma-Genosys, The woodlands, TX-77380, USA.
Lyophilized samples were dissolved in TE to make a 100 nM stock.

2. Reagents and Composition

All purification buffers, were ﬂroperly filtered with 0.22 pm filters and degassed as
per the guidelines of the column manufacturers.

A. Luria-Bertani (LB) media and YT Broth

LB: Tryptone 10g, Yeast extract 5g, NaCl 10g in 950 ml of deionized water. The
contents are dissolved, made-up and sterilized by autoclaving for 20 min at 15 lb/m

YT: Tryptone 16g, Yeast extract 10g, NaCl 5g in 950 ml of deionized water The

contents are dissolved, made-up and sterilized by autoclaving for 20 min at 15 Ib/in’.
For solid LB, 1.5 % agar is added before autoclaving.
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B. Bradford Reagent

For 100 ml j
Coommassie Brilliant Blue G250 10 mg
85 % Ortho phosphoric acid 10 ml
Absolute ethanol S ml

10 mg G-250 was dissolved in 5 ml ethanol and then thoroughly mixed with 10 ml
ortho-phosphoric acid. Volume was made up to 100 ml with TDW and solution was
filtered through whatman filter no.1 and kept in brown bottles.

C. Tris Acetic acid EDTA (50X)

For 1000 ml ‘

Tris ' 242 g

Acetic acid glacial 57.1ml

0.5 M EDTA 100 ml
D. SDS PAGE (12%)

Resolving gel 5 ml

H,O ' 1.6 ml

30 % Acrylamide ; 2.0ml
1.5 M Tris, pH 8.8 1.3 ml
10 % SDS 0.05ml
10 % APS 0.05ml
TEMED 0.002 ml
Stacking gel 2 ml
H;0 5 1.4 ml
30 % Acrylamide ‘ 0.33 ml
1.0 M Tris, pH 6.8 0.25 ml
10 % SDS 0.02 mi
10 % APS ' 0.02 ml

TEMED :' 0.002 ml

F.PAGE running buffer (1X)

i

Tris B 3.02¢g
Glycine - 18.8¢
, 10 % SDS . 10.0 ml
G. Native gel loading dye '
Sucrose o 40 % (W/v)

Bromophenol blue o 0.25 % (w/v)

146



H. Antibiotics Stock

100 mg/ml and 50 mg/ml stock solutions for ampicillin and kanamycin were
prepared in TDW and-and 5mg/ml tetracycline stock solution was prepared in ethanol and
filtered with 0.22 uM syringe filters (Millipore, Massachusetts, USA).

I. IPTG & PMSF

1 M stock for isopropyl-beta-D-thiogalactopyranoside (IPTG) was prepared each
time in TDW and filtered with 0.22 pM syringe filters and stored at -20°C. 200 mM stock
of Phenyl methyl sulphonyl fluoride (PMSF) was made in absolute ethanol and stored at -
20°C. ‘
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