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1.1 Tuberculosis: Infection to cure

Tuberculosis (TB) is a serious infectious disease caused
by Mycobacterium tuberculosis (Mtb) or closely related mycobacterial
strains. The infection is acquired in similar way as common cold
by inhaling microscopic droplets from the atmosphere, in this case
containing the bacteria. The droplets are transmitted from the
respiratory tract of a contagious person when talking, coughing or
spitting and can remain airborne for hours. Because only few bacteria
are needed to start an infection the transmission is very
efficient (Schluger and Rom, 1998; WHO factsheet, 2006). Once the
bacteria enter the lungs it will on site be recognized by alveolar
macrophages or dendritic cells which will phagocytose the bacteria. From
this point there will be four possible outcomes: 1) the bacteria will enter
the phagolysosomes and be killed leaving the host with no risk of
developing TB at any time; 2) the bacteria will multiply and grow
immediately resulting in a primary infection; 3) the bacteria will become
dormant and never cause disease and leave the host non-contagious and
with no symptoms and 4) the dormant bacteria will be reactivated at a

later stage and cause a disease (Figure 1.1; Schluger and Rom, 1998).

The molecular mechanism behind these outcomes remains
unclear. However, TB is always associated with the presence of
macroscopic structures in the lung known as tubercles, also giving name

to the disease.
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Infection Immune system vs. bacteria Recruitment of
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Figure 1.1: The infection cycle of Mth. The bacteria are inhaled and phagocytosed
by alveolar macrophages. The recognition and uptake of the mycobacteria will
lead to a located pro-inflammatory response that attracts white blood cells and
fibroblasts. The recruited cells will build the granuloma around the infected
macrophages, and start to seal the area with collagen and other extracellular
matrix components. In the containment/latent phase the fibrous cuff is advanced
and the number of blood vessels in the granuloma is markedly reduced. During
the containment phase the infection has no symptoms and is not contagious.
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Under conditions where the immune system is compromised, the bacteria can
escape from the degraded/ruptured granulomas. Now the bacteria can again easily
be transmitted to the atmosphere and start a new infection cycle. The figure has
been modified from [Schluger and Rom, 1998].

Tubercles are a persistent group of mononuclear phagocytes and
associated cells that are clumping together as a consequence of the
infection (Adams, 1976). This structure is often referred to as
“granuloma” (Adams, 1976). The granuloma are built after the infected
cells migrate deeper into the tissues where they induce a localized pro-
inflammatory response that recruits additional mononuclear phagocytes
to the area. The phagocytes will start to organize in the complex
granuloma structure, encapsulating the infected macrophages, by
specialized phagocytes and surrounding cells. The area gets finally sealed
off with a fibrous cuff of collagen and other extracellular matrix
components (Russell, 2007). Under these conditions the bacteria
becomes dormant and the host has no symptoms. The bacteria can
remain inside the host for decades and reactivate from the dormant
state in case of failure of immune surveillance (Lillebaek et al.,, 2002;
Stewart et al.,, 2003). When the bacteria escape the granuloma it
effectively reinfect the lung tissues of the host and thereby allow it to
spread to a new host. Infection with Mtb for this reason could be of
serious consequence in conditions of severe malnutrition, HIV infection
or any situation that impairs the immune system (Schaible et al,

2007; Corbett et al.,, 2003). The World Health Organization, has
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estimated that about two billion people are infected by Mtb or similar
mycobacteria (WHO factsheet). Of these 5-10% will develop a progressive
disease (WHO factsheet, 2006; Schluger and Rom, 1998). Left untreated
TB is fatal, but low cost medicine have existed for half a century with
cure rates up to 95% (Frieden et al.,, 2003). A downside of the current
therapy is however the long treatment period of 6 months, which results
in many incomplete treatments. This have, over many years, lead to
growing number of drug-resistant, multidrug-resistant and extensively
drug-resistent strains (Aziz et al., 2006). Currently the situation is calling
for new effective drugs or vaccines and more knowledge about these

infectious bacteria (Sacchettini et al., 2008).

1.1.1 Models to study tuberculosis

TB is not restricted to humans, butalso commonly seen in
mammals (Murphy et al.,, 2008). One way to better understand the
infection cycle is therefore to use animal models. When analyzing data
from such models it is important to note that under natural
conditions, Mtb exclusively infects human (Brosch et at, 2002). Infection
with Mtb is however not restricted to human, and under experimental
conditions Mtb is often administrated to immuno-defficient animals,

injected intravenous or inhaled in high dose (Stewart et al., 2003).
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For historical reasons, mice have been the first choice for in
vivo experiments, due to the ready availability of mutants and their
relative ease to genetically manipulate. Two drawbacks of the mice model
are the difficulty in controlling the dormant stage of the infection cycle,
and the formation and the structure of the granuloma which can not be
compared with humans (Flynn, 2006). The guinea pig and rabbits are
thought to be better models, as their granulomas are well organized and
become necrotic as in humans. On the other hand guinea pigs are very
susceptible for infection at even very low dose of Mtb, whereas rabbits are
resistant to infection and need to be infected with a related mycobacteria
(Flynn, 2006). As in mice, it is therefore difficult to investigate the
dormant stage of infection in these models. Although debatable, monkeys
have recently been considered as a model to investigate TB. These non-
human primates develop TB as in humans, and the data obtained are of
more value than any other animal model (Lin et al., 2006). The infection
cycle in monkeys includes all the four possible outcomes of infection
mentioned, including the latent stage and a more complex granuloma
formation similar to human (Lin et al., 2006). Although different animal
models and homozygotic strains make it difficult to extrapolate the data
(Converse et al., 2009), these in vivo models have been used successfully
and widely in investigating different virulent mycobacterial strains
including genetically manipulated strains. It is indeed very important to

understand how bacteria survive inside the phagosome and how bacteria
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translocate within and between cells. Therefore, cultured cell lines and
primary derived macrophages have also taken a central position in TB

research (Vergne et al., 2004).

More unexpected approaches using amoeba and zebrafish have
also been used (Tobin and Ramakrishnan, 2008; Hagedorn et al., 2009).
The zebrafish is normally infected with M. marinum which is a genetically
close relative of Mtb (Tobin and Ramakrishnan, 2008). Interestingly, the
granuloma structure found in infected zebrafish resembles that found in
human, increasing the value of the model (Tobin and Ramakrishnan,
2008). In contrast to other models, the zebrafish has the obvious
advantage of being transparent. This makes it possible to investigate the
infection by microscopy in real time at the cellular level in vivo, bringing

the two disciplines together.

1.1.2 Inside the macrophage

Besides single experiments using samples from patients
(Mwandumba et al.,, 2004), most data on phagocytosed mycobacteria
have been carried out on primary macrophages or cell lines (Vergne et
al., 2004). Under normal conditions macrophages effectively kill
microorganisms by directing them to compartments known as
phagolysosomes, having toxic oxygen and nitrogen metabolites, low pH
and hydrolases (Nathan and Shiloh, 2000; Anes et al.,, 2006). Some

7
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pathological bacteria including Mtb can however block the phagosome
maturation and escape these hostile conditions (Russell, 2007; Ray et al.,
2009). The secreted or released bacterial proteins and lipids could
provide clues to the ability of Mtbto arrest phagosome maturation
(Vergne et al., 2004). Inside the bacteria-friendly vacuole the bacteria can
replicate and enter into dormancy (Russell, 2007). Recent data reveal
that Mtb enters matured phagolysosomes and escapes into the cytoplasm
after more than two days (Wel et al., 2007). A similar strategy has been
found for a number of gram positive and negative bacteria (Ray et al.,
2009) as well as for related mycobacteria M. marinum (Tobin and
Ramakrishnan, 2008). However these bacteria escape the unwanted
conditions of the phagolysosome within 30 minutes (Ray et al., 2009). It
is not known how mycobacteria escape the phagolysosomes, however in
other related bacteria specific proteins are involved that can disrupt the
phagosomal membrane (Ray et al., 2009). It remains to be found
if Mtb use similar strategies and how they avoid other stresses like

acidification, hypoxia and starvation within the phagocytes.

1.1.3 Mycobacterial apparatus against antibacterial armory:

Normally macrophages swiftly kill microorganism by translocating
them to the phagolysosomes, cellular compartments containing low pH,

hydrolases, toxic oxygen and nitrogen metabolites. However, Mtb seems
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to arrest phagosome maturation (Kinchen & Ravichandran, 2008). The
thick mycobacterial cell wall provides a degree of resistance against the
microbicidal mechanisms of macrophages, which is complemented by the
expression of a range of enzymes that can detoxify oxidative radicals. In
addition, as with other slow-growing mycobacteria, live Mtb interfere with
intracellular trafficking events after uptake by phagocytes, allowing the
bacteria to occupy an immature phagosomal compartment that is
screened from the most potent antimicrobial armoury. These properties
allow Mtb to replicate inside macrophages during the early stages of
infection. Dormant Mtb resides within harsh macrophage environment
for decades. It is important to understand the host pathogen interactions
to learn how Mtb circumvents the host defenses and causes disease or

stays latent without being detected in host for decades.

1.2 Transcription regulators: New targets in combating old threat

The increasing emergence of drug-resistant TB, especially
multidrug-resistant TB (MDR-TB, resistant to at least two frontline drugs
such as isoniazid and rifampin), is particularly alarming. MDR-TB has
already caused several fatal outbreaks and poses a significant threat to
the treatment and control of the disease in some parts of the world,
where the incidence of MDR-TB can be as high as 14% (WHO, 2003). The

standard TB therapy is ineffective in controlling MDR-TB in high MDR-
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TB incidence areas (Kimerling et al., 1999). Of the estimated 0.5 million
cases of MDR-TB in 2007, 27 countries (of which 15 are in the European
region) together account for 85% of all such cases. According to WHO,
XDR-TB is a future threat defined as TB that has developed resistance to
at least rifampicin and isoniazid (resistance to these first line anti-TB
drugs, MDR-TB), as well as to any member of the quinolone family and at
least one of the following second-line anti-TB injectable drugs:
kanamycin, capreomycin, or amikacin. By the end of 2008, 55 countries
and territories had reported at least one case of extensively drug
resistant TB (XDR-TB) (http://www.who.int/en/; WHO-factsheet, 2009).
There is much concern that the TB situation may become even worse
with the spread of HIV worldwide, a virus that weakens the host immune
system and allows latent TB to reactivate and makes the person more
susceptible to re-infection with either drug-susceptible or drug-resistant
strains. The combination of drug resistant TB and HIV infection is a
growing problem that presents serious challenges for effective TB control.
In view of this situation, the World Health Organization (WHO), declared
TB a global emergency (WHO, 1993). There is an urgent need to develop
new TB drugs. However, no new TB drugs have been developed after the
last one was developed more than 40 years. Although TB can be cured
with the current therapy, the six months needed to treat the disease is
too long, and the treatment often has significant toxicity. These factors

make patient compliance to therapy very difficult, and this

10
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noncompliance frequently selects for drug-resistant TB bacteria. The
current TB problem clearly demonstrates the need for a re-evaluation of
our knowledge of physiology of Mtb and the need for characterizing new
and better drugs targets. Therapeutic interventions that are not only
active against drug-resistant TB, but also, more importantly, can shorten

the requirement for six months of therapy.

To rationally develop new antitubercular agents, it is essential to
study the comparative genetics and physiology of Mtb and other non-
pathogenic mycobacteria. The post-genomic TB era has now enabled
researchers to undertake a global analysis of genetic differences between
Mtb, M. bovis and various BCG substrains encompassing almost every
open reading frame. Among the genes present in virulent strains but
deleted from BCG strains, there seems to be no classical virulence
elements, but there does seem to be an over-representation of
transcriptional regulators, both repressors and activators. The
adaptability of Mtb to its environment is underpinned by a complex array
of these over 200 annotated transcriptional regulators. It is speculated
that these transcriptional regulators may be involved in adapting to

environmental changes like the intracellular hostile environment.

11



Chapter 1 cAMP receptor proteins from mycobacteria- An Introduction

1.2.1 cAMP receptor proteins/Fumarate and nitrate reductase

regulators: physiological switch to global stress response

Bacteria live in extremely diverse environments. These
environments are not stable and expose bacteria to rapid changes and
often a paucity of resources (including hostile intracellular situations).
Bacteria must have the capacity to respond quickly to transitory
conditions and imbalanced resources by activating alternative gene
programs in order to make use of short-lived opportunities or to shut of
unneeded metabolic routes. The CRP/FNR family of regulators is well
adapted to potentiate bacterial metabolic versatility. Functions span the
control of virulence factors, enzymes of aromatic ring degradation,
nitrogen fixation, photosynthesis, and various types of respiration,
making CRP/FNR regulators a most versatile group. The first member of
the family was the cyclic adenosine monophosphate (cAMP)-binding
protein, CRP (cAMP receptor protein), also called CAP for catabolite
activator protein. This protein represents the paradigm of a genetic
regulator, its properties having attained textbook status. It was found
that oxygen or redox sensitive gene regulatory circuits are controlled by
another global regulator called FNR. FNR stands for fumarate and nitrate
reductase regulator and involved in regulating of anaerobic metabolic
pathways of Escherichia coli [Shaw et al.,, 1983]. A remarkable versatility
of sensory mechanisms integrated into the CRP/FNR scaffold has been
defined. The different signal molecules recognized by CRP/FNR

12
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regulators as well as their sensory modules have been also discussed.
These aspects include among others the signals NO, CO, 2-oxoglutarate
and temperature and a binding capability of CRP/FNR regulators beyond

that of cAMP and a [4Fe-4S] cluster [Figure 1.2].

Using common structural features and functional considerations,
Fischer proposed a tripartite classification of CRP/FNR regulators
[Fischer, 1994]| into the groups CRP, NtcA, and FNR, of what were then
only 22 proteins. The FNR cluster was divided into FNR-type regulators
and the FixK subgroup. By about mid 1999 the number of regulators
had risen to 56, for which the original classification held up in a
phylogenetic analysis, except for introduction of a new group of Dnr
regulators [Vollack et al, 1999]. A better analysis comprising 64
regulators maintained a virtually constant picture [Green et al.,, 2001].
Due to the rapid advances in genome analysis, the number of candidate

members of the CRP/FNR family has now increased enormously.

13
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Figure 1.2: Signals processed by regulators of the CRP/FNR family. Boxed signals
have not been proven to interact directly with the cognate regulator. Eh,
midpoint potential. Figure has been modified from Koner et al., 2003.

The CRP/FNR proteins are rather constant in size with
approximately 230-250 amino acid residues in most members. The
proteins are characterized by a C-terminally located helix-turn-helix
(HTH) structural motif consisting of two a-helices joined by a turn, which
fits into the major groove of DNA. Regulators bind via this motif in the
promoter region of target genes and thus exert functions of activators or
repressors. In addition to the HTH motif, CRP/FNR regulators have a
large nucleotide binding domain [Kolb et al., 1993] that extends from the
N-terminus over roughly 170 residues. By itself this domain, defined by
similarity to cAMP-binding domains, does not confer specificity onto the
regulator family. Rather it places it in a pool of over 1200 nucleotide-
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binding proteins of various functions, which encompass all life forms.
Thus, by definition, members of the CRP/FNR superfamily are

characterized by the presence of both domains.

1.2.2 Structural overview of cAMP receptor proteins: The allosteric

activation

The activation process of CRP upon binding to cAMP involves
unique features of allostery distinguished from those of other enzymes
and membrane receptors. CRP is a homodimeric protein and each
monomer consists of two domains (Figure 1.3,1G6N) [Lin et al.,, 2002;
Won et al., 2008]. The N-terminal cAMP-binding domain (residues 1-137)
and the C-terminal DNA-binding domain (residues 138-209). The region
between C- and D-helices that connects the two domains is called a
hinge, typically defined as the L134-D138 region. The larger, N-terminal
domain (NTD), which is predominantly p-stranded, is basically
responsible for CRP dimerization (see Figure 1.3), and cAMP binding to

this domain results in the functional activation of CRP.
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1G6N: cAMP-bound CRP 2BEO: Wild-type PrfA 2BGC: G145S PrfA
Fie (active; on) (active; intermediate) (active; on)
F | pna-
binding
domain
1
N-terminal
domain
Q_ 2'.-'60. pdCprK
THWS5: cAMP-bound, 2H6B: CHPA-bound, . ’7(maCUVC; off)
T127L/S128A CRP oxidized ,, CprK 7 -
(active; on) =~ (}) (inactive; intermediate)

>

e/}

//' IFT9:  CooA

2HKX: NI27L/S128L ,CooA 2FMY: Imidazole-bound ., CooA /. (inactive; off)
(active; on) (inactive; intermediate)

Figurel.3: Ribbon drawings of CRP-family protein structures. PDB code and
molecular description is provided on top of each structure. Activity and
conformational state of each molecule is indicated in parenthesis. Based on the
PDB, A chains and B chains are colored blue and orange, respectively. The bound
ligands (cAMP, imidazole, and CHPA) and heme groups are shown as ball-and-stick
presentations, colored red and green, respectively. Disulfide bond in CprK is
represented in atom-colored spheres enlarged (yellow). Each domain and the
secondary structure elements (letters for helices and numbers for strands)
addressed in text are denoted on the 1G6N structure. All structures were globally
matched to the 1G6N structure, to appear in similar orientations. Figure has been
modified from Won et al., 2009.
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When activated by cAMP, CRP recognizes specific DNA sites via the
C-terminal F-helix (aF) which forms a typical helix-turn-helix (HTH)
motif, together with the neighboring E-helix (aE) (Figure 1.3, 1G6N).
Binding of CRP to DNA bends the DNA by about 87° [Parkinson et al.,
1996] and recruits RNA polymerase (RNAP) to initiate transcription of
many catabolite genes. This smaller, DNA-binding domain (DBD), which
is mainly populated by a-helices, also contains the so-called ARI1
(activating region 1; residues 154-164; Figure 1.3, 1G6N) that serves as a
main ligand for the interaction with RNAP, at both the CRP-dependent
class I and class II promoters [Lawson et al., 2004]. Even in the absence
of promoter DNA, CRP can interact with RNAP via the AR1 [Heyduk et
al., 1993]. The interaction with RNAP at class II promoters is
complemented by NTD of CRP, through the AR2 (residues 19, 21, 96, and
101) and the AR3 (residues 52-55, 58). Finally, the cAMP-CRP
machinery is now presumed to regulate transcription at nearly 200
different promoters [Hollands et al., 2007]. Since its isolation in the early
1970s, the allosteric conformational change of CRP has been studied in
considerable detail, by many biochemical and biophysical probes. In
particular, comprehensive understanding of the protein structure by X-
ray crystallography has critically contributed to an insight into the CRP
allostery. Up to now, more than ten 3-dimensional structure coordinates
of CRP (Table 1.1) have been deposited in the Protein Data Bank (PDB),

including the three different functional states of complexes (CRP-cAMP
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[Weber and Steitz, 1987], CRP-cAMP-DNA [Schultz et al., 1991], and
CRP-cAMP-DNA-RNAP [Benoff et al.,, 2002]) and some mutants (namely
CRP*) that are constitutively active even in the absence of cAMP [Vaney
et al.,, 1989]. Unfortunately, the crystal structure of the ligand-free form
(apo-CRP) from E.coli was not available till recently, NMR data at the level
of secondary structure has been published [Won et al.,, 2009]. Thus, the
paucity of 3D-structural information of apo-CRP has highlighted the
need for a definite elucidation of the CRP allostery. However, the ligand-
free, inactive structures are now alternatively available from the recent
crystal structures of other CRP-homologous proteins [Lanzilotta et al.,
2000, Gallagher et al., 2009; Kumar et al., 2009] (Table 1.1 and Figure
1.3). Active or intermediate conformations are also additionally available
from the CRP-family proteins [Eiting et al., 2005] (Table 1.1 and Figure
1.3). Although each member of CRP family proteins may possess unique
process of structural activation, it would be reasonable to anticipate that
the homologous proteins certainly share many common features of
allostery. Comparative insight into the recent structural achievements on
the CRP homologous proteins would provide useful information to fill in

the details of the CRP allosterism.
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Table 1.1: CRP-related crystal structures deposited in the Protein Data Bank.
Modified from Won et al., 2009.

PDB code Origin Variation (mutation)  Ligands® bound to the protein dimer  Activity  Deposition/release year  Resolution (A)
CRP (known effector: cAMP)
1GNP E. coli - 2 cAMP Active 2000/2000 21
1I5Z E. coli - 3 cAMP Active 2001,2003 19
2GZW E. coli - 4 cAMP Active 2006/2007 221
n.ac [Ref. 22| E. coli A144T 2 cAMP Active 1987 24
n.a. [Ref. 23| E. coli A144T 1 cAMP, 1 adenosine Active 1987 24
1HWS5 E coli TI27L/S128A 3 cAMP Active 2001,2001 1.82
116X E coli D53H 3 cAMP Active 2001,2003 22
CRP-DNA complex
1CGP E coli - 2 cAMP Active 1991/1994 3.0
2CGP E coli - 4 cAMP Active 1997/1998 ey
1RUN E coli - 2 cAMP Active 1996/1997 27
1J59° E coli - 2 cAMP Active 2002/2002 25
103T/103Q, 103R* E coli - 2 cAMP Active 2003/2003 2.8/3.0
1ZRF/1ZRD, 1ZRC E coli - 2 cAMP Active 2005,/2006 21/2.8
1IRUO E. coli E181F 2 cAMP Active 1996/1997 27
103s° E. coli E181D 2 cAMP Active 2003/2003 3.0
CRP-DNA-RNAPaCTD complex
1LB2 E coli - 2 cAMP Active 2002/2002 31
CooA (known effector: CO)
1FT9 R rubrum - - Inactive  2000/2000 26
2FMY C hydrogenoformans - 2 Imidazole Inactive  2006/2007 22
2HKX C hydrogenoformans ~ N127L/5128L - Active 2006/2007 23
PrfA (effector unknown yet)
2BEO L monocytogenes - - Active 2004/2005 27
2BGC L monocytogenes G1455 - Active 2004/2005 23
CprK (known effector: CHPA®)
2H6C D. dehalogenans Reduced - Inactive  2006/2006 289
2HGB D. hafniense Oxidized 2 CHPA® Inactive  2006/2006 23

# Nonspecific ligands such as buffer constituent are excluded.
b Updated from 1GAP and 3GAP.

© Not available (not deposited in PDB)

¢ Updated from 1BER.

¢ Updated from 1DBC, 1DB7, 1DBS8, and 1DB9, respectively.

f 3-chloro-4hydroxyphenylacetate,

1.2.3 History and current understanding of CRP

The first crystal structure of CRP was solved with two cAMPs bound to
the NTDs (1G6N in Figure 1.3) [Weber and Steitz, 1987]. One of
controversial points of this structure was the observed asymmetry in
relative orientation of domains between subunits. In the ‘open’ subunit
(chain B, orange, in Figure 1.3), there is a large cleft between the DBD
and NTD, which is not present in the ‘closed’ subunit (chain A in Figure
1.3). Similar asymmetry has been also seen in other crystal structures of
CRP mutants [Vaney et al.,, 1989] and CRP-family proteins [Lanzilotta et

al.,, 2000] (Figure 1.3). Although the asymmetry observed in the cAMP-
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CRP crystal has been interpreted as an important nature for its
functional mechanism, NMR studies in solution could never find any
evidence of structural asymmetry in both the apo-CRP and cAMP-CRP
[Won et al.,, 2009]. Thus, the asymmetry in the cAMP-CRP crystal can
probably be an artifact due to crystal packing forces, as suggested from
the molecular dynamics (MD) simulation results that implied the
symmetric structure in solution [Harman, 2001]|. Nevertheless, it has
been still ambiguous which subunit is more relevant to real conformation
in solution. The earlier approach of MD simulation by Garcia and
Harman indicated the closed conformation of both subunits [Garcia and
Harman, 1996], consistent with that observed in the crystal structures of
cAMP-CRP-DNA and cAMP-CRP-DNA-RNAP complexes [Won et al.,
2001]. In contrast, recent MD simulation showed open conformation of
both subunits in cAMP-CRP [Harman, 2001]. Then, based on
electrostatics calculations, the authors have proposed that the open
conformation moves to closed conformation upon binding to DNA,
resulting in the DNA bending observed in the cAMP-CRP-DNA complex
structure. However, the results by Krueger et al.,, using small angle
neutron scattering (SANS) and energy minimization of the crystal
structure commonly indicated exclusively closed form for both subunits
[Krueger et al., 1998]. In addition, the energy minimization using the
starting structure with cAMP removed showed open conformation. Also

based on the SANS results, Krueger et al., have finally suggested that the
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cAMP binding induces conformational change in CRP from the open form
to more compacted closed form. Thus, it is regarded that the closed
geometry, rather than the open form, is a more responsible on-state
conformation. Based on the cAMP-CRP and cAMP-CRP-DNA structures,
it has long been assumed that a CRP dimer can bind two molecules of
anti-conformation cAMP, one at each NTD. However, another crystal
structure of the cAMP-CRP-DNA complex latterly solved showed two
additional cAMPs with a syn-conformation, each of which bound to the
DBD and contacted with a part of NTD and DNA [Passner and Steitz,
1997]. The syn-cAMP binding was also evident from the crystal structure
of a mutant (T127L/S128A) CRP, where two anti- and one syn-cAMP
bound [Tutar, 2009]. Finally, it has been confirmed in solution without
DNA that CRP binds four cAMP molecules as its maximum [Won et al.,
2009]. These results have created ambiguity about interpreting the
binding cooperativity between the four cAMPs and the number of CRP
conformers depending on the number of cAMP bound, however the
observation of syn-cAMP binding from earlier spectroscopic experiments
[Toyama et al., 1991] could be explained. However, only the anti-cAMP
binding is assumed to be responsible for the global allosteric transition of
CRP, since the overall conformations of the DNA-bound CRP structures
were similar, regardless of syn-cAMP binding [Schultz et al, 1991].
Kinetic studies wusing fluorescence probes have suggested that

conformational change precedes the formation of CRP-cAMP4 complex
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[Matecki et al.,, 2000]. It has been finally supported by biochemical and
modeling experiments on certain mutants that bind a maximum of two
cAMPs [Scott & Jarjous, 2005]. The anti-cAMP bound to NTD is directly
coordinated by five intra-subunit residues (G71, E72, R82, S83 and
T127) and another one residue (S128) from the opposite subunit [Passner
and Steitz, 2000]. Additional indirect interaction with the anti-cAMP is
made by an intra-subunit residue R123, which forms a nearby salt
bridge with the directly contacting residue E72. Recently it has been
revealed that the R123 is important for proper cAMP affinity, but not
critical for the conformational transition of CRP [Youn et al, 2007].
Without apo-CRP structure available, the allosteric transition by the
anti-cAMP binding has been indirectly probed by biochemical and
biophysical investigations. Additionally, isolation of the CRP* phenotype
mutants has contributed considerably to deducing the mechanism of
conformational change [Passner and Steitz, 2000]. CRP* designates a
cAMP-independent mutant of CRP; even in the absence of cAMP it
activates transcription. Currently known sites for the CRP* mutation
involve positions 53, 62, 127/128 (double mutation), 138, 140, 141, 142,
144, 148 and 195 [Youn et al, 2006]. Up to now, two kinds of
constitutively active CRP* A144TCRP [Vaney et al, 1989] and
T127L/S128A-CRP [Chu et al., 2001]) structures have been solved by X-
ray crystallography (Table 1.1) and their overall conformations were

highly comparable to that of cAMP-CRP (Figure 1.3). Unfortunately,
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these structures were also crystallized in ligand-bound states; the ligand-
free forms of CRP* mutants have not been solved yet. However, it would
be reasonable to assume that the CRP* mutants without cAMP already
resemble the active conformation of cAMP-CRP, since they are
constitutively active regardless of cAMP binding. Based on the SANS
measurements, Krueger et al., have revealed that the T127L/S128A-CRP,
already in the active conformation, undergoes little, or possibly no,
structural change upon binding of cAMP [Krueger et al., 1998]. Current
understanding of the allosteric conformational change of CRP can be
summarized into rigid-body movements that involve subunit realignment
and domain rearrangement, as reviewed by Harman [Harman, 2001]. The
main consequence of that global transition is protrusion of the DNA-

binding F-helices, formerly buried in apo-CRP.

1.2.4 Structural overview and global transition of other CRP-family

proteins

Among the CRP-family members, few species of proteins have been
solved in structure (Figurel.3): CRP and CooA from Gram negative
bacteria and PrfA and CprK from Gram positive bacteria. The structures
can be categorized into three groups. The first group, designated as “off”
state, represents the ligand-free, inactive conformations: CooA from

Rhodospirillum rubrum (RrCooA) [Lanzilotta et al., 2000] and CprK from
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Desulfitobacterium dehalogenans (DdCprK) [Joyce et al., 2006]. The last
group depicts a fully active, namely “on” state including the cAMP-bound
CRP (cAMP-CRP) and constitutively active mutants: T127L/S128A-CRP
(CRP*LA) [Chu et al.,, 2001], G145SPrfA (PrfA*145) [Eiting et al., 2005],
and N127L/S128L-ChCooA (ChCooA*LL) [Borjigin et al., 2007]. The other
structures are designated as “intermediate” state: the ligand-bound,
inactive CooA from Carboxydothermus hydrogenoformans (Im-ChCooA)
[Komori et al, 2007], the ligand-bound, inactive CprK from
Desulfitobacterium hafniense (CHPA-DhCprKox) [Joyce et al., 2006], and
the ligand-free, active PrfA from Listeria monocytogenes [Eiting et al.,

2005].
1.2.4.1 PrfA

PrfA is distinguished from CRP in that it has no known effector for
activation. Nonetheless, it can positively regulate the expression of many
virulence genes in L. monocytogenes. Accordingly, the structure already
resembles the on-state form of CRP and, what is more, possesses
additional three a-helices at the C-terminus that further stabilize DBD
(Figurel.3). However, the relatively low DNA-binding affinity of PrfA was
attributable to the partial disorder or flexible property in the inter-helix
loop region (aE-aF loop) of the HTH motif [Eiting et al, 2005]. In
addition, overall geometry of the HTH a-helices significantly deviates
from that in the active CRP form. Thus, the authors postulated that PrfA

would require an as yet unidentified co-factor for mature activation and
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suggested the tunnel structure between domains as a putative cofactor
binding site. In these respects, we regarded the wild type PrfA as an
intermediate (ligand-free, partially active) state, rather than the on state.
The possibility of cofactor requirement is also supported by the fact that
the virulence gene expression under the regulation by PrfA is also
dependent on environmental factors. In contrast, the G145S mutation of
PrfA dramatically enhances the DNA binding affinity, thereby enabling
the protein to induce the over expression of virulence genes, regardless of
environmental change. It is consistent with CRP, of which A144T
mutation also leads to the CRP* phenotype. Thus, the PrfA*145 in Figure
1.3 is regarded as a maturely active form comparable to the ligand-
bound, active state of CRP. The main event induced by the mutation in
PrfA was the rearrangement of the HTH motif. In particular, the
structural ordering of the aE-aF loop (chain A in Figure 1.3) could be
obtained by shortening the region, which resulted from the shift of aE to

the C-terminus and elongation of aF toward N-terminus.
1.2.4.2 CprK

CprK originates from anaerobic bacteria capable of halo-respiration via a
reductive dehalogenation of halo-organic compounds. The genes
responsible for halo-respiration are transcriptionally regulated by CprK
and the chemical compound CHPA (3-chloro-4-hydroxyphenylacetate)
has been identified as an effector molecule of the protein. However, CprK

is distinguished from CRP in that it is deactivated under aerobic
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conditions, by an intra-molecular disulfide bond formation. Thus, the
oxidized, ligand-bound structure of CprK from D. hafniense (CHPA-
DhCprKox), which is inactive, was grouped into the intermediate state,
while the reduced, ligand-free form from D. dehalogenans (DdCprK) was
assigned to the off state. Apparently, CHPA-DhCprKox structure looks
similar to the cAMP-CRP structure (Figure 1.3). Asymmetry between
subunits was also appreciable, as in cAMP-CRP, with relatively more
open and more closed conformations. However, since it was oxidized, the
structure exhibits unique features as follows. Compared to CRP, CprK
possesses two extra regions: a polypeptide extension at the N-terminus
and an additional helix (aG) at the C-terminus (Figurel.3). The C11
residue in the N-terminal tail forms a disulfide bond with the C200 in the
DNA-binding aF of the opposite subunit, while the C-terminal aG
contacts with NTD of the opposite subunit. These interactions result in
the domain-swapped conformation and in consequence the orientation of
the HTH motif remains incompatible with DNA binding. In addition, this
conformation was suggested to facilitate a putative tetramer formation of
the protein, by facing both DBDs in a dimer onto the same parts of the
other dimer [Joyce et al., 2006]. In summary, the domain swapped
conformation, induced by oxidation, would be responsible for the
inertness of the ligand-bound DhCprK at oxidized state. Then, in
comparison with this structure, the reduced, ligand-free DdCprK

structure could provide important information about the ligand-induced
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allosteric transition. The most distinct feature of the ligand-free form was
a dimerization of the C-terminal DBDs, whereby the DBDs are positioned
apart from NTDs and the HTH motifs are constrained incompatible with
DNA binding (Figure 1.3). Consequently, it could be postulated that the
ligand binding to CprK moves the DBDs toward the NTDs, which
disrupts the DBD dimer interface and leads to repositioning of the HTH
motif at a required position fit to DNA binding. However, oxidation of
CprK would inhibit the activation by driving the domains to a false
direction; thereby anchoring the DBDs onto the NTDs of opposite

subunits.
1.2.4.3 CooA

The functional ligand of CooA is CO and the protein activates
transcription of genes involved in CO oxidation to get energy under
anaerobic environment. CooA is distinguished from CRP in that its NTD
contains two additional parts: a heme molecule as a prosthetic group to
sense CO and an N-terminal extension of which a part provides an
internal ligand to the heme. Then, CO binds to the heme by replacing the
N-terminal ligand, thereby triggering the allosteric activation of the
protein. The first structure of CooA from R. rubrum (RrCooA) has been
solved in the absence of CO, thus as an inactive form (off state), where
the intra-subunit residue H77 acts as one heme ligand to bind the heme
while the residue P2 from the opposite subunit provides the other ligand

to be displaced by CO [Lanzilotta et al., 2000].
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Displacing of the N-terminal heme ligand could be observed when
imidazole, instead of CO, bound to the CooA from C. hydrogenoformans
(ChCooA) [Komori et al., 2007]. However in Figure 1.3, the Im-ChCooA
structure is regarded as an intermediate state, as it was still inactive. In
contrast, the N127L/ S128L mutant of ChCooA (ChCooA*LL) is
constitutively active even without CO, representing an on-state
conformation [Borjigin et al., 2007]. The ligand-free RrCooA structure
showed an asymmetry, with one subunit closed and the other open, as
observed in the cAMP-CRP. Although the observed asymmetry in RrCooA
was far prominent, neither subunit adopted a proper domain orientation
for DNA binding. Among the two subunits, the open subunit (chain B in
Figure 1.3), where DBD is stretched straightforward from NTD, has been
interpreted as a real off state [Lanzilotta et al.,, 2000]. However, the
heterogeneity between subunits, although it occurred probably owing to
crystal packing forces [Chan, 2000], has been suggested alternatively to
reflect flexibility in the hinge and DBD regions [Joyce et al., 2006]. In this
respect, Komori et al., (2007) have argued that the closed subunit in the
RrCooA structure, where DBD is positioned closer in proximity with NTD,
could represent the physiologically relevant conformation of the off state.
However, the off-state structure of the DdCprK is more consistent with
the open subunit of RrCooA (Figure 1.3). No matter which is correct,
DBD becomes further shifted toward NTD in the Im-ChCooA and

ChCooA*LL. This observation supports the hypothesis [Krueger et al.,

28



Chapter 1 cAMP receptor proteins from mycobacteria- An Introduction

1998] that the conformational change of CRP would be driven from a
relatively open to closed conformation. The on-state ChCooA*LL assumes
the domain orientation well matched to that of the active CRP (Figure
1.3). In this structure, despite the absence of bound CO, the N-terminal
tail was fully expelled from the heme pocket and situated between the
DNA- and heme-binding domains, thus stabilizing the favored orientation
of domains [Borjigin et al., 2007]|. Actually, one subunit (chain B in
Figure 1.3) in the ChCooA*LL structure did not exist at on state, since it
was unexpectedly devoid of the heme. In this heme-free subunit, the N-
terminal tail is oriented away from the main body, not interacting with
DBD. Accordingly, the DBD in the heme-free subunit was not visible in
electron-density maps, probably due to disorder or flexibility. Thus, the
N-terminal tail of CooA seems to be important for both the off-state and
on-state conformations. Functional importance of the N-terminus has
also been evidenced by mutational experiments [Borjigin et al., 2007].
The releasing of The N-terminal heme ligand was also observed in the Im-
ChCooA structure. However, in this structure, the N-terminal region is
still restricted in the vicinity of the heme, by hydrogen bonding to the
imidazole. Although DBD was close to NTD, it remained to be rotated
around the hinge region, for proper DNA-binding orientation [Komori et

al., 2007]. Consequently, the Im-ChCooA could not be active.
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1.2.5 cAMP receptor protein from Mycobacterium tuberculosis : A
potential drug target

Mtb contains a single CRP/FNR homologue coded by ORF Rv3676
(Cole et al.,, 1998). Orthologue of Rv3676 (Mtb-CRP) is present in all
sequenced and unfinished mycobacterial genomes. The DNA binding and
cAMP binding properties of recombinant Rv3676 were described based
on computational predictions (Bai et al., 2005). This study was further
extended to provide insights into unusual and novel biochemical
properties of Rv3676 protein including crystallization and preliminary X-
ray diffraction data. Previously, Mattow et al., (2001), while comparing
the proteome profiles of Mtb and M. bovis BCG, observed differences in
electrophoretic mobility of CRP proteins (Mattow et al, 2001).
Subsequently, such a mobility shift was attributed to point mutations in
both the DNA and cAMP binding domains in CRP of M. bovis BCG. These
mutations were ascribed to the impaired DNA binding activity of M. bovis
BCG-CRP in comparison to Mtb-CRP (Spreadbury et al., 2005). This
might suggest these mutations to be one of the contributing factors in
attenuation of the virulence of M. bovis BCG. In other studies, Mtb
deletion mutants corresponding to Rv3676 (Mtb-CRP) revealed growth
defects in laboratory cultures of bone marrow derived macrophages and

in mouse models of tuberculosis (Rickman et al., 2005).
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1.2.6 Structural studies on Mtb-CRP

Recently, Gallagher and colleagues reported the structure of a cAMP free
form of CRP (Gallagher et al.,, 2009). They found that the dimer was
asymmetric in both domains, but the N-domains differ only by isolated
rotamers and smooth global deformations, generally preserving the local
environment of each residue. The differences in the C-domains were
more profound, involving many residues that have completely different
local environments, including different H-bonds. The RMSD between the
two C-domains (70 Ca positions) was 3.1 A. This report however was
contradicted in the later published structure of cAMP free form of Mtb-
CRP (Kumar et al.,, 2009). Unlike the structure of unliganded apo Mtb-
CRP reported by Gallagher and colleagues, the two DNA-binding domains
in this structure match well with each other with an RMSD of 1.1 A (over
54 Ca positions). The only difference in the conformation of the DNA-
binding domains is the relative orientation of the D-helix with respect to
the rest of the domain. It is therefore likely that the conformational
difference in the DNA-binding domains of the two subunits, as observed
in the earlier reported Mtb-CRP structure (Gallagher et al., 2009), is due
to crystal packing effects rather than inherent conformational
heterogeneity (Kumar et al, 2009). Very recently, Mtb-CRP-cAMP
structure was also reported (Reddy et al., 2009). They presented two
crystallographic structures: that of Mtb-CRP bound to cAMP and that of
Mtb-CRP bound to an N6-cAMP ligand. Determination of both the CRP-
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cAMP and CRP -N6-cAMP structures has enabled them to explore various
allosteric models, giving more detailed insight into the allosteric behavior
of this transcriptional regulator. Their structures of the cAMP and N6-
cAMP bound CRP allow for the first time a comparison of apo CRP to
cAMP and inhibitor-bound CRP within the same species.
Crystallographic analysis of these structures has lead to a model in
which the Mtb CRP exists as a symmetric dimer, in which both subunits
exist in an open form. Furthermore, their structures implicate a model
for the allosteric switch from the inactive apo form to the active cAMP-
bound form. This model implies that binding of cAMP triggers alterations
in the cAMP contacting residues and shifts the N-terminal domain,
consequently allowing the DNA binding domain to accept DNA. The
structural basis of the CRP inhibitor is based upon abrogation of dimer
interactions and a concomitant helix unwinding at the interface of one of

the subunits.

1.3 Objectives of current study

Mtb infects human macrophages and dendritic cells where it has to
survive within unfavorable antibacterial environment presented by host
apparatus. Eubacteria have evolved in a way to respond and cope with
extremely diverse harsh environments. In case of intracellular pathogens

it has to deal with hypoxia, starvation and acidic pH etc. In order to
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respond quickly to these environmental changes bacteria have to switch
on certain alternative metabolic pathways as well as to shut down some
of them. It always involves some of the transcription regulators which
regulate the expression of related proteins. CRP/FNR family of proteins is
closely related to regulation of alternative gene programs during stress in

bacteria.

Given the fact that the CRP/FNR family transcription regulators
are important for survival of intracellular micro organisms, the present
work deals with the structure-function studies on Mtb-CRP. The overall

objectives of this thesis are:

1. cAMP Receptor Protein Regulons in mycobacterial species

including Mtb, M. bovis, M. leprae, M. smegmatis, and M.

smegmatis;

21 Biophysical and biochemical characterization of Mtb-
CRP;

Sn Structural studies on Mtb-CRP-cAMP-DNA ternary

complex using X-ray crystallography.
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Chapter 2 cAMP receptor protein Regulons in mycobacteria

2.1. Introduction

Cyclic AMP receptor proteins (CRP)-FNR superfamily of
transcription factors regulate a diversity of physiological processes in
bacteria. These proteins predominantly regulate intracellular reactions
related to carbon, sulfur and nitrogen metabolism, denitrification,
nitrogen fixation, aerobic and anaerobic respiration and expression of
virulence genes in response to a variety of environmental and metabolic
signals (Korner et al., 2003; Green et al., 2001). With more than 370
family members, these DNA-binding proteins primarily function as
positive regulators except that a few members of this family also act as
negative regulator of transcription. FNR protein from E. coli acts both as
activator as well as repressor of transcription depending upon the
distance between the binding site and the transcription start-points
(Barnard et al.,, 2003). Some of the distinguishing features of CRP/FNR
members include the presence of a nucleotide binding domain and a
helix turn helix DNA binding motif at the N-and C- terminal, respectively.
The classical cAMP-binding domain (Schultz et al., 1991) is a versatile
structure that has evolved to accommodate different functional
specificities in response to a wide range of signals (Kérner et al., 2003;

Green et al, 2001). The best-studied prototype proteins from this
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Chapter 2 cAMP receptor protein Regulons in mycobacteria

superfamily are CRP and FNR of E. coli that regulate expression of
numerous genes in response to starvation and hypoxia, respectively.

In case of E. coli CRP, cAMP acts as a secondary signal and binds
to the CRP protein to form cAMP-CRP complex. This complex then binds
to the promoters carrying specific DNA elements related to the consensus
motif TGTGANNNNNNTCACA (Berg and von Happel, 1988) thereby
regulating expression of downstream genes. However, in case of FNR
protein, redox states of bound metals act as the signal and activate the
FNR that further binds to the promoter containing specific DNA elements
(consensus TTGATNNNNATCAA) and regulate gene expression (Spiro,
1994).

Mycobacterium tuberculosis (Mtb) H37Rv contains a single
CRP/FNR homologue coded by ORF Rv3676 (Cole et al, 1998).
Orthologue of Rv3676 (Mtb-CRP) is present in all sequenced and
unfinished mycobacterial genomes. Recently, the DNA binding and cAMP
binding properties of recombinant Rv3676 were described based on
computational predictions (Bai et al., 2005). Previously, Mattow et al.
(2001), while comparing the proteome profiles of Mtb and M. bovis BCG,
observed differences in electrophoretic mobility of CRP proteins (Mattow
et al., 2001). Subsequently, such a mobility shift was attributed to point
mutations in both the DNA and cAMP binding domains in CRP of M.

bovis BCG. These mutations were ascribed to the impaired DNA binding
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activity of M. bovis BCG-CRP in comparison to Mtb-CRP (Spreadbury et
al., 2005) thereby providing to their importance as contributing factors in
attenuation of virulence of M. bovis BCG. In other studies, Mtb deletion
mutants corresponding to Rv3676 (Mtb-CRP) revealed growth defects in
laboratory cultures of bone marrow derived macrophages and in mouse
models of tuberculosis (Rickman et al., 2005).

Apart from some initial studies, not much is known about the
population-wide repertoire of CRP-regulated genes per-se in different
clinical settings and their cellular functions. This chapter describes CRP
regulated novel genes of Mtb and prediction of their abundance and
operon context in the genomes of M. leprae, M. avium subsp.
paratuberculosis and M. smegmatis. This part of work also attempts to
identify common genes across the genus mycobacteria, which could be

regulated by CRP.

2.2 Materials and Methods

2.2.1. Source of genome sequence

Published and annotated genome sequences of Mtb, M. leprae and
M. avium subsp. paratuberculosis were downloaded from NCBI ftp site
(ftp:/ /ftp.ncbi.nih.gov/genomes/Bacteria/). Unpublished genome

sequence of M. smegmatis was downloaded from TIGR site
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http:/ /pathema.tigr.org/tigrscripts/CMR/CmrHomePage.cgi). Sequences
corresponding to Mtb-CRP-binding sites identified previously (Bai et al.,
2005; Rickman et al., 2005) were also obtained. A local archive of
genome sequences was assembled, curated and stacked. This resource
was queried for known and putative homologies and to build consensus

and alignments at a genome wide interface.

2.2.2 Prediction of CRP-binding sites

CRP-binding site recognition profile was calculated by positional
Shannon relative entropy method as described earlier (Yellaboina et al.,
2004; Prakash et al., 2005, Yellaboina et al, 2006). Sequences
corresponding to Mtb-CRP-binding sites identified previously (Bai et al.,
2005; Rickman et al.,, 2005) were used to generate input profile. The
binding site profile thus generated was used to scan upstream sequences
of all the genes of each of the mycobacterial genomes. The score of each
site was calculated as the sum of the respective positional Shannon
relative entropy of each of the four possible bases. A maximally scoring
site was selected from the upstream sequence of each of the gene we
looked at. The lowest score among the input binding sites was considered
as cut-off score. The sites scoring higher than the cut-off value were
predicted as potential binding sites that conform to the consensus

sequence. For each of predicted regulon (Mtb, M. avium, M. leprae and M.
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smegmatis) sequence logo was generated by using Weblogo server
(Crooks et al., 2004). The height of each stack of letters represented the
degree of sequence conservation measured in bits. The height of each
letter within a stack is proportional to its frequency at that position in
the binding site. The letters were sorted with the most frequent on top

(Figure 2.2).

2.2.3 Prediction of operons and function annotation

Genes transcribed co-directionally and downstream to the
predicted binding sites in M. leprae, M. avium subsp. paratuberculosis
and M. smegmatis were chosen as potentially co-regulated genes
(operons). These were used according to one or more of the following
criteria (Yellaboina et al., 2004; Tundup et al., 2006; Yellaboina et al.,
2006): [1] co-directionally transcribed orthologous gene pairs, conserved
in at least 4 genomes; [2] genes belonging to the same cluster of
orthologous gene function category whose intergenic distance is less than
200 base pairs; [3] if the first three letters in the gene names are identical
(gene names for putative genes were assigned from COG database); and

[4] if the intergenic distance is less than 90 base pairs.

The functions of regulated genes were predicted if not done so previously.
RPS-BLAST search against conserved domain database (CD search) at

NCBI server (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
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was used to infer the annotation. In principle, RPS-BLAST is a tool
opposite of PSI-BLAST which searches the profiles against a database of
sequences, hence the 'Reverse'. RPS-BLAST wuses a BLAST-like
algorithm, finding single- or double-word hits and then performing an
ungapped extension on these candidate matches. If a sufficiently high-
scoring ungapped alignment is produced, a gapped extension is
performed and those (gapped) alignments with sufficiently low expect

value have been reported (Marchler-Bauer et al., 2002).

2.3 Results and Discussion

2.3.1 CRP regulators from mycobacteria have conserved DNA

binding domains

It was aimed at exploiting the use of CRP binding sites in Mtb for the
prediction of regulons in mycobacteria. DNA binding helix-turn-helix
(HTH) motif was predicted at EMBOSS server

(http:/ /bioweb.pasteur.fr /seganal/interfaces /helixturnhelix-imple.html).

The sequence (176-LTQEEIAQLVGASRETVNKALA-196) from Mtb-CRP
was identified as the likely HTH motif involved in DNA binding as it

elicited maximum score.
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M. tuberculosis ) ARAGIFQGY A L L OPVDF PRGHTVFAEGEPGDRLYIT

M.avium 1D A ; EPbAVE“LT} LOPVDFPRGHTVFAEGEPGDRLYIT

M.leprae yin ARA ¢ DFPFHHT'FIEMEPMDFL;II

M.smegmatis D ARAG Vi L0 VDF PRGHTVFAEGEPGDRLYIT
80 100 120

M.tuberculoesis APDGRENLLTIMGPSDMFGELSIFDPGPRTSSATTITEVR <]

M.avium -

M.leprae [ N . v IDRDATLRAWIADRPET2

M.smegmatis SPDGRENLLTIMGPSDMFGELSIFDPGPRT VR IDRDATLRAWIADRPETA
140 160 180

M. tuberculosis Q AVLARRLRRTNNNLADLIFTDWVEGRVARQ A( 5 SAIRR Y

M.avium Q WLARRLERRTNNNLADLIFTD

M.leprae Q WLARRLRERTNNNLADLIFTD

M.smegmatis Q WVLARRLRRTNNNLADLIFTDWVPGRVAKCQ QR

EQLLRVLARRLRRTNNNLADLIFTDVEGRVAKQLLQLAQRFGTQEGGA RVTHDLTQEEI

200 220 b

M. tuberculosis; AT ARRAR

M.avium L

M.leprae H L O, 2 ADEAHRG LISDSERLARRAR

M.smegmatis : EXeif 2 V ALADEAHRGWIR JLISDZERLARRAFR

RQLVGASRETVNKALADEAHRGWIRLeGKSVLISDSERLARRAR

Figure 2.1: Alignment of CRP orthologues from different species of mycobacteria
reveals a highly conserved DNA binding domain. Mtb-CRP sequence was used as
reference sequence and compared with other orthologues. Arial black shadow
shows identity and the gray show similarity. Two helices (labeled as helix) are part
of helix turn helix that assists in CRP box recognition.

This HTH motif from Mtb-CRP was selected and compared with the
orthologs. The bioinformatics analysis of CRP regulators from different
mycobacterial species was validated through CLUSTAL W based
alignments, which revealed high-level identity in their DNA binding
domains (Figure 2.1). In the comparative amino acid sequence analyses
with Mtb-CRP, it was found that CRP orthologues from M. avium, M.

leprae and M. smegmatis were 96%, 96% and 97% identical respectively.
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2.3.2 Novel CRP binding sites in Mth genome

In earlier computational predictions of CRP-regulon, 73 binding
elements in Mtb genome were observed (Bai et al., 2005). Of the top 44
binding sites identified in the present work, 25 were reported previously
(Bai et al.,, 2005). Thus, 19 new Mtb-CRP binding sites upstream of
various operons in Mtb genome showed up (Table 2.1). The CRP-binding
element from fumarate reductase (Rv1552) received the highest score
(Table 2.1). While this DNA element was also reported as a potential
CRP-binding site in earlier reports (Bai et al., 2005; Rickman et al., 2005,
Spreadbury et al., 2005), experimental evidence for specific DNA: protein
interaction between this DNA element and recombinant purified Mtb-CRP
has been provided in chapter 3 (Akhter et al.,, 2007). Also, Spreadbury et
al. (2005) proposed some potential genes as members of the CRP-
regulon. There are obvious overlaps between the results from previous
studies and the present one, but the present study could identify some
novel members of the CRP-regulon in Mtb genome. While previous
studies (Bai et al., 2005, Spreadbury et al.,, 2005) utilized information
from E. coli CRP-regulon, in this study only the available information

from Mtb-CRP-regulon has been used.
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Table 2.1: Predicted CRP binding sites in M. tuberculosis genome

Score Position Binding site Gene Synonym Product

3.96721 -287 AATGTGATCTAGGTCACGTG frdA Rv1552 Fumarate reductase

3.92739 -176 ATTGTGAGTTGGATCACGTT sucC Rv0951 Succinyl-CoA synthetase subunit beta
3.92564 -156 GCCGTGAGATTCGTCACGTC - Rv1810 Hypothetical protein

3.92181 -11 CGTGTGAACGATGTCACGCC galU Rv0993 UTP-glucose-1-phosphateU-transferase
3.90978 -4 ACTGTGACGCCCGTCACAAC - Rv0104 cAMP binding protein

3.90294 -182 GCTGTGAGCCGAATCACGAC - Rv3645 Membrane linked adenylate cyclase
3.90045 -378 ATCGTGAAGCCGTTCACGCT glnD Rv2918c PII uridylyl-transferase

3.89854 -160 GTTGTGACGGGCGTCACAGT ctpB Rv0103c Cation-transporter p-type ATPaseB
3.89686 -41 CGCGTGACATGTGTCACATG PE_PGRS44 Rv2591 PE-PGRS

3.89517 -141 AGTGTGATTTACATCACATA = Rv2700 Secreted alanine rich protein
3.89328 -44 GTCGTGATACGACTCACGCG echA6 Rv0905 Enoyl-CoA hydratase

3.89246 -169 ACCGTGACGCCCCTCACGGC fadD21 Rv1185c Acyl-CoA synthase

3.89159 -136 AGTGTGAACAAGCTCACATG - Rv0885 Hypothetical protein

3.88671 -92 CATGTGAGCTTGTTCACACT serC Rv0884c Phosphoserine aminotransferase
3.88342 -110 GGCGTGACATCGTTCACACG - Rv0992c S-formyltetrahydrofolatecyclo-ligase
3.88095 -120 AACGTCACATGCGTCACGGC - Rv1581c Probable phiRv1 phage protein
3.87653 -154 AACGTGATCCAACTCACAAT - Rv0950c¢ Hypothetical protein

3.87318 -117 TATGTGATGTAAATCACACT - Rv2699c Hypothetical protein

3.86965 -3 CGCGTGAGTCGTATCACGAC accD3 Rv0904c Acetyl-CoAcarboxylaseCo-transferase
3.86178 -90 GCTGTCAAATCCGTCACGAA - Rv2336 Hypothetical protein

3.86153 -80 GATGTGACTCAAGTGACACG - Rv1159 Conseved transmembrane protein
3.85583 -306 TGCGTGAGGAGCCTCACGGC - Rv2650c PhiRv2 prophage protein

3.85125 =70 CGTGTCACTTGAGTCACATC - Rv1158c Hypothetical ALA,PRO-rich protein
3.84869 =70 ATCGTGACTTTGCTGACGTG - Rv0019c Hypothetical protein

3.84804 —216 GCGGTGATCGGCGTCACGCC PE24 Rv2408 PE

3.84665 -177 GACGTCAACCAGTTCACGCT mmaA3 Rv0643c Methoxy mycolic acid synthase
3.83995 -80 ATGGTGATCTAGTTCACGAA - Rv1230c Membrane protein

3.83989 -236 CGCGTGACTGAAATCACAAC N Rv1566¢ Possible inv protein

3.83976 -229 CGTGTGACAGCTGTGACGGT wag22 Rv1759¢ PE-PGRS

3.82802 -367 ACCGTCACAGCTGTCACACG - Rv1760 Hypothetical protein

3.82654 -86 GATGTGATGCACTTGACATC PE33 Rv3650 PE

3.82347 -245 GTGGTGAGCTGGTTCACACC - Rv2407 Ribonuclease Z

3.81909 -35 GGTGTGAACCAGCTCACCAC = Rv2406c¢c Hypothetical protein

3.81879 -341 TTCGTGAGGCGTGTGACGAA - Rv3113 Phosphatase

3.81542 = GACGTCATGGATTTCACGAC fadE27 Rv3505 Acyl-CoA dehydrogenase

3.81481 -50 ACCGTGACATCGATGACAGC - Rv3031 Glycoside hydrolase

3.81167 -168 ACGGTGACAGCGCTCACGGT moaX Rv3323c MOAD-MOAE fusion protein
3.81104 -272 TAGGTGACCAAACTCACGCT PPE11 Rv0453 PPE

3.80557 -318 CCTGTGACCGGTGTCACTGC ephA Rv3617 Probable epoxide hydrolase
3.80304 -136 CGTGTGACCAAACTCACCGC PE15 Rv1386 PE

3.79969 -175 ATCGTGACACCGGTAACGGC - Rv0520 Methyltransferase/methylase
3.79829 -371 GATGTGACCGTGGTAACGTA pdhC Rv2495c Dihydrolipoamide acetyltransferase
3.79647 -69 AGTGTAACGCATATCACGTG - Rv0452 Transcriptional regulatory protein
3.7954 -288 ATAGTGACGGCCGTCACAGC — Rv3690 Conserved membrane protein

*New identified sites

Table 2.2: Predicted CRP binding sites in M. avium subsp. paratuberculosis genome

Score Position Binding site Gene Synonym Product

4.04838 -353 AGTGTGACCTCCGTCACATC - MAP3737 Hypothetical protein
4.02131 -137 AGTGTGATCTAGGTGACGTG - MAP3267c Hypothetical protein
4.00972 -82 GGTGTGATTTACCTCACACC - MAP2817 Hypothetical protein
4.00494 -116 GGTGTGAGGTAAATCACACC - MAP2816¢ Hypothetical protein
3.99554 -383 GACGTGACGAGGTTCACGGC fadD29 MAP3284c FadD29

3.99383 -56 ACTGTGAGATTGCTCACAGT - MAP3671 Hypothetical protein
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3.98389 -45 GCCGTGATACGACTCACGAG echA6 MAP0840 Enoyl-CoA hydratase
3.98388 -62 GTTGTGAGCCCGCTCACAGG - MAPO0174 Hypothetical protein
3.98224 -37 GCCGTGATTCAGTTCACACC - MAP0227c Hypothetical protein
3.9796 -25 CGTGTGACCAACCTCACATT - MAP2149c Hypothetical protein
3.97915 -111 TTTGTGAGCCGCTTCACACC - MAP2220 Ribonuclease Z

3.97805 -101 AACGTCACAAACGTCACGGT IpgR MAP0670 LpgR

3.97759 -373 GGCGTCACCGAGGTCACGCT - MAPO727 Hypothetical protein
3.97627 -3 CTCGTGAGTCGTATCACGGC accD3 MAP0839c AccD3

3.96913 =37 GGTGTGAAGCGGCTCACAAA - MAP2219c¢ Hypothetical protein
3.96489 -41 AACGTGAACGCCGTGACGGC pepC MAP0632 Putative aminopeptidase 2
3.96428 -69 GACGTCAACCAGTTCACGCT recC MAP4094c RecC

3.96198 -293 TTTGTGATTGATCTCACGGA - MAP1418c Hypothetical protein
3.96178 -399 AACGTCACCCAACTCACGAG - MAP1601 Hypothetical protein
3.95747 -40 AACGTGACGGGTGTGACGGA pknD MAP3387c PknD

3.95283 -187 TCCGTCAACCGCGTCACGTC echA21 MAP0249c Enoyl-CoA hydratase
3.94986 -4 ATCGTGATAGCGGTGACGAT - MAP2875 Hypothetical protein
3.9487 -87 CGGGTGACCCCGGTCACGCT ephD MAP1955¢ Short chain dehydrogenase
3.94584 -157 AGCGTGACCGGGGTCACCCG dlaT MAP1956 Dihydrolipoamide acyltransferase
3.94403 -127 GGTGTCAGCATGGTCACATA - MAP2018c Hypothetical protein
3.94196 -101 GACGTGACCTCGATGACACG - MAP0097c Hypothetical protein
3.93609 -119 ATTGTGATTTGGATCACCTA sucC MAPO0896 Succinyl-CoA synthetase subunit beta
3.93595 -35 CACGTCACCTAGATCACACT hsp18_3 MAP3268 hsp18_3

3.93244 -62 ATCGTCACCGCTATCACGAT fadD13 MAP2874c FadD13

3.93233 -1 ATGGTGAACAAATTCACGAC IpqL_1 MAP3906 LpgL_1

3.92976 -111 AACGTGATTGGCATGACGAG - MAP1597 Hypothetical protein
3.92919 -96 CGGGTGAAGCGGGTCACGAC - MAP0683 Hypothetical protein
3.92773 -32 ACCGTCATGGAGATCACGGG fadA3 MAP2407c Acetyl-CoA acetyltransferase
3.92509 -163 GACGTCACGGCTTTCACGGC - MAP1333 Hypothetical protein
3.92501 -285 GCGGTGATCTACGTGACGCC - MAP1644 Hypothetical protein
3.92295 -78 CGCGTGAGTAGGGTGACATC - MAP2860 Hypothetical protein
3.92295 -392 CGCGTGAGTAGGGTGACATC - MAP2861 Short chain dehydrogenase
3.92038 -3 GCCGTGATGGACCTGACGCA - MAP2928c Short chain dehydrogenase
3.91804 -248 TCGGTGACCCGTTTCACGCC - MAP1475 Hypothetical protein
3.9169 -65 CGGGTGACCCGGCTCACGGT valS MAP2271c valyl-tRNA synthetase
3.90643 -244 ATTGTGACCGGCCTCACTGC - MAP0948 Hypothetical protein
3.90494 -269 ACTGTTAGTTACATCACACC - MAP1693c Hypothetical protein
3.90214 -89 TGGGTGACCCTTGTCACAGC - MAPO0725 Hypothetical protein
3.90027 -318 GGCGTGAACAACCTCACCGG - MAP2531 Hypothetical protein
3.89953 -189 ACCGTTATCGTTGTCACGCA - MAP2500 Hypothetical protein
3.89821 -366 ATCGTAAAGCCGTTCACGCT glnD MAP2986¢ PII uridylyl-transferase
3.89757 -325 AGCGTGACCTCGCTTACACC - MAP1558c Hypothetical protein
3.89655 -93 ACTGTGAATTAGTTAACAAG fadE24 MAP3188 FadE24

3.89528 -104 AAGGTCAAGACCGTCACGTC fadE9 MAP4214c FadE9

3.89286 -56 TACGTCACCGGGGTGACGTT - MAP2780 Hypothetical protein
3.89245 -294 TGCGTGATGCCCTTGACGAA fadD2 MAP3714 acyl-CoA synthase

3.89228 -43 AGTGTGAGGTGTATTACACA - MAP3952 Hypothetical protein
3.89158 -96 GGTGTGACGAGTTTCACTAC fbpC1 MAP0217 FbpC1

3.8888 -365 TTTGTGACTCACCTCACTTG sodA MAPO187c SodA

3.8888 -25 TTTGTGACTCACCTCACTTG - MAPO188c Hypothetical protein
3.88826 -369 GCGGTGATCTGGCTGACGTG embR_1 MAP0230 EmbR_1

3.888 -3 GAGGTGACGCAATTGACGCC atsG MAP3791c AtsG

3.88752 -117 ATTGTTAGCGCGGTCACAGA - MAP2060c Hypothetical protein
3.88613 -208 GGCGTCACCCTGCTGACGGT - MAPO0053c Hypothetical protein
3.8858 -8 TATGTGATTTGTATAACGCA N MAP3944c Hypothetical protein
3.88484 -119 GATGTCAGGGTGGTGACATG parB MAP4344c ParB

3.88483 -19 GCAGTGAGGCCGGTCACAAT - MAP0947c Hypothetical protein

3.884 -397 CAAGTGAGGTGAGTCACAAA — MAPO189 Hypothetical protein
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Table 2.3: Predicted CRP binding sites in M. leprae genome

Score Position Binding site Gene Synonym Product

3.71657 -390 ACTGTGAACCAAGTCACTAC - MLO0201 Hypothetical protein

3.70052 -139 CGTGTGACTGATGTGACACG - MLO185 Hypothetical protein
UTP-glucose-1-phosphate

3.69878 -11 CGTGTGAACGATGTCACTCC galU MLO182 uridylyltransferase

3.68332 -168 ATTGTGATTTGTATCACTGT sucC MLO155 Succinyl-CoA synthetase subunit beta

3.68277 -362 GTTGTGACCCATCTCACTGT sodA MLO072 Superoxide dismutase

3.67869 -240 TGCGTGATCTGCTTGACGAT = ML0298 Sulfur carrier protein ThiS

3.67586 -181 CTGGTGATAGCCCTCACGCA - MLO141 Hypothetical protein

3.67469 -87 GGAGTGACATCGTTCACACG - ML0181 Hypothetical protein

3.65712 -149 ACAGTGATACAAATCACAAT - MLO154 Hypothetical protein

3.62614 -351 ACCGTGACTAGGGTGACCAA - MLO0333 Hypothetical protein

3.62494 -261 CGGGTGATAAGAGTCACCAG — MLO0410 Putative PE-family protein

3.59242 -124 GACGTGAGGGCCATTACGCA - ML0229 Hypothetical protein

3.59072 -174 GGCGTGATTTCCCTTACATC - ML0240 Hypothetical protein

3.57863 -201 GCTGTGGCTAGTGTCACGTC rpmF MLO0173 50S ribosomal protein L32

3.52958 -4 GTTGTGAGCAAGTTTACCGA - ML0243 acyl-CoA synthase
Putative ABC-tranporter ATP-binding

3.52512 -122 CCAGTGACCGAAGTGACCGA - MLO0336 protein

3.52352 -249 ATTGTCAGAGGCTTTACACG = MLO107 Hypothetical protein

3.50566 -338 CGGGTCAACGGGATCACCGA - ML0279 Hypothetical protein
Para-aminobenzoate synthase

3.48974 -189 GCTGTTACCCTAGTGACCCT pabA MLO015 component IT
Phosphoribosylglycinamide

3.48673 -240 GTCGTCGGTTGGGTCACGGT purN MLO160 formyltransferase

3.45768 -81 AATGTCGAGCAGATCACGGA - ML0023 Hypothetical protein

3.45074 -329 ATTGTGCGCCGTATCACGGG rplY ML0245 50S ribosomal protein L25

3.45049 -248 ACGGTAAGTGGGCTGACGAA - MLO0383 Hypothetical protein

3.45045 -12 AGGGTCAAAACCATGACCTC pgi MLO150 Glucose-6-phosphate isomerase

3.43921 -398 AGTGTCGGCGAAATCACATT mas MLO139 Putative mycocerosic synthase

3.43748 -86 GCAGTGGAATTTATCACGAT - MLO065 Putative monooxygenase

3.43732 -26 ATGGTCAGTGCATTAACACG - ML0162 Hypothetical protein

3.43312 -135 TTTGTCACACCCCTTACCGG - MLO0314 Putative esterase

3.42825 -91 AATGTGATTTCGCCGACACT fadD28 ML0138 acyl-CoA synthase

3.42801 -396 TACGTCATCGACGCCACGGA rpsl MLO0365 30S ribosomal protein S9

3.42317 -94 CGTGTGGTGTTATTCACTAC fbpC MLO0098 Antigen 85C, mycolyltransferase

Interestingly, most of the novel operons are functionally critical for
Mtb and several of them are conserved (see below) within the pathogenic
mycobacteria. For example Rv0904 (AccD3) and Rv0993 (galU) were
observed among them and interestingly these enzymes were found as key

factors during cell wall biogenesis. Another gene Rv3645 (membrane
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linked adenylyl cyclase) was also found to be conserved in comparative
regulon analyses. It is tempting to speculate that this adenylyl cyclase
could be acting as a switch during cAMP based signaling in cellular
stress and perhaps responsible for maintaining cAMP homeostasis in
bacterial cells. Rv2918 (gln D) and Rv992 (putative 5-
formyltetrahydrofolate cyclo-ligase) were also among the novel predicted
boxes that were observed to be conserved in these regulons. These

enzymes are also related to vital metabolic pathways of these pathogens.

2.3.2.1 Boxes associated with cell wall biogenesis

One of the novel-binding sites was located upstream of Rv0993 (gal
U), which is actually UTP: alpha-D-glucose-1-phosphate
uridylyltransferase. It converts glucose-1-phosphate to UDP-glucose, that
is of central importance in the synthesis of the components of the cell
envelope of E. coli and in both galactose and trehalose metabolism
(Weissborn et al., 1994). In case of Mtb, galactose is essential for the
linking of the peptidoglycan and mycolic acid cell wall layers and is
therefore essential for survival of mycobacteria (Weston et al., 1997).
Another interesting box observed was the one associated with regulation
of Rv3031, a conserved hypothetical protein actually belonging to
glycoside hydrolase family of proteins. Further, it was observed that

Rv3032 is present in the same operon downstream to Rv3031, which was
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previously annotated as glycosyl transferase. Members of this family of
enzymes transfer activated sugars (UDP, ADP, GDP or CMP linked
sugars) to a variety of substrates, including glycogen, fructose-6-
phosphate and lipopolysaccharides. These enzymes are directly involved
in cell wall biogenesis. A novel site upstream of Rv0643c, a methoxy
mycolic acid synthase, involved in mycolic acid biosynthesis which is a
key component of the mycobacterial cell wall (Kremer et al.,, 2000) was
also found. Yet another novel CRP binding another site was located
within Rv0904c (AccD3). This gene codes for putative acetyl CoA

carboxylase carboxyl transferase, which catalyses the initial steps of fatty

acid biosynthesis and was reported as a key enzyme in mycolic acid

biosynthesis (Gande et al, 2004), an exclusive component of
mycobacterial cell wall biogenesis.

Table 2.4: Predicted CRP binding sites in M. smegmatis genome

Score Position Binding site Gene Product

3.98115 -42 AATGTGAGGATCGTCACGCG MSMEGO0397 Conserved hypothetical protein

3.9723 -126 GATGTGATCGTCGTCACGTG MSMEGO0161 Oxalate/formate antiporter

3.9668 -207 ATCGTGATCTGCCTCACGTT MSMEG4634 Conserved hypothetical protein

3.96558 -144 ATTGTGATGTGTATCACGGT MSMEGS5503 Succinyl-CoA synthetase subunit beta like protein

3.96441 -135 ACTGTGACGCGCATCACGTT MSMEG6785 Conserved hypothetical protein

3.96317 -45 CTTGTGATGCACGTCACGAC MSMEG3787 Hypothetical protein

3.96203 -385 GTCGTGATGAATGTCACGTC  MSMEGO0953 Hypothetical protein

3.95591 -61 AGTGTGATTTACATCACACC MSMEG2762 Conserved hypothetical protein

Carboxyphosphonoenolpyruvate phosphonomutase-

3.95501 -195 AACGTGACGCGCATCACGTC MSMEGO0413 like protein

3.95431 -327 GGCGTGATGCCGGTCACGGG MSMEG4836 Oxidoreductase

3.94687 -18 GGTGTGAGCTGTCTCACATG MSMEGO0739 Carbon monoxide dehydrogenase

3.94579 -79 GCTGTGAATCCAGTCACAGC MSMEG3635 Hypothetical protein

3.94366 -147 ATCGTGATCTGCCTCACACT MSMEG4561 Aldo/keto reductase

3.94267 -157 CGCGTGACGTGGCTCACGCG MSMEG4632 Conserved hypothetical protein

3.94199 -125 GGTGTGATGTAAATCACACT MSMEG2763 Conserved hypothetical protein

3.93621 -177 AGCGTCACCTGCGTCACGGT MSMEG3816 Universal stress protein family domain protein

3.936 -107 GGCGTGACCCCGATCACGAG MSMEGS5035 Multidrug resistance transporter
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3.9321

3.92604
3.92588
3.92112
3.92019
3.91823
3.91242
3.91112
3.91111
3.91015
3.90522
3.9047

3.89664
3.89398
3.89266
3.89196
3.89164

3.88848
3.88613

3.88278
3.88066
3.87833
3.8772

3.87575
3.87495
3.87448
3.87374
3.87358
3.87319
3.87309
3.87203
3.86893
3.86792
3.86576
3.86496
3.86432
3.86424
3.86323
3.86273
3.86087
3.86075

3.86056
3.86051
3.86001
3.86

3.85957

-233
-221
-240
-236
-42
-167
-136
-68
-183
-54
-207
-64
-158
-109
-137
2
-41

-65
-216

-123
-230
-56

-109

-371
-60
-106
-47
-63
-78
-108
-142
-220
-25
-230
-16
-11
6
-271
-76
-15
-62

-151
-237
74

-232
-316

CTCGTGATGTCGCTCACGCC
TTCGTGATGGCGGTCACGCT
GCCGTGACATGCGTGACGTC
GGTGTCACCGAGGTCACGGG
AGTGTGAACTGTGTCACCTC
GCTGTGACTGGATTCACAGC
ACCGTGATACACATCACAAT
GACGTGAGCACCCTCACACG
GGCGTGAGGGAGCTCACGAA
GCCGTGATGGCAGTCACAAC
GACGTGACACCCGTGACGGT
AGAGTGACCTCGGTCACGCT
GGCGTGATCGTCGTGACGCT
GATGTGACACCTGTGACAGT
GTGGTGATCTAGATCACGCT
ACTGTGAAGCGAATGACGGT
AACGTCACGCCCATCACGCC

TCTGTCACATATCTCACGTT
CGCGTGACGATCCTCACATT

CCGGTGACCACGGTCACGCC
GTCGTAACCTGCGTCACGCG
AACGTGACCCAGGTCACTTA
ACCGTAATCTGCGTCACGTG

TGCGTGAAGGCGTTCACACC
CCTGTGAGCCGGGTCACCAC
GCTGTGACCGCCGTCACCAG
AATGTGAGCTGCGTAACACC
TCAGTGACCTGGGTCACGTG
GACGTCACCGGGCTCACGAT
GCTGTGATGGAACTGACGGG
GGCGTCATGCAGCTCACGAT
AGCGTGATCTAGATCACCAC
TATGTGATCTACGTCACTGG
TCGGTGAAGCCTGTCACGCG
GGCGTGAAGTTCATGACGAA
TCGGTGAGGCCCGTCACGTT
AGTGTGACCGCCATGACACA
GTCGTCATAGCCTTCACGTT
GGCGTGACCGTGGTCACCGG
ACGGTGATCGTGCTCACGTT
AACGTGACTTGCCTCACTTC

GACGTCACGGCGATCACGCA
TTCGTCACGTCGATCACGGC
AACGTGAAGGCTATGACGAC
GGCGTCAGGGTGCTCACGCG

ACCGTGACGGTTCTGACGAT

MSMEG1818
MSMEGO0576
MSMEG2221
MSMEG3365
MSMEGO0349
MSMEG3636
MSMEGS5504
MSMEGO0950
MSMEG4148
MSMEG6453
MSMEG2272
MSMEG3737
MSMEG6098
MSMEG5447
MSMEGO0195
MSMEG1555
MSMEG2055

MSMEG6232
MSMEGO0396

MSMEG1565
MSMEG5242
MSMEGO0158
MSMEGS5382

MSMEG1123
MSMEG2582
MSMEG1048
MSMEGO0894
MSMEG4216
MSMEG6192
MSMEGO0722
MSMEG2104
MSMEGO0194
MSMEGO0142
MSMEG2530
MSMEG1056
MSMEG6429
MSMEG0299
MSMEG2143
MSMEG1564
MSMEG2733
MSMEGb5285

MSMEG2946
MSMEG5848
MSMEG2144
MSMEGS5860

MSMEG4183

Phosphoribosylaminoimidazole carboxylase
STAS domain protein

Substrate-CoA ligase

Conserved hypothetical protein
Ribonucleoside-diphosphate reductase
Transcription regulator

Lipoprotein NlpD

Conserved hypothetical protein
Transcriptional regulator tetR family
Hypothetical protein

Conserved hypothetical protein

trp-G type glutamine amidotransferase/dipeptidase
Hypothetical protein

Conserved hypothetical protein
Hypothetical protein

Hypothetical protein

nuoJ

Bacterial NAD-glutamate dehydrogenase
superfamily

fadES

Glucosamine-fructose-6-phosphate
aminotransferase

Channel protein

Oxalate /formate antiporter

Dehydrogenase DhgA

Probable metalloprotease zinc transmembrane
protein

Acetyltransferase

Conserved hypothetical protein

Aldehyde dehydrogenase family protein
Uncharacterized BCR

Acyltransferase

Hypothetical protein

NS5IS1096

Transcriptional regulator

Probable transcription regulator protein
Hypothetical protein agmatinase
Conserved hypothetical protein

Domain of unknown function (DUF427) superfamily
Aldehyde dehydrogenase

Fic protein family

Conserved hypothetical protein

Conserved hypothetical protein

dctA

glycosyl transferase 2-hydroxy-3-oxopropionate
reductase

Conserved hypothetical protein

gp36

Hypothetical protein
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2.3.2.2 Putative regulatory elements controlling 5’-3’ Cyclic

Adenosine Monophosphate (cCAMP) signaling

A CRP binding box upstream of Rv0104, a conserved hypothetical
protein, was also identified. Upon sequence analysis, it was found to
have a cyclic AMP binding domain at its C-terminal. This domain is very
similar to the effector domain of CRP family proteins and cAMP binding
domain (regulatory domain) of cAMP dependent protein kinases thereby
suggesting a role for this protein in cAMP mediated signaling in Mtb.
Further it was observed that Rv0103c (probable cation-transporter) and
Rv0104 share common CRP binding sites and probably represent a case

of divergent gene expression.

A CRP binding box upstream to the gene encoding membrane
linked adenylyl cyclase (Rv3645) was also identified. Adenylyl cyclases
catalyze the production of cAMP, which further acts as a secondary
signal. This protein, which was previously speculated to be involved in
cAMP mediated signaling in mycobacteria (Linder and Schultz, 2003), is
anchored to the membrane in Mtb. Gene regulation of adenylyl cyclase

could be a case of feed back regulation for activation of CRP.
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2.3.2.3 Other potential boxes

Novel binding site was also present in Rv0520, a methyl
transferase believed to be involved in ubiquinone pathway. The presence
of a CRP binding site in Rv2699, has already been reported earlier (Bai et
al., 2005). Sequence analysis of Rv2699 revealed similarity to methyl
transferase proteins involved in ubiquinone pathway suggesting that the
two enzymes with related function may be expressed under the control of

the same regulator.

Another important element observed within Rv2918c (GlnD-uridyl
transferase) regulates the catalytic activity of glutamine synthetase
(Garcia and Rhee, 1983). Rv3113 (phosphatase) has a new CRP binding
site regulating the gene Rv3114 (nucleoside deaminase) involved in
salvage pathways of nucleotides. Rv3505 (fadE27) and Rv3617 (ephA)
also carried new CRP binding sites, possibly involved in regulating
probable acyl-CoA dehydrogenase and putatative epoxide hydrolase,

respectively.

2.3.3 CRP regulon with operon context in M. leprae, M. avium

subsp. paratuberculosis and M. smegmatis

Given the observation that the CRP proteins from all mycobacteria

have identical DNA binding domains, the same profile matrix constructed
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for Mtb to predict CRP binding sites in the genomes of M. leprae, M.
avium subsp. paratuberculosis and M. smegmatis (Tables 2.2, 2.3 and
2.4) was extended. This is the first attempt to interrogate these genomes
for CRP regulon signatures. The operon context of these regulons across

the genomes is presented in Tables 2.5 to 2.8.

Table 2.5: Predicted CRP regulated operons in M. tuberculosis. Bold indicates gene identified in this

study
Synonym Gene Product
Rv1552 frdA fumarate reductase
PROBABLE FUMARATE REDUCTASE [IRON-SULFUR
Rv1553 frdB SUBUNIT]
PROBABLE FUMARATE REDUCTASE [MEMBRANE
Rv1554 frdC ANCHOR SUBUNIT]
Rv1555 frdD fumarate reductase subunit D
Rv0951 sucC succinyl-CoA synthetase subunit beta
Rv0952 sucD succinyl-CoA synthetase alpha subunit
Rv1810 - hypothetical protein
Rv0993 galU UTP--GLUCOSE-1-PHOSPHATE URIDYLYLTRANSFERASE
Rv0104 - hypothetical protein (CAMP binding protein)
Rv3645 - membrane linked adenylyl cyclase
Rv2918c gInD PII uridylyl-transferase
Rv0103c ctpB PROBABLE CATION-TRANSPORTER P-TYPE ATPASE B CTPB
Rv2591 PE_PGRS44 PE-PGRS FAMILY PROTEIN
POSSIBLE CONSERVED SECRETED ALANINE RICH
Rv2700 - PROTEIN
Rv0905 echA6 enoyl-CoA hydratase
Rv0906 - hypothetical protein
Rv1185c fadD21 acyl-CoA synthase
Rv0885 - hypothetical protein
Rv0886 fprB PROBABLE NADPH:ADRENODOXIN OXIDOREDUCTASE
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Rv0884c serC phosphoserine aminotransferase
hypothetical protein (5-formyltetrahydrofolate cyclo-
Rv0992c - ligase)
Rv1581c - Probable phiRv1 phage protein
Rv1580c - Probable phiRv1 phage protein
Rv1579c - Probable phiRv1 phage protein
Rv0950c - hypothetical protein
Rv2699c - hypothetical protein
PUTATIVE ACETYL-COENZYME A CARBOXYLASE CARBOXYL
Rv0904c  accD3 TRANSFERASE
Rv1159 - CONSERVED TRANSMEMBRANE PROTEIN
Rv2650c - POSSIBLE phiRv2 PROPHAGE PROTEIN
CONSERVED HYPOTHETICAL ALA-, PRO-RICH
Rv1158c - PROTEIN
CONSERVED HYPOTHETICAL ALA-, PRO-RICH
Rv1157c - PROTEIN
Rv0019¢c - hypothetical protein
Rv2408 PE24 POSSIBLE PE FAMILY-RELATED PROTEIN
Rv0643c mmaA3 METHOXY MYCOLIC ACID SYNTHASE 3
Rv1230c - POSSIBLE MEMBRANE PROTEIN
Rv1229c mrp PROBABLE MRP-RELATED PROTEIN MRP
Rv1566¢c - Possible inv protein
Rv1759c wag22 PE-PGRS FAMILY PROTEIN
Rv1760 - hypothetical protein
Rv3650 PE33 PE FAMILY PROTEIN
Rv2407 - ribonuclease Z
Rv2406c - hypothetical protein
Rv3113 - POSSIBLE PHOSPHATASE
Rv3114 - hypothetical protein (nucleoside deaminase)
Rv3505 fadE27 PROBABLE ACYL-CoA DEHYDROGENASE FADE27
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Rv3031

Rv3032

Rv3323c

Rv3322c¢

Rv0453

Rv3617

Rv3618

Rv1386

Rv1387

Rv0520

Rv0521

moaX

PPE11

ephA

PE15

PPE20

hypothetical protein

POSSIBLE TRANSFERASE

PROBABLE MOAD-MOAE FUSION PROTEIN MOAX

POSSIBLE METHYLTRANSFERASE

PPE FAMILY PROTEIN

PROBABLE EPOXIDE HYDROLASE

POSSIBLE MONOOXYGENASE

PE FAMILY PROTEIN

PPE FAMILY PROTEIN

POSSIBLE METHYLTRANSFERASE/METHYLASE
(FRAGMENT)

POSSIBLE METHYLTRANSFERASE/METHYLASE
(FRAGMENT)

Genes which are together are part of an operon

Table 2.6: Predicted CRP regulated operons in M. avium sub sp. Paratuberculosis

Synonym Gene Product

MAP3737 - hypothetical protein
MAP3267c - hypothetical protein
MAP3266¢ - hypothetical protein
MAP2817 - hypothetical protein
MAP2816c¢c - hypothetical protein
MAP3284c fadD29 FadD29

MAP3283c - hypothetical protein
MAP3282c - hypothetical protein
MAP3281c - hypothetical protein
MAP3671 - hypothetical protein
MAP3672 nrdB ribonucleotide-diphosphate reductase beta subunit
MAP0840 echA6 enoyl-CoA hydratase
MAP0841 - hypothetical protein
MAP0842 - hypothetical protein
MAP0843 ctpE CtpE
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MAPO174

MAPO0227c

MAP2149c

MAP2220

MAPO670

MAPO727

MAPO0839c

MAP2219c

MAP0632
MAPO0633

MAP4094c

MAP1418c

MAP1601

IpgR

accD3

pepC

recC

hypothetical protein

hypothetical protein

hypothetical protein

ribonuclease Z

LpgR

hypothetical protein

AccD3

hypothetical protein

putative aminopeptidase 2

hypothetical protein

RecC

hypothetical protein

hypothetical protein

Genes which are together are part of an operon

Table 2.7: Predicted CRP regulated operons in M. leprae

Synonym Gene Product
MLO0201 - hypothetical protein
MLO185 - hypothetical protein
MLO182 galU putative UTP-glucose-1-phosphate uridylyltransferase
MLO155 sucC succinyl-CoA synthetase subunit beta
MLO156 sucD succinyl-CoA synthetase alpha subunit
MLO072 sodA superoxide dismutase
ML0298 - sulfur carrier protein ThiS
ML0297 thiG thiazole synthase
MLO141 - hypothetical protein
MLO181 - hypothetical protein
MLO154 - hypothetical protein
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MLO0333 - hypothetical protein

ML0410 - putative PE-family protein

ML0229 - hypothetical protein

ML0230 panC pantoate--beta-alanine ligase

MLO0231 panD aspartate 1-decarboxylase precursor
ML0232 - hypothetical protein

ML0240 - hypothetical protein

MLO173 rpmF 50S ribosomal protein L32

ML0243 = acyl-CoA synthase

MLO0336 - putative ABC-tranporter ATP-binding protein
MLO335 = putative ABC-transporter transmembrane protein
MLO107 - hypothetical protein

MLO0279 - hypothetical protein

MLO0333 - hypothetical protein

ML0410 - putative PE-family protein

ML0229 - hypothetical protein

MLO0230 panC pantoate--beta-alanine ligase

ML0231 panD aspartate 1-decarboxylase precursor

Genes which are together are part of an operon

Table 2.8: Predicted CRP regulated operons in M. smegmatis
Gene Product

MSMEGO0397 conserved hypothetical protein

oxalate /formate antiporter
MSMEGO161

MSMEG4634 conserved hypothetical protein

MSMEGS5503 carbamoyl-phosphate synthase

MSMEG6869 Hypothetical transcriptional regulator Rv0043c/MT0049/Mb0044c

MSMEG6785 conserved hypothetical protein

MSMEG3787 hypothetical protein
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MSMEG3788

MSMEG0953

MSMEG2762

MSMEGO0413

MSMEG4836

MSMEGO0739

MSMEGO0741

MSMEGO0743
MSMEGO0745

MSMEG6786

MSMEG3635

MSMEG4561

MSMEG4632

MSMEG2763

MSMEG3816

MSMEGS5035

MSMEG1818

MSMEGO0576

MSMEG2221

MSMEG3365

fadE21

hypothetical protein

conserved hypothetical protein

carboxyphosphonoenolpyruvate phosphonomutase-like protein

oxidoreductase

carbon monoxide dehydrogenase

carbon monoxide dehydrogenase

ATPase

VWA domain containing CoxE-like protein family

conserved hypothetical protein

hypothetical protein

aldo/keto reductase

conserved hypothetical protein

conserved hypothetical protein

universal stress protein family domain protein

multidrug resistance transporter

phosphoribosylaminoimidazole carboxylase

STAS domain protein

substrate--CoA ligase

conserved hypothetical protein

Genes which are together are part of an operon
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2.3.4 Conserved orthologues of CRP regulated genes across

mycobacteria

A comparative analysis of CRP target genes in various
mycobacteria enabled to identify the common CRP regulated genes
across mycobacteria and at least 18 genes were found to be common
(Table 2.9). Conservation of these genes in the predicted CRP regulons
suggests an important role of their gene products in the life cycle of

mycobacteria.

Table 2. 9
Distribution of conserved orthologues of CRP regulated genes across
mycobacterial genomes

Gene Product Mtb Mavi Mlep Msme
- Hypothetical protein (possible secreted alanine rich protein) Rv2700 MAP2817 MSMEG2762
- Hypothetical protein Rv2699c MAP2816¢c
echA6 enoyl-CoA hydratase Rv0905 MAPO0840
Hypothetical protein (Beta lactamase type Zn dependent
- hydrolase) Rv0906 MAP0841
- Hypothetical protein (AmpC, Beta-lactamase class C) Rv0907 MAPO0842
ctpE CtpE Rv0908 MAP0843
accD3 AccD3 Rv0904c MAPO0839c
Hypothetical protein (signaling protein with CBS and cAMP
- binding domain) Rv2406c¢c MAP2219c
sucC Succinyl-CoA synthetase subunit beta Rv0951 MAP0896 MLO155 MSMEGS5503
sucD Succinyl-CoA synthetase alpha subunit Rv0952 MAPO0897 MLO156
glnD PII uridylyl-transferase Rv2918c MAP2986¢
fadE9 FadE9 Rv0752¢ MAP4214c
mmsB MmsB Rv0751c MAP4213c
fbpC1 FbpC1 (Ag85C) Rv3803c MAP0217 MLO0098
- Membrane linked adenylate cyclase Rv3645 MLO0201
galU Putative UTP-glucose-1-phosphate uridylyltransferase Rv0993 MLO182
- Hypothetical protein (5-formyltetrahydrofolate cyclo-ligase) Rv0992c¢ MLO181
- Hypothetical protein (similar to peptidase) Rv0950c MAPO0895c MLO154 MSMEGS5504

Upstream of the corresponding gene do not have CRP box, gene lies with in CRP regulated operon.
Blank space means orthologues are not present.
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Most of the genome decay in M. leprae is via deletion and
pseudogenization of its genes. Not all genes however were rendered

superfluous by this mechanism of evolution.

24 2

a2 2
) I T c ) IC
pl= = & CS T Cllec~
N X = % =2

] 5. - oMo or
M. leprae M. smegmatis

Figure 2.2: Sequence logo of the predicted CRP-binding sites in Mtb, M. avium, M.
leprae and M. smegmatis. The height of each stack of letters represents the
degree of sequence conservation measured in bits. The height of each letter
within a stack is proportional to its frequency at that position in the binding site.
The letters are sorted with the most frequent on top. This sequence logo was
generated using the online Weblogo programme ( http://weblogo.berkeley.edu/).

It has been still a quite successful pathogen in terms of virulence
because it retained much of its core genome. Regulation of virulence
therefore is still a key issue in M. leprae that makes it an interesting
pathogen whenever comparative genomics of slow growing mycobacteria
is addressed. Homology of most of its pseudogenized genes to 'live' genes
of the present day Mtb makes the case even more interesting.

Pseudogenized chunks still exist within the genome and homology
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searches therefore are capable of pointing out those CRP like regions
when comparative genomic exercises are carried out. This gives a lot of
insight into the organization and arrangement of these genes and about
the rate of substitutions and clock rate at which the genes such as CRP

like regulons are pseudogenized.

2.3.4.1 Genes related to cAMP signaling in mycobacterium

CRP binding sites from Rv3645 (membrane linked adenylate
cyclase) and Rv2406c (cAMP binding protein) were found to be conserved
in pathogenic mycobacteria (Table 2.9). The membrane-linked adenylate
cyclase catalyzes the production of cAMP and, as discussed earlier may
be involved in signaling in mycobacteria [Linder et al., 2003]. Rv2406¢
encodes a hypothetical protein, sequence analyses of which reveals the
presence of a CBS domain and a cAMP-binding domain. This protein
might also be a part of cCAMP regulated signal network in mycobacteria.
Rv2406c also has CRP-binding element, which is conserved in

pathogenic mycobacteria (Table 2.9).

2.3.4.2 Antibiotic resistance operon
Rv0905 (echA6), Rv0906, Rv0907 and Rv0908 (ctpE) constitute an
operon which, in comparative analyses presented here, appeared to be

conserved across mycobacterial genomes in terms of the CRP binding site
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(Table 2.9). Rv0906 and Rv0907 code for two hypothetical proteins and
upon sequence analyses and conserved domain search, presented in this
chapter, these were found to belong to beta lactamase family of proteins.
Rv0906 is a putative beta-lactamase and belongs to a class of Zn2*
dependent hydrolase. Rv0907 belongs to Amp C class of beta lactamase.
The beta-lactam class of antibiotics has not been used in the treatment
of Mtb or other mycobacterial infections as mycobacteria are resistant to
these antibiotics and produce beta-lactamases (Kasik, 1979; Kwon et al.,
1995). However, the effectiveness of beta-lactam/beta-lactamase
inhibitor combinations has been shown in-vitro for Mtb (Chambers et al.,
1995), and also in clinical settings of TB (Chambers et al.,, 1998;
Cynamon et al., 1983; Segura et al., 1998; Sorg and Cynamon, 1987), M.
avium (Casal et al.,, 1987), and M. smegmatis (Yabu et al., 1985). Rv0908
(ctpE), which codes for putative cation transporter, is also present in the
same operon. Metallo beta lactamase family enzymes are metal
dependent and require Zn2* for their activity (Schilling et al., 2005). Both
a putative Zn?* dependent beta lactamase and probable Zn2* transporter
are part of this operon under same control and seem to have related

function.
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2.3.4.3 Cell wall Components

Another conserved CRP binding site observed in these analyses
was present in Rv3803 (Ag85c), MAP0217 and MLO0O98 orthologues from
Mtb, M. avium subsp. paratuberculosis and M. leprae, respectively. The
Ag85 complex, family of three proteins of 30 to 32kDa (Ag85A, Ag85B,
and Ag85C), forms a major fraction of the secreted proteins in Mtb
culture filtrate. All of this complex possesses a mycolyl transferase
enzyme activity essential for the final stages of mycobacterial cell wall
assembly (Belisle et al.,, 1997) and the same is also involved in the host
immune surveillance and defense system (Takayama et al.,, 2005). These
three proteins are coded by three paralogous genes located in distinct
regions of the bacterial genome (Content et al., 1991). These genes do not
show any resemblance in their 5’ upstream region, and are probably
regulated independently at the transcriptional level (Content et al., 1991).
Interestingly, a CRP box found was found upstream of only Rv3803
(Ag85c) and this DNA element was conserved across all pathogenic
mycobacteria and interestingly, was absent in M. smegmatis (Table 2.9).
Deletion of the gene encoding antigen 85C protein alters the bacterial cell
wall and its permeability, but does not kill the cells (Jackson et al.,

19909).
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CRP binding site in Rv0993 (gal U), which encodes UTP: alpha-D-
glucose-1-phosphate uridylyltransferase, is also conserved in its M.
leprae orthologue. As discussed in earlier section the corresponding gene
product is important in cell envelope biogenesis of mycobacteria (Weston
et al., 1997). Rv0904c (AacD3) also has a CRP binding site, which is
conserved in pathogenic mycobacteria Mtb, and M. avium subsp.
paratuberculosis. Rv0905 encodes putative Enoyl-CoA hydratase which
catalyses the elongation of unsaturated fatty acid chain. Rv0904c
(AccD3), which codes for putative beta sub-unit of acetyl-coenzyme A
carboxylase carboxyl transferase is an enzyme of the mycolic acid
biosynthetic pathway (Gande et al.,, 2004) and is critical for cell wall
formation. Rv0904 shares CRP binding sites with Rv0905, an example of
divergent regulation. It is therefore, interesting to document divergent

regulation of operons amidst a convergently evolving genome.

2.3.4.4 Metabolic Enzymes

The sucCD operon comprising of Rv0951 (sucC) and Rv0952 (sucD)
which encode succinyl coA synthetase beta and alpha respectively, has a
CRP binding site that is conserved among mycobacteria (Table 2.9).
Succinyl-CoA synthetase is responsible for carrying out two unrelated
but vital metabolic functions. One, it catalyzes the substrate-level

phosphorylation step of the citric acid cycle (Kaufman et al., 1953), and
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two, it replenishes succinyl-CoA for ketone body catabolism (Ottaway et
al., 1981) and for porphyrin synthesis (Labbe et al., 1965). The presence
of the same locus of an unrelated ORF on opposite strand Rv0950c
which shares a common CRP binding site with sucCD operon and
encoding a hypothetical protein was observed which could also be a case
of divergent transcription regulation. Rv0752c (fadE9) and Rv0753c
(MmsB) constitute an operon and have a CRP binding box, which is
conserved in both Mtb and M. avium subsp. paratuberculosis orthologues.
Rv0752c encodes a putative Acyl CoA dehydrogenase, which is a
flavoprotein catalyzing desaturation of acyl-CoA esters and plays an
important role in the oxidation of fatty acyl-CoA esters. The ORF
Rv0753c encodes a putative 3-Hydroxy isobutyrate dehydrogenase
catalyzed oxidation of 3-Hydroxyisobutyrate to methylmalonate

semialdehyde.

The search of the CRP-binding sites was broadened in intergenic
regions of annotated as well as non-annotated open reading frames. This
was then extended to other mycobacterial genomes to pin-point the

common CRP regulated genes across the genus.
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2.4 Conclusion

Rv3676 (Mtb-CRP) was earlier reported to be essential for the
survival of mycobacteria inside macrophages and in animal models
(Rickman et al., 2005). Further, based on the analyses presented in this
chapter, high conservation of these CRP regulated genes among
pathogenic mycobacteria than in non-pathogenic mycobacteria was
evident. This strengthens the notion that Mtb-CRP and its regulated
genes are important in pathogenesis of mycobacteria and that these
might have co-evolved with the pathogenic branch as a result of genome
optimization aimed at devising new survival strategies. That many of
these predicted target proteins are critical for the survival of the
mycobacterium in the hostile environment of the macrophage adds a new
dimension to the understanding of the regulatory complexity in Mtb. This
computer based predictions of complex networks of Mtb genes appear to
be a provocative proposition wherein cAMP could be playing a critical role

as an effector.
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Chapter 3 Biophysical and Biochemical features of Mtb-CRP

3.1 Introduction

CRP/FNR (cAMP receptor protein/fumarate and nitrate reductase
regulator) is one of the members of a family of transcriptional regulators.
With over 370 family members, these DNA-binding proteins
predominantly function as positive transcriptional regulators and are
known to be associated with defense against oxygen stress and
starvation, and at the same time respond to other environmental signals.
The distinctive features of CRP/FNR superfamily proteins include the
presence of a nucleotide-binding domain and a helix-turn-helix motif
containing DNA-binding domain at the N- and C-terminal, respectively.
The prototype cAMP-binding domain (Schultz et al., 1991) is a versatile
structure that has evolved to accommodate different functional
specificities in response to a broad range of signals (Green et al.,, 2001;
Koérner et al., 2003). Mtb H37Rv ORF Rv3676 codes for a putative
CRP/FNR protein (Cole et al., 1998), which is required for virulence in
mice and controls transcription of specific genes (Rickman et al., 2005).
Recently, Bai et al. reported the characterization of Mtb-CRP (Rv36706)
protein using computational and experimental methods (Bai et al., 2005).
Phylogenetically, Mtb Rv3676 is nearest to the CooA branch represented
by the CO sensor protein of Rhodospirillum rubrum (Kérner et al., 2003).
However, the relative positions of the regulatory and the DNA-binding

domain are strikingly different in that the recognition helix of CooA is
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rotated 180° away from the position occupied in CRP-cAMP. Further
differences between CooA and CRP include an extended N-terminus
providing a ligand to the heme of the opposite subunit, an 11-amino-acid
extension in the regulatory domain (positions 72-82) to accommodate the
heme and a different composition of the hinge region toward the C-
terminus, which causes the displacement of the DNA-binding domain
(Lanzilotta et al., 2000). Sequence alignment suggests that these 11
residues are not fully conserved in Rv3676.

Escherichia coli CRP and FNR regulate transcription globally in
response to glucose starvation and anaerobic conditions, respectively
(Kolb et al., 1993). E. coli FNR is structurally related to CRP except for
the presence of four conserved cysteine residues at the N-terminal
extension, which form part of an iron—-sulfur cluster and a redox-sensing
domain of FNR. This iron-sulfur cluster is absent in Rv3676 similar to
other members of the same family from other systems such as
Pseudomonas stutzeri (Vollack et al, 1999) and Bradyrhizobium
japonicum (Mesa et al., 2003). Although these proteins do not have an
iron—sulfur cluster, they are the regulators of oxygen tension sensu
stricto. The earlier report by Bai et al. (2005) focused on CRP regulon
prediction and the experimental validation of the same and provided the
first direct evidence for cAMP binding to a transcription factor in Mtb,

thereby suggesting a role for cAMP-mediated signal transduction in this
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bacterium. In this Chapter, the purification and comprehensive
characterization of a CRP/FNR regulator from Mtb in terms of oligomeric
state, cCAMP and DNA binding has been described. These results point to
some new unusual properties of Rv3676 protein, which could have

physiological relevance.

3.2 Materials and Methods

3.2.1 Bacterial strains and plasmids

E. coli DH5a and E. coli BL21DE3 bacterial strains were used for
cloning and expression purposes, respectively. DNA manipulations were
carried out in pET23a plasmid vector using standard techniques.

Integrity of the plasmid constructs was confirmed by DNA sequencing.

3.2.2 Cloning, expression and purification of recombinant Mtb
Rv3676

Mtb ORF Rv3676 was PCR amplified from Mtb H37Rv genomic DNA
using forward (GGATATCATATGGTGGACGAGATCCTGGCCAGGG) and
reverse  (CGCTCGAGCCTCGCTCGGCGGGCCAGTC) primers  with
restriction enzyme sites for cloning (shown in bold). The amplicon was

cloned into the corresponding sites of pET23a, and recombinant Rv3676
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protein was purified as a 6XHis-tagged fusion protein from E. coli BL21

(DE3) cells.
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Figure 3.1: Cloning and expression of Rv3676 (Mtb-CRP). (a) Identification of the
positive clone of Rv3676 in pET23a vector by restriction digestion with Ndel and
Xhol. Lane 1, 1Kb marker; lane 2, lane 3 and lane 4 shows release of Rv3676
insert cloned in pET23a after. (b) Integrity of positive clones was verified by
sequencing and the plasmid carrying the insert was transformed into BL21 (DE3)
cells and cultures were grown in 200 ml LB supplemented with 30 pg/ml
kanamycin. The culture was induced at an OD600 of 0.4 with 0.4 mM IPTG at 300
K and 200 rev per min to allow protein expression. Protein expression was
monitored by SDS-PAGE. Lanes marked “un-induced” and “induced” show
expression of Rv3676 without and with IPTG. Lane marked “M” shows protein
molecular size markers.

Protein concentration was estimated using the dye-binding method
(Bradford, 1976). To determine suitable storage conditions, aliquots of
recombinant Rv3676 (rRv3676) were dialyzed in different buffers, namely
phosphate-buffered saline (PBS), 10 mM Tris and 10 mM HEPES.
Storage temperature was also optimized, and the conditions under which

rRv3676 was most stable were selected.
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3.2.3 Analytical size exclusion chromatography

The oligomeric state of native recombinant protein was determined
by analytical size exclusion chromatography using a Superose 6 fast
protein liquid chromatographic column (BIORAD) at room temperature
with PBS as running buffer. A standard curve was prepared according to
the instruction manual using standard molecular weight markers. The
void volume was determined using Blue Dextran 2000. The elution
parameter Kav was calculated as follows: Kay = (Ve-Vo)/Vs, where Ve is the
elution volume for the protein, Vo the column void volume, and Vs the
total stationary phase volume. K.y was plotted against log molecular

weight.

3.2.4 Spectral analyses

To detect the presence, if any, of any associated co-factor,
absorption was measured between 200 and 800 nm using a Perkin-
Elmer spectrophotometer. Fluorescence spectrometric measurements
and ligand-binding assays were carried out using a Perkin-Elmer LS50B
luminescence spectrometer and a sample volume of 200 ml with 0.3 cm
path length. Tryptophan fluorescence was measured at an excitation
wavelength of 295 nm. The slit widths for excitation and emission were
10 and 20 nm, respectively. Emission spectra were recorded between 310

and 500 nm. All spectra measurements were corrected by subtracting
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the corresponding buffer backgrounds. Increasing concentrations of urea
(1-8 M) and a constant concentration (3 uM) of recombinant protein was
used to study the denaturation kinetics of the protein. At 8 M urea the
protein was fully unfolded, and the spectrum of fully unfolded protein
was further compared with that of 6 uM free tryptophan. The circular
dichroism (CD) spectra of recombinant native protein and liganded
protein, incubated with different concentrations of cAMP (6-16 uM), were
recorded using a JASCO CD spectrometer (Model J-810) between 200
and 250 nm in steps of 0.5 nm with four accumulations in each step.
The spectral baseline was corrected by subtracting the respective blanks.
Molar ellipticity, expressed in millidegrees, was plotted as a function of
wavelength. The secondary structure content of the protein was
calculated by using k2d software (www.embl-
heidelberg.de/~andrade/k2d/). For CD and fluorimetric spectral

analysis, 5 and 3 mM recombinant protein was used, respectively.

3.2.5 Electrophoretic mobility shift assay (EMSA)

Gel retardation assays were carried out as described earlier
(Prakash et al., 2005). Complementary synthetic
oligodeoxyribonucleotides corresponding to the CRP/FNR-binding site
(AATGTGATCTAGGTCACGTG) present upstream of Rv1552 (frdA) were

end labeled with [g-32P]ATP using T4 polynucleotide kinase. One
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nanogram labeled oligonucleotide was incubated with 3 mg recombinant
protein in binding buffer (10 mM Tris—-HCl, 50 mM NaCl, 50 mM MgCI2,
1 mg BSA, 1 mg poly dI:dC, 1 mM EDTA, 1 mM DTT, 1 mM PMSF and
10% glycerol) in 20 ml reaction volume, incubated for 30 min at room
temperature and fractionated on a 5% polyacrylamide gel in TBE. After
electrophoresis at 200 V at 4° C, the gel was dried and analyzed by
autoradiography. To check for the specificity of the complex, unlabeled
homologous oligonucleotide or an oligonucleotide carrying a specific
mutation (mut) critical for binding (AATTTGATCTAGGTCACGTG, shown

as underlined) was used in competition assays.

3.3 Results
3.3.1 Purified rRv3676 exists in dimeric state

Mtb rRv3676 was purified as a 6XHis-tagged protein using affinity
chromatography as described in Materials and Methods. Purified
rRv3676 was stable at 4° C in PBS while at lower temperatures and in

other buffers it formed insoluble aggregates.
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Figure 3.2: Recombinant Rv3676 protein exists as a dimer: (a) Coomassie-stained
polyacrylamide gel showing the ORF Rv3676-encoded protein of Mycobacterium
tuberculosis purified from E. coli. M represents the protein molecular size marker
(Medium range, Genei, India.), E1-E6 show successive TALON column eluted
fractions of the recombinant protein. (b) The purified protein was pooled and
fractionated on a Superose 6 FPLC column, resulting in a single peak. The
calculated molecular mass of the recombinant protein was ~53 kDa corresponding
to a dimeric state.

The ©purified recombinant protein was fractionated by
electrophoresis on a 10% polyacrylamide gel and stained with Coomassie
Brilliant Blue (Figure 3.2a, inset). Gel filtration analysis was carried out
to determine the oligomeric nature, if any, of the rRv3676 protein.
rRv3676 exists as a pure dimer of ~53 kDa, as evident from analytical

size exclusion chromatography (Figure 3.2).
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3.3.2 Purified rRv3676 has no associated cation co-factors

In most oxygen tension-sensing proteins belonging to the same
family, transition metals like Fe or Ni are associated with the protein to
sense the fluctuations of oxygen availability via redox mechanisms

(Koérner et al., 2003).
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Figure 3.3: Absorption spectrum of purified rRv3676 indicating the absence of
any metal ion co-factor. The spectrum shows two prominent peaks, one at 295 nm
(corresponds to tryptophan) and the other at 280 nm (corresponds to tyrosine and
phenylalanine).

Therefore, the absorption spectrum of purified rRv3676 was scanned to
check for the presence, if any, of a metal ion co-factor. Spectral analysis
revealed two peaks, one at 295 nm and the other at 280 nm (Figure 3.3).
The first peak corresponds to tryptophan, while the other peak is due to
phenylalanine and tyrosine. The fact that no any other peak was

observed clearly indicates that rRv3676 does not have any other
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associated metal ion co-factor. This rather unexpected finding suggests
that Mtb Rv3676 apparently uses some other mechanism(s) to sense

effector signals.

3.3.3 cAMP binds to purified rRv3676 in a concentration dependent
manner

Results of protein family searches revealed the presence of a
putative cAMP-binding domain at the N-terminal end of rRv3676 protein,
thereby raising a strong probability that cAMP may be acting as an
effector of Rv3676 protein. Therefore purified rRv3676 was subjected to

CD analysis in the presence and absence of cAMP as ligand.
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Figure 3.4: Purified rRv3676 protein displays cAMP-binding activity as evident
from circular dichroism (CD) spectral analysis (see Materials and Methods).
Binding of cAMP to rRv3676 is evident from a change in secondary structure of
the native protein upon interaction with cAMP.

The change in secondary structure was calculated using k2d software

(http:/ /www.bork.embl-heidelberg.de/$andrade/k2d)based) using a
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method developed earlier (Yang et al., 1986). A comparison of CD spectra
of cAMP-free and cAMP- bound rRv3676 provides evidence of binding
(change in secondary structure of purified rRv3676 upon interaction with

cAMP).
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Figure 3.5: Denaturation of recombinant Rv3676 in the presence of urea.
Recombinant Rv3676 is completely denatured in the presence of 8 M urea as
evident from maximum fluorescence.

This change in secondary structure clearly appears to be a
function of increasing concentration of cAMP (Figure 3.4). That cAMP
indeed causes concentration-dependent conformational alterations
within rRv3676 was further confirmed by tryptophan fluorescence

spectrometry.
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Figure 3.6: Comparison of relative fluorescence intensities contributed by free
tryptophan residues and tryptophan residues present in rRv3676 protein.
Fluorescence intensities obtained from 6uM of free tryptophan and 3uM rRv3676
(native and unfolded) were compared. Each molecule of rRv3676 contains two
tryptophan residues. These comparisons show that at 8 M urea protein is
completely unfolded and both the tryptophan residues are fully exposed to the
solvent and contribute to equivalent amount of fluorescence intensity as free
tryptophan.

The two tryptophan residues (Trpl12 and Trp203) present in
Rv3676 protein were used as probe to study conformational changes in
the protein in solution upon urea-induced denaturation. Purified
rRv3676 unfolds completely in the presence of 8 M urea without any
further increase in fluorescence (Figure 3.5), indicating the presence of
fully unfolded protein molecules. The maximum wavelength of
absorbance of denatured rRv3676 is approximately 360 nm, which is
equal to the maximum wavelength of absorbance of 6 mM free
tryptophan (Figure 3.6). As protein unfolds (relaxed) tryptophan residues

are exposed to the solvent, resulting in an increase in relative
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fluorescence. Therefore, fluorescence method was used to assay whether
increasing concentrations of cAMP have any effect on the unfolding of

rRv3676 protein.
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Figure 3.7: Fluorescence emission spectra
of rRv3676 as a function of cAMP
concentration (6-16 mM). The fluorescence
maximum of the protein increases steadily
up to 10 mM cAMP and later drops as a
function of increasing cAMP concentration

(12-16 mM).
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PBS was used as solvent, which has a physiological pH and an
ionic strength similar to the intracellular milieu of the bacilli.
Physiological cAMP levels are in the range of 0-10 mM. At lower
concentrations (6-10 mM) the binding shows positive cooperativity, and
at 10 mM cAMP the protein is in the most open conformation. This is
evident from the increase in tryptophan fluorescence (Figure 3.7). With

further increase of cAMP (12-16 mM), the relative tryptophan
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fluorescence decreases, suggesting that the protein is getting compacted.

This protein compaction could be a reflection of a feedback regulation.

3.3.4 Purified rRv3676 binds in vitro to the CRP/FNR cognate
nucleotide sequence motif present upstream of Rv1552

Having shown that Rv3676 is a likely member of the CRP/FNR
family of DNA-binding proteins, purified rRv3676 was tested whether it

indeed displays such an activity.

Purified rRv3676 - + + +
Competitor = . r
DNA (50X ) - - |gerss? | mu| Figure 3.8: Recombinant Rv3676 binds to

the CRP/FNR-binding element present
Probe Rvii552 + + + + upstream of Rv1552 (frdA). Specificity of
binding was confirmed by homologous
competition with a 50-fold excess of
unlabeled ligand (lane 3). The complex is
unaffected when a mutant oligonucleotide
(mut) carrying an alteration in the binding
sequence is used in the competition assay
(lane 4).

1 2 3 4

Mtb ORF Rv1552 was selected, which is putatively regulated by the
CRP/FNR family of transcriptional regulators. Synthetic
oligodeoxyribonucleotide corresponding to the CRP/FNR cognate DNA-

binding element present in ORF Rv1552 (frdA) was radiolabeled and used
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as probe in EMSA using purified rRv3676. The results clearly show a
shift in the mobility of the CRP/FNR probe upon incubation with
rRv3676 protein (Figure 3.8, lane 2). The specificity of the binding is
evident from the disappearance of the complex in a competition assay
using a 50-fold excess of homologous unlabeled CRP/FNR
oligonucleotides (Figure 3.8, lane 3). The specificity of this DNA—protein
interaction is further evident from the absence of any competition when a
mutated version of the oligonucleotide (mut in Figure 3.8, lane 4) is used.
These results demonstrate that rRv3676 indeed specifically interacts

with the CRP/ FNR cognate DNA sequence motifs.

3.4 Discussion

Mtb harbors a single member of the CRP/FNR superfamily, i.e.
Rv3676. That this gene is important is evident from knockout studies. An
Rv3676 knock-out strain is impaired in growth under in vitro conditions,
in bone marrow-derived macrophages and also in an animal model
(Rickman et al., 2005). ORF Rv3676 was therefore selected for further
analyses of its protein product. Purified rRv3676 exists in a single
oligomeric state as a homodimer (Figure 3.2) and is active in terms of
DNA binding. It is interesting to note that, despite an only weak DNA-
binding activity, the interaction is very specific as could be seen from the

inability of the mutant oligonucleotide to compete for binding. Most other
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proteins of this family are active as dimers (Kérner et al., 2003) but,
unlike Rv3676, contain metal cations such as iron and nickel as co-
factors. Interestingly, Rv3676 does not carry a metal-binding motif, and
the absence of any metal co-factor is indeed evident from the spectral
features of rRv3676. Mtb Rv3676 thus appears to be different from other
oxygen-sensing proteins in terms of non-requirement of a metal cationic
co-factor. To investigate the ability of rRv3676 to bind to its cognate DNA
motif, EMSA was carried out using purified rRv3676 and a radiolabeled
oligonucleotide carrying the CRP/FNR-binding site present upstream of
the frd (Rv1552) gene encoding the fumarate reductase enzyme. This
binding site was identified as a putative binding site in recent reports
(Bai et al., 2005; Spreadbury et al., 2005). In in silico regulon prediction
studies, this motif elicited the highest score (Chapter 2; Akhter et al,
2008), and therefore was selected for EMSA. It has been reported that
Rv3676 senses oxygen (Bai et al., 2005; Spreadbury et al, 2005)
indirectly by controlling the expression of genes such as frd. Fumarate
serves as an alternative electron acceptor in the absence of oxygen, and
this is mediated by a membrane-linked fumarate reductase enzyme
complex (Lambden and Guest, 1976). The putative CRP/FNR binding
site, present upstream of the frd operon, was recognized by rRv3676

protein as evident from EMSA.
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The Mtb genome encodes as many as 15 adenylate cyclases,
suggesting that cAMP may have an important role in mycobacteria. It has
indeed been reported that cAMP can alter the gene expression profile of
Mtb during anaerobic conditions (Gazdik and McDonough, 2005). The
predicted cAMP-binding site in rRv3676 indeed shows binding to cAMP
leading to conformational changes in the protein as evident from spectral
analyses. The extent of change in secondary structure is maximal in the
presence of 10 mM cAMP. The effect of cCAMP binding on the DNA-binding
efficiency of Rv3676 has already been reported earlier (Bai et al.,, 2005).
cAMP, acting as effector, is known to modulate the regulation of a large
number of target genes, and it is likely that Rv3676 is involved in this
process. While these in vitro findings point to the importance of cAMP, it
remains to be experimentally demonstrated whether cAMP is actually
involved in regulating gene expression by recruiting Rv3676 protein.
While the biophysical features of purified Mtb Rv3676 protein described
here are physiologically relevant, experimental validation in vivo will be
required to dissect the complete network of Mtb genes regulated by

Rv3676 and cAMP.
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Chapter 4: Structural
studies on Mtb-CRP

While a part of the work presented in this Chapter has been

communicated as:

Akhter Y, Pogenberg V, Hasnain SE and Wilmanns M. Crystal Structure
of cAMP receptor protein from Mycobacterium tuberculosis in complex
with DNA and cAMP revealed a novel cAMP pocket: implication on DNA
binding (Communicated).

A 3-D structure of the apo-CRP including preliminary X-ray

crystallography data have also been published as

crystallization communications
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and Crystallization crystallographic studies of Mycobacterium
foniiscaion tuberculosis CRP/FNR family transcription regulator
1SS 1743-3091

Mohd. Akif," Yusuf Akhter,” CRP/FNR family members are transcription factors that regulate the

Seyed E. Hasnain™™* and transcription of many genes in Escherichia coli and other organisms.
Shekhar C. Mande™* Mycobacterium wiberculosis H3TRv contains a probable CRP/FNR homologue

Kumar P, Joshi DC, Akif M, Akhter Y, Hasnain SE, and Mande SC.
2009. Crystal Structure of apo-Cyclic AMP Receptor Protein of M.
tuberculosis and Normal Mode Analyses reveal an Elegant Mechanism of
Allostery induced upon cAMP binding. Biophysical Journal (In press)
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4.1 Introduction

Cyclic AMP receptor protein (CRP) belongs to the CRP/ Fumarate
Nitrate Reductase Regulator (FNR) family of transcription regulators. It is
well described how different environmental conditions can change the
cAMP levels and induce CRP dependent transcription (Koérner et al,
2003; Green et al.,, 2001). cAMP is a central secondary messenger in all
living cells. It is currently being investigated how CRP dependent
transcription plays a critical role in a successful adaptation of a
pathogen to its host (Alspaugh et al.,, 2002; Caler et al., 2000; D’Souza
and Heitman, 2001). CRP/FNR transcriptional regulators are actively
involved in response to various kinds of stresses like lower oxygen, redox
stress and starvation (Kérner et al., 2003).

Previously, in comparative proteomics studies of Mtb and M. bovis
BCG (BCG), differences in electrophoretic mobility of CRP protein were
observed (Mattow et al., 2001). Subsequently, such a mobility shift was
attributed to point mutations in both the DNA and cAMP binding
domains in BCG-CRP. These mutations were implicated to the impaired
DNA binding activity of BCG-CRP in comparison to Mtb-CRP (Spreadbury
et al., 2005) thereby suggesting that these mutations could be one of the
contributing factors in attenuation of virulence of BCG.

The mechanism of transcription modulation by CRP is well

characterized in E. coli and has served as a model for how small
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molecules can regulate protein-DNA interactions (Harman, 2001; Tutar,
2008). Structurally, CRP and FNR form homodimers with two distinct
domains, an N-terminal effector domain (NTD) and a C-terminal DNA
binding domain (DBD). Alteration in the NTD results in change in DNA
binding properties. For FNR the regulation is dependent on the redox
states of a Fe-S cluster located in NTD while for CRP it depends on the
binding of cAMP molecule in the NTD (Spiro, 1994). There is a gap in the
understanding of how in the case of E. coli CRP the binding of cAMP to
the NTD can control DNA binding in the DBD which is ~30A apart from
the binding site of cAMP.

The levels of cAMP act as signal and upon increasing cAMP
concentrations, the cAMP-CRP complex is formed. The binary complex
can thereafter bind to promoter elements containing variants of the CRP
consensus binding motif: TGTGANNNNNNTCACA (Berg and von Hippel,
1988). This binding regulates the transcription of the downstream genes.
Therefore, the DNA binding of CRP via its C-terminal DBD (residues 138-
209) is allosterically regulated by cAMP binding at the NTD (residues 1-
137). The NTD predominantly consists of beta sheets and is basically
responsible for dimerization and cAMP binding to this domain results in
the activation of CRP. Upon activation, CRP recognizes DNA binding
elements by the C-terminal helix-F, which forms a prototype Helix-turn-

Helix (HTH) motif, together with helix-E (McKay and Steiz, 1981).
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CRP from E. coli (EC-CRP) was the first transcription regulator
protein for which crystal structure was determined (McKay and Steitz,
1981). The crystal structure of EC-CRP has been determined in complex
with cAMP (Passener and Steiz,) and in complex with cAMP and DNA
(McKay and Steiz, 1981). Recently, the first structural account of apo-
EC-CRP was reported using NMR spectroscopy (Popovych et al., 2009).
Still the mechanism of regulation by cAMP is not fully understood. As yet
there is no single protein from this family for which the crystal structures
for all states apo protein, cCAMP-CRP (binary complex) and CRP-cAMP-
DNA (ternary complex) are known. Structural features of CRP have not
been studied extensively in other organisms. Apo-CRP crystal structure
from Mtb has been reported (Gallagher et al., 2009). Very recently Mtb-
CRP-cAMP structure has been also reported (Reddy et al., 2009).

How cAMP activates CRP and allows the binary complex to bind
the DNA is still a puzzle, and cannot be answered with the present apo
and liganded structures of Mtb-CRP. In this part of work -crystal
structure of Mtb-CRP in complex with its DNA binding element and cAMP
is presented. Interestingly, in addition to the well characterized canonical
cAMP binding pockets a third novel cAMP binding pocket was observed
in Mtb-CRP. Finally, functional implications of this secondary cAMP
binding pocket are presented and it was found that it regulates the

extent and specificity of DNA interaction.
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4.2 Materials and Methods
4.2.1 Bacterial strains and genetic manipulations

In this study Escherichia coli strain DHSa from Stratagene and
BL21 (DE3) from Novagen were used. For generating Mtb-CRP mutant
(Asn67Met, Asnl137Lys), site-directed mutagenesis kit (from Phusion
finzyme) and standard DNA techniques were used as described in the

manual.

4.2.2 Purification of Mtb-CRP-DNA complex

Mtb-CRP (Rv3676) was expressed and purified as described in the
previous Chapter 3. Several single stranded 22-24 base pairs synthetic
deoxyribonucleic acid oligos with either blunt end or AT overhangs for
crystallization trials were purchased (Metabion International AG,
Germany). Single strands of corresponding complementary sequences
were annealed as described in Chapter 3. The CRP DNA binding element
from upstream of Rv1552 (frdA) was used (Bai et al., 2005; Rickman et
al.,, 2005) as also reported (Chapter 3). For complex formation, suitable
DNA to protein ratio was determined by Elecrophoretic Mobility Shift
Assay (EMSA), using a constant amount of DNA and an increasing
amount of protein. The samples were analyzed by native-PAGE using an
8% TBE gel and stained with ethidium bromide and commassie brilliant
blue for analyzing DNA and protein contents, respectively. A DNA to

protein ratio of 1 to 3 was used to generate Mtb-CRP-DNA complex.
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Further purification was performed by size-exclusion chromatography to
ensure a highly pure sample using a Superdex 75 16/60 column
(Amersham Biosciences) pre-equilibrated in 10 mM Tris-HCl pH 8, 50
mM NaCl. Peak fractions of the protein-DNA stable complex were
collected and analyzed by SDS-PAGE and native PAGE prior to

crystallization.

4.2.3 Crystallization

Purified Mtb-CRP-DNA complex was concentrated to 10 mg/ml and
concentration was determined by dye binding method (Bradford, 1976).
cAMP (purchased from Sigma) was dissolved in milli Q water. cAMP was
added before the crystallization set-up giving a final concentration of
500uM. This purified DNA-protein complex with cAMP was used to
initially screen for crystallization conditions using the high-throughput
crystallization facility operated by EMBL Hamburg, Germany (Mueller-
Dieckmann, 2006). The initial crystallization screens were performed
using the sitting-drop vapor-diffusion method with Crystal Screen and
Crystal Screen Cryo (Hampton Research, Aliso Viejo, California, USA)
based on 288 different conditions. From initial hits the Mtb-CRP-cAMP-
DNA crystals were manually reproduced at 289 K using the hanging-drop

vapor-diffusion method and the crystallization condition was optimized.
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Figure 4.1: Crystals of Mtb-CRP-DNA-cAMP ternary complex grew using 0.2 M
magnesium chloride, 0.1 M Tris-Cl pH 8.5 and 30 %( w/v) PEG 4000. First panel
shows crystals obtained from screens and second panel shows the finally
optimized crystals. The size of each optimized crystal is approximately
100X100X150 um.

The volume of the drop was 4 ul and consisted of a mixture of 2 ul
protein solution and 2 ul mother liquor solution. The drop was
equilibrated over a reservoir filled with 0.5ml mother liquor (0.2 M
magnesium chloride, 0.1 M Tris-Cl pH 8.5 and 30 %( w/v) PEG 4000).
Cubic-shaped crystals grew to 100-200 um in their longest dimension

(Figure 4.1).

4.2.4 Data Collection, structure determination and refinement

Prior to data collection, single crystals of Mtb-CRP-cAMP-DNA were
cryoprotected in 25% glycerol for 30 s and flash-cooled in liquid nitrogen.
Diffraction data sets were collected on beamline ID23 at ESRF (Grenoble,
France) using an ADSC Q315r (Area Detector Systems Cooperation) CCD
detector and a wavelength of 1.0066A. The EMBL/ESRF/BM14 robotic
sample changer (SC3) (Cipriani et al., 2006) at the beamline allowed

extensive screening of more than 50 crystals to obtain a crystal was
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diffracting beyond 2.9 A resolutions. The final data were indexed and

integrated using the XDS program package (Kabsch, 1993).

The relevant data-collection and processing parameters are given
in Table 4.1. The structure was solved using the Molecular Replacement
(MR) protocol of the automated structure determination platform
Autorickshaw (Panjikar et al.,, 2005). Within the software pipeline, the
Crp/Fnr family protein structure from Porphyromonas gingivalis (pdb
entry: 2GAU) as top priority model for the MR, which was successful.
After MR the electron density allows building of the double stranded DNA
in iterative steps of refining and model building using the programs
phenix.refine (Adams et al., 2002) and COOT (Emsley and Cowtan, 2004)
respectively. TLS (Translation/Libration/Screw) refinement using Chain
A and Chain B as TLS groups and simulated annealing strategies as
implemented in phenix.refine were essential in the refinement process
(Adams et al., 2002).The final refinement statistics achieved are listed in

Table 4.1.
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Table 4.1 Data collection and refinement statistics

Crystal Mtb CRP-DNA-cAMP
Space group P2, o
a, b, c (A) 65.74 60.82 89.64 Average B'fact%r (%)
a, B,y () 90.00 104.33 90.00 PDIi\?;[\em65 - 9.

1 (] 7 .
Solvent content (%, v/v) 55.75 CAMP 70.96
A. Data collection o .
Resolution (&) 50.0-2.90 (2.98-2.90)a Ll lde"litloris from ideal
Unique reflections 14777 (1088) Bond englt S O(A) 0.011
Multiplicity 2.28 (2.30) Bond angles (°) 1.6
1/0(I) 7.66 (2.2) Ramachandran plot
Completeness (%) 95.4 (97.5) Most favored regions (%) 87.4
R-merge (%) 17.3 (49.2) Allowed regions (%) 12.3

Generously allowed (%) 0.3

B. Refinement Disallowed regions (%) 0.0

Refinement resolution 19.74-2.90

Rcryst (O/O) 2520
Rfree?(%) 28.00

aValues for highest resolution shell are
C. No of atoms in asu 4254 written in parentheses.
Protein 3368 b Rfree was calculated using 6.54% of data,
DNA 840 which was omitted from the refinement
cAMP 66

4.2.5 Isothermal titration calorimetry

Recombinant Mtb-CRP, the DNA duplex and cAMP stock solutions
were prepared as described above. All three components were dialyzed
overnight against 10 mM tris-HCl, pH 8.0, 50 mM NaCl. During this
experiment same buffer was used for dilution purposes. ITC
measurements were carried out in duplicate on a MicroCal VP-ITC
instrument at 25°C. DNA (80 uM) was injected in steps of 10 ul into 1.4
ml of Mtb-CRP (16 uM) or Mtb-CRP Mutant (Asn67Met, Asn137Lys) (16

uM) with and without pre-incubation with cAMP (500uM). The kcal/mole
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per injection was fitted by a one-step reaction using the Origin software
(MicroCal). Data were fitted by a one to one interaction model using the
Origin software 7 (MicroCal), after substracting -1.10 kcal/mol
corresponding to the average of the control experiment, namely titrating

DNA into buffer.

4.3 Results and discussion
4.3.1 Mtb-CRP ternary Complex formation

The Mtb-CRP-DNA complex was obtained by mixing recombinant
purified 6XHis tagged apo-Mtb-CRP with frd DNA motif present upstream
of frd (fumarate dehydroenase) operon. This DNA element was able to
bind Mtb-CRP specifically as reported earlier (Chapter 3; Bai et al., 2005;
Rickman et al.,, 2005). It has been reported that Mtb-CRP activate the
expression of genes like frd which helps it to survive the hypoxic
environment in macrophages (Bai et al., 2005; Spreadbury et al., 2005)
Fumarate could serve as an alternative electron acceptor in the absence
of oxygen (hypoxia), and this is mediated by a membrane-linked

fumarate reductase enzyme complex (Lambden and Guest, 1976).
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Figure 4.2: Purification of Mtb-CRP-DNA complex. (a) DNA:protein stoichiometry
suitable for complex formation was determined by Elecrophoretic Mobility Shift
Assay (EMSA) . Mtb-CRP-DNA complex was determined by mixing constant amount
of DNA mixing with increasing amounts of protein. The samples were analyzed by
native-PAGE using an 8% TBE gel and stained with ethidium bromide and
commassie brilliant blue for analyzing DNA and protein respectively. (b) Size
exclusion chromatography was performed Superdex 75 16/60 (Amersham
Biosciences) column pre-equilibrated in 10 mM Tris-HCI pH 8, 50 mM NaCl. the
eluates were monitored at 280nm and 260nm indicated in brown and yellow,
respectively. Chromatogram showing three peaks labeled as peak 1, peak 2 and
peak 3. Peak 1 is a major eluate peak corresponding to the protein-DNA complex,
peak 2 corresponds to the non-complexed protein and free DNA elutes as peak 3,
as interpreted by monitoring absorbance at 280 and 260.

The suitable stoichiometry for large scale protein-DNA complex
purification was determined by native-PAGE and visualized by dual
staining method using commassie brilliant blue and ethidium bromide
for protein and for the DNA respectively as described in Materials and
Methods (Figure 4.2). The elution profile shows three peaks. The main
peak, labeled as “peak 1”, contains the protein-DNA complex (Mtb-CRP-
DNA-cAMP), while the second peak contains pure apo-Mtb-CRP and the
third peak pure DNA (Figure 4.2). Elution fractions from peak 1 were
analyzed on a native-PAGE to reconfirm the integrity of the protein-DNA

93



Chapter 4 Structural studies on Mtb-CRP

complex. Fractions constituting peak 1 were pooled and used for further

crystallization trials.

4.3.2 Structure determination and refinement of the Mtb-CRP-DNA-
cAMP complex

The structure of Mtb-CRP-DNA-cAMP was solved in the P2;
spacegroup at a 2.9A resolution using the CRP/FNR family protein
structure (pdb entry: 2GAU) from Porphyromonas gingivalis as MR search
model, The model was refined at 2.9A to Reyst/Rpee of 0.25/0.28.The
refined model of protein/DNA complex contains 224 residues of the
protein including an additional N-terminal histidine from the 6XHis-tag,
23 basepairs of DNA and three cAMP molecules. The overall structure
shows acceptable geometry with all residues in the allowed regions of
Ramachandran plot (Table. 4.1). The homodimeric Mtb-CRP-DNA
complex shows similar structural features to that of EC-CRP (Chen et al.,

2001) (Figure 4.3).
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Burried _
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Figure 4.3: Overall structure of Mtb-CRP-cAMP-DNA. Overall secondary and
tertiary structure is similar to EC-CRP structures reported earlier (pdb entries:
1ZRC and 103S). Mtb-CRP homodimer interact with 23 basepair DNA. Only novel
features are labeled in Mtb-CRP-DNA complex structure. Arrow shows non-
canonical cAMP binding site containing cAMP molecule. The helix G is the
additional helix not present in EC-CRP but present in the Mtb-CRP structure.

The two CRP molecules within the complex have structurally
similar architecture and open conformations as seen for the EC-CRP-
DNA structure with a RMSD of 2.5 A (comparison with EC-CRP-DNA
complex structure, pdb code 103S). Each Mtb-CRP molecule contains
six helices (denoted A to F, according to EC-CRP) and 11 beta-strands.
However, in comparison to EC-CRP, Mtb-CRP contains a short helix at
the very beginning of C-terminus (Ser215 to Arg224), which is not
present in EC-CRP. Structure based sequence alignment reveals that the

prolonged C-terminus is likely to be unique to myobacteria.
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After building the complete model of the protein-DNA complex,
unambiguous density calculations allowed the positioning of the three
cAMP molecules. The positive electron density (mfo-nfc) allowed
positioning of three cAMPs molecules unambiguously. The Mtb-CRP-DNA
model was refined in the absence of cCAMP molecules to produce the Fo-
Fc map. This map is unbiased as the atomic coordinates used for phase
calculations have never been refined together with the cAMP molecules.
The cAMP molecules were finally inserted to structure the final
coordinates after some further refinement. Two of these were located at
Non Crystallographic Symmetry (NCS) positions consistent with the
cAMP binding sites of EC-CRP (Weber and Steitz, 1987). Density
supporting a third cAMP molecule was observed in subunit B facing the
helixes C, D and E (Figure 4.3, more below). The two cAMP molecules are
fully bound into the conserved binding pockets whereas the third cAMP
is partially (50%) occupied. This suggests that binding of cAMP to the
secondary binding pocket displays lower affinity. All the three cAMP

molecules were found in anti-conformation (Figure 4.3) state.

4.3.3 C-terminal helix-G

In both of the subunits of the Mtb-CRP-DNA structure it was
observed that the very C-terminus residues forms an alpha-helix. In the
apo-Mtb-CRP structure only one of the subunits have a structured C-

terminus whereas the second subunit has a completely disordered C-
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terminus. The differences in the two C-termini of the apo-Mtb-CRP
complex likely explain why this homodimer is surprisingly asymmetric

(Gallagher et al., 2009).

Figure 4.4: The role of helix-G: a flap for covering hydrophobic core and to
prevent solvent access: (a) Hydrophobic core formed between DNA interacting
helix-F and helix-E and helix-G is serving as a flap to prevent any solvent access
to it. Hydrophobic side chains are shown in sticks.

Therefore it was investigated that if this terminal could play a functional
role in the ability of CRP to form complex. Deletion of the C-terminal part
of the protein (residues 214-224) leads to an insoluble form. This
indicated that the C-terminus is involved in solubilization and correct
folding of the protein. These findings could be further explained by the
environment surrounding the C-terminal helix-G. Residues from the

helix-G which could function as a flap to cover highly hydrophobic
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surface formed at the interface of helices E and F and lead to formation
of a unique compact sub-domain with a hydrophobic core (Figure 4.4).
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Figure 4.5: Multiple sequence alignment of CRP from different species. Helix-G is
a specific feature of mycobacterial CRPs. An alignment of array of CRP aminocid
sequences from different bacterial species clearly showed that helix-G is
conserved in mycobacterial CRPs while in other bacterial species it is either
truncated or completely absent. Abbreviations used are MT, Mth; BCG, M.bovis
BCG; ML, M.leprae; MM, M.marinum; DG, Deinococcus geothermalis; EC, E. coli,
PA, Pseudomonas aeruginosa and ER, Eubacterium rectale.

Indeed, three residues (namely Leu219, Ala220 and Ala223) from helix-G

are present which are in close hydrophobic contact with Trp203, Ile204,
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Phel61, Vall71, and Phel98and Vall50. All of these hydrophobic side

chains are facing the centre of this sub-domain.

Interestingly, there is no existence of such a hydrophobic core in
the homologous structures. For example in EC-CRP Phel61
(hydrophobic, aromatic) is replaced by Pro (less hydrophobic, aliphatic),
Vall71 is replaced by Met, Phel98 (highly hydrophobic) is replaced by
Leu (less hydrophobic) and Trp203 is replaced by Leu (less hydrophobic).
Multiple alignment clearly showed that this helix is only conserved in
mycobacterium related species and in others it is either absent or not
conserved (Figure 4.5). A bigger amino acid sequence alignment
confirmed these observations for other homologues also. It could be seen
that the residues corresponding to helix-G are not present in other

homologous protein nor the hydrophobic core (Figure 4.5).

4.3.4 Novel cAMP binding site: structural features

The finding of a third cAMP molecule was unexpected, although
secondary cAMP binding sites in EC-CRP have been reported earlier
(Passner and Steitz, 1997), the results presented in this Chapter are
different (Figure 4.6). In EC-CRP the site is surface exposed and located
near the DNA protein interaction area interacting with Arg180 (located on
DNA interacting helix-F), Glu58 (in nearby beta-sheet) and Gly173 and

Gly177 (both on helix-E) (Passner and Steitz, 1997; pdb entry: 2CGP). In
99



Chapter 4 Structural studies on Mtb-CRP

Mtb-CRP the secondary pocket is buried and located at the interface of

three helices: helix-D (dimer interface helix), helix-E and helix-F

(constituent of DNA interacting helix-turn-helix).

. Leu183

Figure 4.6: The binding of a cAMP to Mth-CRP in non-canonical pocket. The
picture shows the mode of binding of cAMP in its omit-density of an (Fo-Fc)ac
map. The Mtb-CRP-DNA structure, after omitting the cAMP molecule (contoured at
2.0 sigma). Upon the maps have been calculated after omit refinement, leaving
out the highlighted molecule from the model. Different side chains including the
distances in angstrom which are interacting to cAMP are labeled.

cAMP directly interacts with six of the side chains of residues
Asn67, Leu 68, Asnl137, Aspl40, Glul56 and Leul56 surrounding the
pocket via several H-bonds and salt bridges. When the least square

superimposition analysis with Mtb-CRP-cAMP structure (PDB code: 3i54)
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was performed it was not found to be much different than Mtb-CRP-DNA
structure (RMSD=1.16 A). This pocket environment was found to be
conserved including the side-chains interacting with cAMP. For unknown
reasons there was no evidence of binding of secondary cAMP molecule to
the Mtb-CRP-cAMP complex structure secondary cAMP molecule was not
bound. In case of EC-CRP it is known that interaction with DNA could
give rise to secondary cAMP binding (Lin et al., 2002, Scott and Jarjous,
2005). This might be similar in case of Mtb-CRP. This position seems to

be interesting in terms of DNA binding regulatory function.

For this non-canonical pocket, cAMP molecule could be built only
in sub-unit B of Mtb-CRP with 50% occupancy. This indicates that this is
a secondary binding site and is not occupied fully in all molecules. On
the other hand some residual density on the similar NCS related position
in sub-unit A was also observed, although it was not sufficient to clearly
position in the cAMP. Taken together, this indicates that there could be
concentration dependent sequential multi-step binding events for each
sub-unit. Second non-canonical pocket has probably a lower affinity
than canonical one as it only has 50% occupancy. This observation is
consistent with biophysical and biochemical studies for EC-CRP (Heyduk
and Lee, 1989; Leu et al.,, 1999; Takahashi et al.,, 1980). In surface-
potential analysis a cleft for entry of cAMP to the pocket could be seen.

The surface around this cleft was found positively charged (Figure 4.7).
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This positive charge could facilitate the entry of cAMP to the non

canonical pocket.

L B

A . _ -

-

Figure 4.7: Cleft for entry of secondary cAMP molecule into non-canonical pocket.
Surface potential representation shows a cleft for ligand entry to secondary site.
Positively charged surface represented in blue while negatively charged in red
colors. Positively charged surface patches around the cleft may facilitate entry of
cAMP molecule to the pocket.

Upon comparison with the EC-CRP-DNA structure (pdb: 103S) a
different position of the helix-D (DBD) and helix-F (DNA interacting) of
more than 3 A was observed. This could be due to the presence of the
secondary binding pocket. This movement in helix-D translated as a
motion in helix-F which finally gives rise to more interaction with DNA
(Figure 4.8). A careful analysis revealed that the helix rearrangement
could be mediated by H-bonding between phosphate of cCAMP and side-

chain amino groups from Asn137 and GIn156 (Figure 4.8).
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Figure 4.8: Re-arrangement of helices as implication of cAMP binding to non-
canonical site. Least square superposition of EC-CRP with Mtb-CRP revealed
movement of helices, DNA interacting helix-F and helix-D. There are 3 A of
movement in both of the helices as indicated by the arrows and site of movement
is encircled. EC-CRP is shown in cyan while Mtb-CRP in green color cartoon
representation using pymol.

When least square superimposition of the structure of Mtb-CRP-DNA
with EC-CRP (PDB entry: 103S) was performed it was found that the side
chains of Met 59 and Lys129 occupy the binding pocket of CRP in E. coli,
whereas the corresponding residues, Asn67 and Asn137 have lighter side
chains in Mtb-CRP and are positioned to allow cAMP binding or to

specifically interact with the bound cAMP molecule (Figure 4.9).

103



Chapter 4 Structural studies on Mtb-CRP

Asn137

Figure 4.9: Comparison of non canonical cAMP binding pocket of Mtb-CRP with
non pocket environment of EC-CRP in superposition of both proteins. Bulkier side
chains (Met59, Lys12) from EC-CRP showed in cyan create steric hindrance and
make non-pocket environment while equivalent residues in Mtb-CRP have been
replaced by smaller side chains (Asn67, Asnl137) showed in green, making room
for cAMP pocket.

Similar comparative analyses for the position of DNA interacting
helix-F in Mtb-CRP-cAMP (PDB code: 3i54) were also performed but no
major changes in its position could be seen. This might suggest that Mtb-
CRP-cAMP form reported earlier, in which only one cAMP is occupied in
each sub-unit, could also be the active form of Mtb-CRP ready to bind
DNA and could start activation of transcription (Reddy et al., 2009). It
may be noted that secondary cAMP is not bound to Mtb-CRP in this

structure. In this case seemingly, second cAMP binding could further
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regulate the transcription in a feed forward type of mechanism. These
observations indicate that the third binding pocket is specific to cAMP,
but not conserved among all bacteria. Sequence alignment with other
mycobacterial CRPs showed that these aminoacids are conserved in all of

them (Figure 4.5).

4.3.5 Secondary cAMP pocket: functional implications

To investigate the importance of this secondary pocket Mtb-CRP
mutants were designed, which can mimic the non-pocket environment
found in EC-CRP. The two side chains, Asn67 and Asnl137 from Mtb-CRP
were replaced with the corresponding side chains Met67 and Lys137
from EC-CRP (Figure 4.9). The generated mutant was expected not to
bind cAMP in this pocket as the larger residues are expected to sterically
hinder the binding of cAMP as seen in EC-CRP. The mutant allowed the
investigation of the effect of the secondary binding pocket on the ability
of Mtb-CRP to bind the DNA. The role of secondary cAMP binding pocket

on modulating DNA binding events was then evaluated.
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Liganded Mtb-CRP interaction with DNA
Apo-Mtb-CRP interaction with DNA
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Figure 4.10: DNA-protein interaction in presence and absence of cAMP. DNA
binding curves for the double stranded frd-DNA element (23 bp) and Mtb-CRP/
Mtb-CRPMut accumulated by isothermal titration microcalorimetric analysis
showing importance of novel secondary cAMP binding pocket in Mth-CRP. Trace of
the calorimetric titration of 30 X 2.5-ul aliquots of 463 uM DNA injected into 1.8
ml of 15.8 uyM Mtb-CRP or Mtb-CRPMut in liganded and unliganded forms as
described in Material and Method. Solid lines in the lower plot represent the best
fit to the data given by the parameters in Table 4.2.

Four parallel sets of experiments for determining DNA binding curves in
different thermodynamic events were performed :1) Wild type Mtb-CRP
and the DNA motif; 2) Wild type Mtb-CRP saturated with S00uM cAMP
prior to addition of DNA; 3) Mtb-CRPMut with DNA; and finally 4) Mtb-
CRPMut saturated with cAMP (500uM). To make sure that cAMP would

occupy both binding sites of each monomer S00uM of cAMP was used.
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Table 4.2: Thermodynamic parameters for DNA and Mtb-CRP/Mtb-CRPMut
interactions calculated from isothermal microcalorimetric titrations
CRP CRP+cAMP CRPMut CRPMut+cAMP
AH (kcal/mol) 9.15%0.16 15.53+0.2 5.6+£0.143 7.27+0.156
AS

(cal/mol/K) 4.85 -15 15.6 12.1
Kd (nM) 16.9+5.9 0.16+0.03 30.2+7.5 10.6+2.8
No of sites 0.48+0.004 0.47£0.003 0.49+0.007 0.47+0.004

The Kd values for the DNA binding events for Mtb-CRP with and
without cAMP saturated states show the positive effect on DNA binding
efficiency. The dissociation constant (Kd) dropped by almost 100 fold on
addition of cAMP (from 16nM to 0.16nM). When a parallel experiment
with Mtb-CRPMut was carried out, devoid of novel non-canonical pocket,
the massive drop in Kd was not observed, and just ~3 fold (from 30nM to
10nM) drop was seen (Figure 4.10, Table 4.2). DNA binding efficiency of
mutant protein did not increase as much as that of wild type.
Interestingly, in earlier reports EC-CRP was reported to have very poor
DNA binding when it was treated with higher concentrations of cAMP
(Harman, 2001, Adhya et al., 1995). This clearly indicates that the effects
of cAMP binding on DNA interactions are different in EC-CRP and Mtb-
CRP and novel non-canonical cAMP pocket have a critical role in
regulation of DNA binding by Mtb-CRP.

Further results showed that energetics of DNA binding are also
very distinct in Mtb-CRP. The change in enthalpy for cAMP liganded-Mtb-

CRP (15.5 kcal/mol) on DNA interaction is rather higher than the energy
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released in unliganded-Mtb-CRP (9.15 kcal/mol) DNA interaction (Figure
4.10, Table 4.2). This high energy release is also compensated by high
amount of change in entropy (-15cal/mol/K) in liganded interaction.
Entropy change difference between liganded and unliganded interactions
is almost 20cal/mol/K. When a similar experiment was carried out with
Mtb-CRPMut no such big difference in release of energy was observed.
High amount of enthalpy changes could be reflection of the specificity of
a binding reaction. According to present accepted model for EC-CRP,
binding of first cAMP favors the binding of cCAMP molecules at secondary
cAMP sites. Binding of extra cAMPs to the secondary binding site
decreases its specificity for DNA (Lin et al, 2002; Scott and Jarjous,
20095). It should be noted that the secondary cAMP binding site in Mtb-
CRP is at different location to that EC-CRP. It is therefore likely that the
two binding site have different mechanism. These results clearly show
that cAMP binding to secondary sites increases the specificity of CRP for

DNA instead of decreasing its specificity.

4.3.6 Mtb-CRP and DNA interactions

Currently, the only CRP-DNA complex structures available are
from E.coli. Therefore, a comparative analysis of the DNA-protein
interactions between EC-CRP and Mtb-CRP was carried out. A predicted

helix-turn-helix (176-LTQEEIAQLVGASRETVNKALA-196) motif which is
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involved in DNA binding for Mtb-CRP was reported in the earlier Chapter

2.
RETXXR RETXXK

NGCGANNNNNNTCGCN NGT NNNNTCACN

NCGCTNNNNNNAGCGN NCACTNNNNNNAGTGN
EC-CRP Mtb-CRP

Figure 4.11: Minimal signature motifs of DNA and protein required for interaction.
Minimal DNA and amino acid residues for both EC-CRP and Mtb-CRP were
calculated for comparative analysis. Electrostatic base specific interactions are
shown with blue lines while hydrophobic base specific interactions are shown with
green lines.

Here, with the help of DNA-protein complex crystal structure was further
narrowed down to exact minimal signature motif responsible for specific
interaction. 1ZRC and 103S pdbs (EC-CRP-DNA complex structures)
were used to identify the amino acid residues. Minimal signature nucleic
acid sequence required for specific interaction with protein for both EC-
CRP and Mtb-CRP were also obtained. In EC-CRP, Arg-Glu-thr-Xaa-Xaa-
Arg (residues180-185) are critical while for Mtb-CRP the Arg-Glu-thr-
Xaa-Xaa-Lys are involved (residues188-193) (Figure 4.11). At the last
position in case of Mtb-CRP the lysine residue is substituted by arginine.
The DNA motif for the EC-CRP is “GCGA” while for Mtb-CRP it is “GTGA”.
The overall pattern of interactions was found to be similar except for two
interactions: the lysine in Mtb-CRP could interact only to one base
specifically while equivalent arginine in EC-CRP could make one more

interaction with thymine. On the other hand glutamate in Mtb-CRP
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signature motif could interact with thymine. It thus appears that the
overall interactions are conserved and DNA and aminoacid residues for
both EC-CRP and Mtb-CRP could be documented.

Except these base specific interactions some non-specific DNA
backbone related H-bonds were also observed. Vall46, Asnl92 and
Argb65 could interact with DNA backbone via H-bonds. Surprisingly,
Serl87 and Glutl78 in subunit B were able to form H-bond with the
DNA backbone but not in subunit A. These obvious differences were
observed between two subunits because two subunits are not identical in
all respect as a least square superposition between two subunits yields
RMSD of 0.44A. This could be an effect of binding of more molecules of
cAMP to secondary pocket in subunit B than subunit A as seen in the
structure. More of DNA-protein interactions in subunit B were observed
in comparison to subunit A.

Although, Mtb-CRP is 32% identical to EC-CRP in terms of
aminoacid sequence, the mode of cAMP binding to the protein is unique
in Mtb-CRP. The implications of such binding are completely different
quantitatively and qualitatively as compared to EC-CRP. In Mtb-CRP
secondary cAMP pocket is completely unrelated. It would be interesting
to address what is the cause of the formation of non-canonical cAMP
binding site in case of Mtb-CRP. To answer these queries kinetics of

ligand and DNA binding need to be studied in detail.
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Mtb-CRP is essential for survival of TB bacilli inside host cells
(Rickman et al.,, 2005). These small unique but important structural
differences between Mtb-CRP and E.coli and other bacteria could be
targeted for drug discovery and could lead to the design of effective

therapeutic interventions against Mtb in future.

4.3.7 Protein Data Bank accession code

The coordinates and structure factors have been deposited in the PDB

under accession code 3HEO9.
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Chapter 5: Summary and
Conclusions
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Approximately eight million people develop active tuberculosis (TB)
every year, with two million dying from the disease. In addition to this
already huge burden of disease, it is estimated that up to two billion
people have been infected with the causative agent, Mycobacterium
tuberculosis (Mtb) (Dye et al., 1999). Most people control the initial
infection by mounting a cell-mediated immune response that prevents
disease but can leave a residual population of viable mycobacteria.
Between 5-10% of individuals who become infected subsequently develop
clinical disease (Bloom and Murray, 1992). Primary TB develops within 1
or 2 years after an initial infection and, particularly in children, is often
associated with disseminated disease. Post-primary TB develops later in
life, and can be caused either by reactivation of bacteria remaining from
the initial infection or by failure to control a subsequent reinfection.
Post-primary TB is predominantly a pulmonary disease, involving
extensive damage to the lungs and efficient aerosol transmission of
bacteria. The risk of disease is highly dependent on the immune status of
the host; co-infection with HIV markedly increases the incidence of both
forms of disease. The latency attribute of the pathogen represents a
significant obstacle to the worldwide control and eradication of
tuberculosis because the non-replicating bacilli may be in a state of ‘drug
indifference’ wherein they are not killed by the drugs. In contrast to
individuals with active tuberculosis, individuals with latent tuberculosis

do not transmit the disease. The harsh environment faced by the bacillus
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inside the human macrophages and dendritic cells include depletion of
nutrients, shift in pH, production of growth limiting products and/or
depletion of oxygen. On the other hand these extreme conditions give
some how signal to the Mtb cells to slow-down this metabolism and go
into dormancy/latency. Maintenance of dormancy within the host cells
and granuloma for many years or decades is the outcome of a balanced
war between the host immune response and the pathogen’s tactics to
overcome it (Wayne and Sohaskey, 2001).

Transcriptional regulation in response to environmental changes
encountered during infection is a common theme in bacterial
pathogenesis, and similar concepts can be applied to dormant/latent
bacteria. Mtb cells have to reprogram their transcriptional expression
profiles to survive within the harsh environment presented by the
macrophages. cAMP receptor protein/fumarate nitrate reductase
(CRP/FNR) regulators is a family of eubacterial transcriptional factors
associated with a variety of stress responses like hypoxia, nutrition
depletion and redox regulation within the bacteria (Korner et al.,, 2003).
Mtb ORF Rv3676 encodes cAMP receptor protein and knock out mutants
have been reported to be defective for growth in animal models and
macrophages (Rickmann et al., 2005).

The present thesis is an attempt to study the properties of cAMP

receptor protein from Mtbh and also regulation by CRPs of other
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mycobacterial species with an eventual goal to use this as drug

candidate for intervention against latent and active TB.

This work started with the computer based bioinformatics
approach aimed to identify the operons which could be regulated by CRP
in mycobacteria. In earlier computational predictions of CRP-regulon, 73
binding elements in Mtb genome were observed (Bai et al., 2005). Of the
top 44 binding sites identified in the present study, 25 have been
reported previously (Bai et al., 2005). These analyses thus highlighted 19
new Mtb-CRP binding sites upstream of various operons in Mth genome.
The CRP-binding element from fumarate reductase (Rv1552) received the
highest score. While this DNA element was also reported as a potential
CRP-binding site in earlier reports (Bai et al., 2005; Rickman et al., 2005,
Spreadbury et al., 2005), in the work presented here, experimental
evidence for specific DNA: protein interaction between this DNA element
and recombinant purified Mtb-CRP was provided. Also, Spreadbury et al.
(2005) proposed some potential genes as members of the CRP-regulon.
There are several overlaps between the results from this work and others.
While previous studies (Bai et al.,, 2005, Spreadbury et al., 2005) utilized
information from E. coli CRP-regulon, in the present study only the
available information from Mtb CRP-regulon was used. Recently, a
comprehensive comparative account of all Mtb-CRP regulons has also

been published (Krawczyk et al., 2009). Out of these novel identified
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members predicted in the present analysis of CRP regulon in Mtb genome
many are critical for pathogenesis and general life cycle of the bacterium.
It includes genes related to cell wall biogenesis, 5-3’ Cyclic Adenosine
Monophosphate (cCAMP) signaling, aminoacid biosynthesis pathways and
recycling machinery of the cell.

CRP regulators from different species of mycobacteria have very
similar DNA binding domains when compared with Mtb-CRP in terms of
amino acid sequences (for M. avium, M. leprae and M. smegmatis are
96%, 96% and 97% identical respectively). Given the observation that the
CRP proteins from all mycobacteria have identical DNA binding domains,
the same profile matrix constructed for Mtb was extended to predict CRP
binding sites in the genomes of M. leprae, M. avium subsp.
paratuberculosis and M. smegmatis. This represented the first such
attempt to interrogate other mycobacterial genomes. The operon context
of these regulons across the genomes was also described.

A comparative analysis of CRP target genes in various species
enabled the identification of the common CRP regulated genes across
mycobacteria and at least 18 genes were found to be common.
Conservation of these genes in the predicted CRP regulons suggests an
important role of their cognate gene products in the mycobacterial life
cycle. Mtb-CRP was earlier reported to be essential for the survival of
mycobacteria inside macrophages and in animal models (Rickman et al.,

2005). Further, in these analyses, a high conservation of these CRP
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regulated genes among pathogenic mycobacteria than in non-pathogenic
mycobacteria was found. This strengthened the notion that Mtb-CRP and
its regulated genes are important for pathogenesis of mycobacteria and
that these might have co-evolved with the pathogenic branch as a result
of genome optimization.

In the next part of study Mtb-CRP was cloned, expressed and the
recombinant protein was purified from E.coli. It was characterized in
terms biophysical and biochemical properties. Analytical size exclusion
chromatography was carried out to determine the apparent oligomeric
nature, if any, of the purified Mtb-CRP protein. Mtb-CRP was found to
exist as a dimer of ~53 kDa (apparent molecular weight).

In most of oxygen tension-sensing proteins belonging to the
CRP/FNR family of proteins, transition metals like Fe or Ni are
associated with the protein to sense the fluctuations of oxygen
availability via redox mechanisms (Korner et al.,, 2003). The absorption
spectrum of purified Mtb-CRP was scanned to check for the presence of
metal ion cofactor. Resulting spectra revealed only two characteristic
peaks of proteins, one at 295 nm and the other at 280 nm. No bound
associated metal cofactor was found. This suggested that Mtb-CRP
apparently uses some other mechanism(s) to sense effector signals.

Further, the cAMP binding properties of purified recombinant Mtb-
CRP were determined. Results of protein family search (pfam) revealed

the presence of a putative cAMP-binding domain at the N-terminal end of
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Mtb-CRP protein, thereby raising a strong probability that cAMP may be
acting as an effector of Mtb-CRP. Purified Mtb-CRP was subjected to CD
analysis in the presence and absence of cAMP as ligand. A comparison of
CD spectra of these two forms provided evidence of binding as readout of
change in secondary structure. The two tryptophan residues (Trpl112
and Trp203) present in Mtb-CRP were used as probe to study the effect of
cAMP concentration on conformational changes. This change in
secondary structure clearly appeared to be a function of increasing
concentration of cAMP. That cAMP indeed caused concentration
dependent conformational alterations within Mtb-CRP was evident from
tryptophan fluorescence spectrometry data. Physiological cAMP levels are
in the range of 0-10 mM. At lower concentrations (6—10 mM), the binding
showed positive cooperativity, and at 10 mM cAMP the protein existed in
the most open conformation. With further increase of cAMP (12-16 mM),
the protein was compacted which could be a reflection of a feedback
regulation. To investigate the ability of Mtb-CRP to bind to its cognate
DNA motif, EMSA was carried out using purified Mtb-CRP and a
radiolabeled oligonucleotide carrying the CRP/FNR-binding site present
upstream of the frd (Rv1552) gene encoding the fumarate reductase
enzyme. This binding site was identified as a putative binding site in
previous reports (Bai et al., 2005; Spreadbury et al., 2005). In the present
work, during in silico regulon prediction studies, this motif elicited the

highest score, and therefore it was selected for EMSA. It has been
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reported that Mtb-CRP senses oxygen (Bai et al., 2005; Spreadbury et al.,
2005) indirectly by controlling the expression of genes such as frd.
Fumarate serves as an alternative electron acceptor in the absence of
oxygen, and this is mediated by a membrane-linked fumarate reductase
enzyme complex (Lambden and Guest, 1976). The putative CRP/FNR
binding site, present upstream of the frd operon, was recognized by
purified Mtb-CRP protein and this was evident from EMSA. The predicted
cAMP-binding site in Mtb-CRP, indeed showed binding to cAMP leading
to conformational changes in the protein as evident from spectral
analyses. The extent of change in secondary structure was maximal in
the presence of 10 mM cAMP.

To investigate the possible mechanistic role of Mtb-CRP in
transcription, X-ray crystal structure of Mtb-CRP-cAMP-DNA ternary
complex was determined. The structure of Mtb-CRP-DNA-cAMP was
solved in the P2; spacegroup at a 2.9A resolution. Using the CRP/FNR
family protein structure (pdb entry: 2GAU) from Porphyromonas
gingivalis as MR search model, it was possible to build complete protein
structure as well as 23 basepairs of DNA and three cAMP molecules in
the complex. In both of the subunits of the Mtb-CRP-DNA structure, it
was observed that the very C-terminus residues forms an alpha-helix. It
was investigated if this terminal could play a functional role in the ability
of CRP to form complex. Results of deletion by side directed mutagenesis

indicated that the helix-G was playing an active role in the folding of the
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protein. Residues from the helix-G which could function as a flap to
cover highly hydrophobic core formed at the interface of these three
helices (E, F and G). This hydrophobic core consisted of Trp203, [1e204,
Phel61, Vall71, and Phel98and Vall50. These all hydrophobic side
chains were facing the centre of the core. There were three residues
(namely Leu219, Ala220 and Ala223) from helix-G which were facing this
hydrophobic core, also hydrophobic in nature, and interacting with the
core side chains via non bonding interactions. Interestingly, neither the
residues corresponding to helix-G were present in homologous proteins
nor the hydrophobic core. These results indicated that this helix could be
a unique feature of mycobacterial CRPs and related proteins.

In the structure there was one novel non-canonical cAMP binding
site. The finding of a third cAMP molecule was unexpected, although
secondary cAMP binding sites in EC-CRP, reported earlier (Passner 1997)
was different from the one presented in this work. In EC-CRP the site is
surface exposed and located near the DNA protein interaction area and
interacting with Argl80 (located on DNA interacting helix-F), Glu58 (in
nearby beta-sheet) and Glyl73 and Glyl177 (both on helix-E) (Passner
1997; pdb entry: 2CGP). In Mtb-CRP the secondary pocket was buried
and located at the interface of three helices: helix-D (dimer interface
helix), helix-E and helix-F (constituent of DNA interacting helix-turn-
helix). This cAMP could directly interact with six of the side chains

surrounding the pocket (Asn67, Leu 68, Asn137, Asp140, Glul56 and
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Leul56) via several H-bonds and salt bridges. Least square
superimposition analysis with Mtb-CRP-cAMP structure (PDB code: 3i54)
did not reveal much difference with Mtb-CRP-DNA structure (RMSD=1.16
A). This pocket environment was found to be conserved including the
side-chains interacting with cAMP. For unknown reasons in Mtb-CRP-
cAMP complex structure third cAMP was not bound. In case of EC-CRP it
was known that interaction with DNA could give rise to secondary cAMP
binding (Lin et al., 2002, Scott and Jarjous, 2005). This might be similar
for Mtb-CRP. This position seems interesting in terms of regulatory
function for DNA interactions.

For this non-canonical pocket cAMP molecule was predicted to be
present in only subunit B of Mtb-CRP with 50% occupancy. This
indicated that this is seemingly a secondary binding site and not
occupied fully in all molecules. On the other hand, some residual density
on the similar NCS related position in sub-unit A was also seen although
it was not sulfficient to clearly position the cAMP. Taken together, this
gave indication of concentration dependent sequential multi-step binding
events for each sub-unit. Second non-canonical pocket has lower affinity
than canonical one as it only had 50% occupancies. This observation
was consistent with biophysical and biochemical studies for EC-CRP
(Heyduk and Lee, 1989; Lee et al., 1999; Takahashi et al, 1980). In a
surface-potential analysis a cleft for entry of cAMP to the pocket could be

seen. It was also observed that the surface is highly positively charged
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near this cleft. This positive charge could facilitate the entry of cAMP to
the non canonical pocket.

Upon comparison analysis with the EC-CRP-DNA structure (pdb:
103S) different position of the helix-D (DBD) and helix-F (DNA
interacting) of more than 3 A was observed. This could be due to the
presence of secondary binding pocket. This movement in helix-D
translated as movement in helix-F which finally gives rise to more
interaction with DNA. On looking in minute details it was observed that
this helix rearrangement could be mediated by H-bonding between
phosphate of cAMP and side-chain amino groups from Asnl137 and
GIn156. When the structure of Mtb-CRP-DNA was superimposed onto
EC-CRP (PDB entry: 103S) it was found that the side chains of Met 59
and Lys129 occupied the binding pocket of CRP in E. coli, whereas the
corresponding residues, Asn67 and Asnl137 have lighter side chains in
Mtb-CRP and were positioned to allow cAMP binding or specifically
interact with the bound cAMP molecule. This indicated that the third
binding pocket was specific to cAMP, but not conserved among all
bacteria. Similar comparative analyses for the position of DNA interacting
helix-F in Mtb-CRP-cAMP (PDB code: 3i54) were also performed but not
any big movement in position could be seen. This might suggest that
Mtb-CRP-cAMP form reported earlier in which only one cAMP is occupied
in each sub-unit could be also the active form of Mtb-CRP ready to bind

DNA and could start activation of transcription (Reddy et al., 2009). In
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this case second cAMP binding could further regulate the transcription in
a feed forward type of mechanism.

To investigate further, the importance of this secondary pocket,
Mtb-CRP mutants which could mimic the non-pocket environment found
in EC-CRP were designed. The generated mutants were expected not to
bind cAMP as the larger residues were expected to sterically hinder the
binding of cAMP as seen in EC-CRP. The mutant allowed investigating
the effect of the secondary binding pocket on the ability of Mtb-CRP to
bind the DNA. Four sets of experiments were performed: 1) Wild type
Mtb-CRP and the DNA motif; 2) Wild type Mtb-CRP saturated with 5S00uM
cAMP prior to addition of DNA; 3) Mtb-CRPMut with DNA; and, finally 4)
Mtb-CRPMut saturated with cAMP (500uM). The Kd values for the DNA
binding events for Mtb-CRP with and without cAMP saturated states
showed positive effect on DNA binding efficiency. The dissociation
constant (Kd) dropped by almost 100 folds upon addition of cAMP (from
16nM to 0.16nM). In a parallel experiment with Mtb-CRPMut which was
devoid of novel non-canonical pocket no huge drop in Kd was evident
rather it was only ~3 times (from 30nM to 10nM). Interestingly, EC-CRP
showed very poor DNA binding when it was treated with higher
concentrations (0.5mM) of cAMP (Harman, 2001; Garges and Adhya,
1995). This clearly indicated that the effects of cAMP binding on DNA

interactions were different in EC-CRP and Mth-CRP and novel non-
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canonical cAMP pocket have a critical role in regulation of DNA binding
by Mtb-CRP.

Further results showed that energetics of DNA binding were also
very distinct in Mtb-CRP. The change in enthalpy for cAMP liganded-Mtb-
CRP (15.5 kcal/mol) and DNA interaction was rather higher than the
energy released in unliganded-Mtb-CRP (9.15 kcal/mol). This high energy
release was also compensated by high amount of change in entropy (-
15cal/mol/K) in liganded interaction. Entropy change difference between
liganded and unliganded interactions was almost 20cal/mol/K. While in
similar experiment with Mtb-CRPMut big difference in release of energy
was not seen. High amount of enthalpy changes could be a reflection of
specificity of binding reaction. According to present accepted model for
EC-CRP, binding of first cAMP favors the binding of cAMP molecules at
secondary cAMP sites. Binding of extra cAMPs to the secondary binding
site decreases its specificity for DNA (Lin, 2002; Scott, 2005). It should be
noted that the secondary cAMP binding site in Mtb-CRP is at a different
location than that in EC-CRP. It is therefore likely that the two binding
site have different mechanism. ITC DNA binding data on Mtb-CRP and
Mtb-CRPMut clearly showed that secondary cAMP increases the
specificity of CRP for DNA instead of decreasing its specificity.

Currently, the only CRP-DNA complex structures available are
from E.coli Therefore a comparative analysis of the DNA-protein

interactions between EC-CRP and Mth-CRP was carried out. The minimal
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motif in DNA as well as in protein which is necessary for interaction was
defined. A predicted helix-turn-helix (176-LTQEEIAQLVGASRETVNKALA-
196) motif which is involved in DNA binding for Mtb-CRP was identified.
With the help of DNA-protein complex crystal structure it was further
narrowed down to the exact minimal signature motif responsible for
interaction. In EC-CRP this is Arg-Glu-thr-Xaa-Xaa-Arg (residues180-
185) while for Mtb-CRP it was Arg-Glu-thr-Xaa-Xaa-Lys (residues188-
193). At the last position in case of Mtb-CRP the lysine residue was
substituted by arginine. While for DNA motif in EC-CRP the motif is
“GCGA”, in case of Mtb-CRP it was “GTGA”. Except these base specific
interactions some non-specific DNA backbone specific H-bonds were also
observed. Vall46, Asnl92 and Arg65 could also interact with DNA
backbone via H-bonds and salt bridges. Surprisingly, Serl87 and
Glutl78 in subunit B were able to form H-bond with the DNA backbone
but not with subunit A. These obvious differences were observed between
two subunits because two subunits were not identical in all respect as a
least square superposition between two subunits yielded RMSD of 0.44A.
This could be an effect of binding of cAMP to secondary pocket in more
molecules in subunit B than subunit A as seen in the structure. More
DNA-protein interaction in subunit B comparison to subunit A was
observed. Overall pattern of interactions was found to be similar except
for two interactions, the lysine in Mtb-CRP could interact to only one

base specifically while equivalent arginine in EC-CRP could make one
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more interaction with thymine. On the other hand glutamate in Mtb-CRP
signature motif could interact with thymine. So, in conclusion the overall
interactions were conserved.

Although, Mtb-CRP is 32% identical to EC-CRP in terms of
aminoacid sequence, the minimal signature motifs for DNA-protein
interaction were also very similar. The fashion of cAMP binding to the
protein was unique in Mtb-CRP. Further implications of binding which
lead to fate and extent of DNA binding were completely different than EC-
CRP. In Mtb-CRP secondary cAMP pocket was completely unrelated.

The Mtb genome encodes as many as 15 adenylate cyclases,
suggesting that cAMP may have an important role in mycobacteria. It has
indeed been reported that cAMP can alter the gene expression profile of
Mtb during anaerobic conditions (Gazdik and McDonough, 2005).

While these in vitro findings point to the importance of cAMP, it
remains to be experimentally demonstrated whether cAMP is actually
involved in regulating gene expression by recruiting Mtb-CRP. While the
biophysical features of purified Mtb-CRP described here are
physiologically relevant, experimental validation in vivo will be required
to dissect the complete network of Mtb genes regulated by Mtb-CRP and
cAMP. cAMP, acting as effector, is known to modulate the regulation of a
large number of target genes, and it is likely that Mtb-CRP will be

involved in this process.
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Mtb-CRP is essential for survival of TB bacilli inside host cells
(Rickman et al., 2005). Small unique but important structural features of
Mtb-CRP described in this thesis could be targeted for drug discovery

approaches and could lead to design of effective therapeutic interventions

against Mtb in future.
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Abstract

cAMP Receptor Protein (CRP)/Fumarate Nitrate Reductase Regulator (FNR) family proteins are ubiquitous regulators of cell stress in
eubacteria. These proteins are commonly associated with maintenance of intracellular oxygen levels, redox-state, oxidative and nitrosative
stresses, and extreme temperature conditions by regulating expression of target genes that contain regulatory cognate DNA elements. We describe
the use of informatics enabled comparative genomics to identify novel genes under the control of CRP regulator in Mycobacterium tuberculosis
(M.th). An inventory of CRP regulated genes and their operon context in important mycobacterial species such as M. leprae, M. avium subsp.
paratuberculosis and M. smegmatis and several common genes within this genus including the important cellular functions, mainly, cell-wall
biogenesis, cAMP signaling and metabolism associated with such regulons were identified. Our results provide a possible theoretical framework
for better understanding of the stress response in mycobacteria. The conservation of the CRP regulated genes in pathogenic mycobacteria, as
opposed to non-pathogenic ones, highlights the importance of CRP-regulated genes in pathogenesis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction cesses in bacteria. These proteins predominantly regulate

intracellular reactions related to carbon, sulfur and nitrogen

Cyclic AMP receptor proteins (CRP)-FNR superfamily of =~ metabolism, denitrification, nitrogen fixation, aerobic and ana-

transcription factors regulate a diversity of physiological pro- erobic respiration and expression of virulence genes in response

to a variety of environmental and metabolic signals (Korner

—_— i ) ) et al., 2003; Green et al., 2001). With more than 370 family
Abbrevations: CRP, Cyclic AMP Receptor Protein; FNR, Fumarate Nitrate .. R R . .

Reductase Regulator; M.th, Mycobacterium tuberculosis; M. bovis, Mycobac- members, these DNA_bmdmg proteins prlmarlly function as

terium bovis; M. leprae, Mycobacterium leprae; M. smegmatis, Mycobacterium positive regulators except that a few from this family also act as

smegmatis, RPS-BLAST, Reversed Position Specific Basic Local Alignment  negative regulator of transcription. FNR protein from E. coli acts

Tool. both as activator as well as repressor of transcription depending
* 1 1 1 1 1 . . . . . .
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Fig. 1. Sequence logo of the predicted CRP-binding sites in M.tb, M. avium, M. leprae and M. smegmatis.The height of each stack of letters represents the degree of
sequence conservation measured in bits. The height of each letter within a stack is proportional to its frequency at that position in the binding site. The letters are sorted
with the most frequent on top. This sequence logo was generated using the online Weblogo programme (http://weblogo.berkeley.edu/).

motifat the N-and C-terminal, respectively. The classical cAMP-
binding domain (Schultz et al., 1991) is a versatile structure that
has evolved to accommodate different functional specificities in
response to a wide range of signals (Korner et al., 2003; Green
et al., 2001). The best-studied prototype proteins from this
superfamily are CRP and FNR of E. coli that regulate expression
of numerous genes in response to starvation and hypoxia,
respectively.

In case of E. coli CRP, cAMP acts as a secondary signal and
binds to the CRP protein to form cAMP-CRP complex. This
complex then binds to the promoters carrying specific DNA
elements related to the consensus motif TGTGANNNNNNT-
CACA (Berg and von Hippel, 1988) thereby regulating the
expression of the downstream sequence. However, in case of
FNR protein, redox states of bound metals act as the signal and
activate the FNR that further binds to the promoter containing
specific DNA elements (consensus TTGATNNNNATCAA) and
regulate the expression of the genes (Spiro, 1994).

M.tb H37Rv contains a single CRP/FNR homologue coded
by ORF Rv3676 (Cole et al., 1998). Orthologue of Rv3676 (M.
th-CRP) is present in all sequenced and unfinished mycobac-
terial genomes. Recently, the DNA binding and cAMP binding
properties of recombinant Rv3676 were described based on
computational predictions (Bai et al., 2005). This study was
extended by us (Akhter et al., 2007) to provide insights into
unusual and novel biochemical properties of Rv3676 protein.
We also reported the crystallization and preliminary X-ray
diffraction data of this CRP/FNR regulator (Akif et al., 2006).
Previously, Mattow et al. (2001), while comparing the proteome
profiles of M.th and M. bovis BCG, observed differences in

electrophoretic mobility of CRP proteins ( Mattow et al., 2001).
Subsequently, such a mobility shift was attributed to point
mutations in both the DNA and cAMP binding domains in CRP
of M. bovis BCG. These mutations were ascribed to the
impaired DNA binding activity of M. bovis BCG-CRP in com-
parison to M.th-CRP (Spreadbury et al., 2005). This might
suggest these mutations to be one of the contributing factors in
attenuation of the virulence of M. bovis BCG. In other studies,
M.th deletion mutants corresponding to Rv3676 (M.tb-CRP)
revealed growth defects in laboratory cultures of bone marrow
derived macrophages and in mouse models of tuberculosis
(Rickman et al., 2005).

Apart from some initial studies not much is known about the
population wide repertoire of CRP-regulated genes per-se in
different clinical settings and their cellular functions. We des-
cribe CRP regulated novel genes of M.tb and predict their
abundance and operon context in the genomes of M. leprae, M.
avium subsp. paratuberculosis and M. smegmatis. We also
attempted to identify common genes across mycobacteria, which
could be regulated by CRP.

2. Materials and methods
2.1. Source of genome sequence

Published and annotated genome sequences of M.th, M.
leprae and M. avium subsp. paratuberculosis were down-
loaded from NCBI ftp site (ftp:/ftp.ncbi.nih.gov/genomes/
Bacteria/). Unpublished genome sequence of M. smegmatis
was downloaded from TIGR site http://pathema.tigr.org/
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Fig. 2. Alignment of CRP orthologues from different species of mycobacteria reveals a highly conserved DNA binding domain. M.th-CRP sequence is used as
reference sequence and compared with other orthologues. Arial black shadow shows identity and the gray show similarity. Two helices (labeled as helix) are part of

helix turn helix that assists in CRP box recognition.

tigrscripts/ CMR/CmrHomePage.cgi). Sequences corres-
ponding to M.tb-CRP-binding sites identified previously
(Bai et al., 2005; Rickman et al., 2005) were also obtained.
A local archive of genome sequences was assembled, curated
and stacked. This resource was queried for known and putative
homologies and to build consensus and alignments at a ge-
nome wide interface.

2.2. Prediction of CRP-binding sites

CRP-binding site recognition profile was calculated by
positional Shannon relative entropy method as described earlier
(Yellaboina et al., 2004; Prakash et al., 2005, Yellaboina et al.,
2006). Sequences corresponding to M.th-CRP-binding sites
identified previously (Bai et al., 2005; Rickman et al., 2005)
were used to generate input profile. The binding site profile thus
generated was used to scan upstream sequences of all the genes
of each of the mycobacterial genomes. The score of each site
was calculated as the sum of the respective positional Shannon
relative entropy of each of the four possible bases. A maximally
scoring site was selected from the upstream sequence of each of
the gene we looked at. The lowest score among the input
binding sites was considered as cut-off score. The sites scoring
higher than the cut-off value were predicted as potential binding
sites that conform to the consensus sequence. For each of
predicted regulon (M.tb, M. avium, M. leprae and M. smeg-
matis) sequence logo was generated by using Weblogo server
(Crooks et al., 2004). The height of each stack of letters
represented the degree of sequence conservation measured in
bits. The height of each letter within a stack is proportional to its

frequency at that position in the binding site. The letters are
sorted with the most frequent on top (Fig. 1).

2.3. Prediction of operons and function annotation

Genes transcribed co-directionally and downstream to the
predicted binding sites in M. leprae, M. avium subsp. paratu-
berculosis and M. smegmatis were chosen as potentially co-
regulated genes (operons). These were used according to one or
more of the following criteria (Yellaboina et al., 2004; Tundup
et al., 2006; Yellaboina et al., 2006) [1] co-directionally tran-
scribed orthologous gene pairs, conserved in at least 4 genomes;
[2] genes belonging to the same cluster of orthologous gene
function category whose intergenic distance is less than 200
base pairs; [3] if the first three letters in the gene names are
identical (gene names for putative genes were assigned from
COG database); and [4] if the intergenic distance is less than 90
base pairs.

We predicted the function of regulated genes if not done so
previously. RPS-BLAST search against conserved domain
database (CD search) at NCBI server (http:/www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi) was used to infer the annotation. In
principle, RPS-BLAST is a tool opposite of PSI-BLAST which
searches the profiles against a database of sequences, hence the
‘Reverse’. RPS-BLAST uses a BLAST-like algorithm, finding
single-or double-word hits and then performing an ungapped
extension on these candidate matches. If a sufficiently high-
scoring ungapped alignment is produced, a gapped extension is
performed and those (gapped) alignments with sufficiently low
expect value are reported (Marchler-Bauer et al., 2002).
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3. Results and discussion

3.1. CRP regulators from mycobacteria have conserved DNA
binding domains

We aimed at exploiting the use of CRP binding sites in M.tH
for the prediction of regulons in mycobacteria. DNA binding
helix-turn-helix (HTH) motif was predicted at EMBOSS server
(http://bioweb.pasteur.fr/seqanal/interfaces/helixturnhelix-sim-
ple.html). The sequence (176-LTQEEIAQLVGASRETVN-
KALA-196) from M.th-CRP was identified as the likely HTH
motif involved in DNA binding as it elicited maximum score in
our analyses (data not shown). This HTH motif from M.7Hb-CRP
was selected and compared with the orthologues. Our
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bioinformatics analysis of CRP regulators from different
mycobacterial species was validated through CLUSTAL W
based alignments, which revealed high-level identity in their
DNA binding domains (Fig. 2). In the comparative amino acid
sequence analyses with M.tb-CRP, we found that CRP
orthologues from M. avium, M. leprae and M. smegmatis to
be 96%, 96% and 97% identical respectively.

3.2. Novel CRP binding sites in M.tb genome

In earlier computational predictions of CRP-regulon, 73
binding elements in M.tb genome were observed (Bai et al.,
2005). Of the top 44 binding sites identified by us 25 were
reported previously (Bai et al., 2005). Our analyses thus

Table 1

Predicted CRP binding sites in M. tuberculosis genome

Score Position Binding site Gene Synonym Product

3.96721 —287 AATGTGATCTAGGTCACGTG frdA Rv1552 Fumarate reductase

3.92739 -176 ATTGTGAGTTGGATCACGTT sucC Rv0951 Succinyl-CoA synthetase subunit beta
3.92564 —156 GCCGTGAGATTCGTCACGTC = Rv1810 Hypothetical protein

3.92181 -11 CGTGTGAACGATGTCACGCC* galU Rv0993 UTP-glucose-1-phosphateU-transferase
3.90978 -4 ACTGTGACGCCCGTCACAAC* - Rv0104 cAMP binding protein

3.90294 —182 GCTGTGAGCCGAATCACGAC* = Rv3645 Membrane linked adenylate cyclase
3.90045 -378 ATCGTGAAGCCGTTCACGCT* glnD Rv2918c PII uridylyl-transferase

3.89854 —160 GTTGTGACGGGCGTCACAGT* ctpB Rv0103c Cation-transporter p-type ATPaseB
3.89686 —41 CGCGTGACATGTGTCACATG PE_PGRS44 Rv2591 PE-PGRS

3.89517 —141 AGTGTGATTTACATCACATA = Rv2700 Secreted alanine rich protein
3.89328 —44 GTCGTGATACGACTCACGCG echA6 Rv0905 Enoyl-CoA hydratase

3.89246 —169 ACCGTGACGCCCCTCACGGC* fadD21 Rv1185¢c Acyl-CoA synthase

3.89159 —136 AGTGTGAACAAGCTCACATG — Rv0885 Hypothetical protein

3.88671 -92 CATGTGAGCTTGTTCACACT serC Rv0884c Phosphoserine aminotransferase
3.88342 -110 GGCGTGACATCGTTCACACG* - Rv0992c S-formyltetrahydrofolatecyclo-ligase
3.88095 -120 AACGTCACATGCGTCACGGC = Rv1581c Probable phiRv1 phage protein
3.87653 —154 AACGTGATCCAACTCACAAT — Rv0950c Hypothetical protein

3.87318 -117 TATGTGATGTAAATCACACT = Rv2699¢ Hypothetical protein

3.86965 =3 CGCGTGAGTCGTATCACGAC* accD3 Rv0904c Acetyl-CoAcarboxylaseCo-transferase
3.86178 -90 GCTGTCAAATCCGTCACGAA = Rv2336 Hypothetical protein

3.86153 —80 GATGTGACTCAAGTGACACG — Rv1159 Conseved transmembrane protein
3.85583 —306 TGCGTGAGGAGCCTCACGGC* = Rv2650c PhiRv2 prophage protein

3.85125 =70 CGTGTCACTTGAGTCACATC - Rv1158¢ Hypothetical ALA,PRO-rich protein
3.84869 =70 ATCGTGACTTTGCTGACGTG - Rv0019¢ Hypothetical protein

3.84804 —216 GCGGTGATCGGCGTCACGCC PE24 Rv2408 PE

3.84665 -177 GACGTCAACCAGTTCACGCT* mmaA3 Rv0643c Methoxy mycolic acid synthase
3.83995 —-80 ATGGTGATCTAGTTCACGAA — Rv1230c Membrane protein

3.83989 —236 CGCGTGACTGAAATCACAAC - Rv1566¢ Possible inv protein

3.83976 -229 CGTGTGACAGCTGTGACGGT wag22 Rv1759c PE-PGRS

3.82802 -367 ACCGTCACAGCTGTCACACG - Rv1760 Hypothetical protein

3.82654 —-86 GATGTGATGCACTTGACATC RE33 Rv3650 PE

3.82347 —245 GTGGTGAGCTGGTTCACACC* N Rv2407 Ribonuclease Z

3.81909 =35 GGTGTGAACCAGCTCACCAC - Rv2406¢ Hypothetical protein

3.81879 —341 TTCGTGAGGCGTGTGACGAA* - Rv3113 Phosphatase

3.81542 -7 GACGTCATGGATTTCACGAC* fadE27 Rv3505 Acyl-CoA dehydrogenase

3.81481 =50 ACCGTGACATCGATGACAGC* - Rv3031 Glycoside hydrolase

3.81167 —168 ACGGTGACAGCGCTCACGGT* moaX Rv3323c MOAD-MOAE fusion protein
3.81104 =272 TAGGTGACCAAACTCACGCT PPE11 Rv0453 PPE

3.80557 -318 CCTGTGACCGGTGTCACTGC* ephA Rv3617 Probable epoxide hydrolase
3.80304 —136 CGTGTGACCAAACTCACCGC PEIS Rv1386 PE

3.79969 -175 ATCGTGACACCGGTAACGGC* - Rv0520 Methyltransferase/methylase
3.79829 -371 GATGTGACCGTGGTAACGTA* pdhC Rv2495c¢ Dihydrolipoamide acetyltransferase
3.79647 -69 AGTGTAACGCATATCACGTG - Rv0452 Transcriptional regulatory protein
3.7954 —288 ATAGTGACGGCCGTCACAGC* - Rv3690 Conserved membrane protein

*New identified sites
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Table 2

Predicted CRP binding sites in M. avium subsp. paratuberculosis genome

Score Position Binding site Gene Synonym Product

4.04838 —353 AGTGTGACCTCCGTCACATC - MAP3737 Hypothetical protein
4.02131 —137 AGTGTGATCTAGGTGACGTG - MAP3267¢c Hypothetical protein
4.00972 -82 GGTGTGATTTACCTCACACC - MAP2817 Hypothetical protein
4.00494 —116 GGTGTGAGGTAAATCACACC - MAP2816¢c Hypothetical protein
3.99554 —383 GACGTGACGAGGTTCACGGC fadD29 MAP3284c FadD29

3.99383 -56 ACTGTGAGATTGCTCACAGT - MAP3671 Hypothetical protein
3.98389 —45 GCCGTGATACGACTCACGAG echA6 MAP0840 Enoyl-CoA hydratase
3.98388 -62 GTTGTGAGCCCGCTCACAGG - MAPO0174 Hypothetical protein
3.98224 =37 GCCGTGATTCAGTTCACACC — MAP0227¢c Hypothetical protein
3.9796 -25 CGTGTGACCAACCTCACATT = MAP2149c Hypothetical protein
3.97915 —111 TTTGTGAGCCGCTTCACACC - MAP2220 Ribonuclease Z

3.97805 —101 AACGTCACAAACGTCACGGT IpgR MAP0670 LpgR

3.97759 -373 GGCGTCACCGAGGTCACGCT - MAPO0727 Hypothetical protein
3.97627 -3 CTCGTGAGTCGTATCACGGC accD3 MAP0839¢c AccD3

3.96913 =37 GGTGTGAAGCGGCTCACAAA - MAP2219¢ Hypothetical protein
3.96489 —41 AACGTGAACGCCGTGACGGC pepC MAP0632 Putative aminopeptidase 2
3.96428 -69 GACGTCAACCAGTTCACGCT recC MAP4094c RecC

3.96198 —293 TTTGTGATTGATCTCACGGA = MAP1418c Hypothetical protein
3.96178 —399 AACGTCACCCAACTCACGAG - MAP1601 Hypothetical protein
3.95747 —40 AACGTGACGGGTGTGACGGA pknD MAP3387c PknD

3.95283 —187 TCCGTCAACCGCGTCACGTC echA21 MAP0249c Enoyl-CoA hydratase
3.94986 -4 ATCGTGATAGCGGTGACGAT - MAP2875 Hypothetical protein
3.9487 —87 CGGGTGACCCCGGTCACGCT ephD MAPI1955¢ Short chain dehydrogenase
3.94584 —157 AGCGTGACCGGGGTCACCCG dlaT MAP1956 Dihydrolipoamide acyltransferase
3.94403 -127 GGTGTCAGCATGGTCACATA - MAP2018c Hypothetical protein
3.94196 —101 GACGTGACCTCGATGACACG = MAP0097¢c Hypothetical protein
3.93609 —119 ATTGTGATTTGGATCACCTA sucC MAP0896 Succinyl-CoA synthetase subunit beta
3.93595 =35 CACGTCACCTAGATCACACT hsp18_3 MAP3268 hsp18_3

3.93244 -62 ATCGTCACCGCTATCACGAT fadD13 MAP2874c FadD13

3.93233 -1 ATGGTGAACAAATTCACGAC IpqL_1 MAP3906 LpqL_1

3.92976 —111 AACGTGATTGGCATGACGAG = MAP1597 Hypothetical protein
3.92919 -96 CGGGTGAAGCGGGTCACGAC = MAP0683 Hypothetical protein
3.92773 -32 ACCGTCATGGAGATCACGGG fadA3 MAP2407¢c Acetyl-CoA acetyltransferase
3.92509 —163 GACGTCACGGCTTTCACGGC = MAP1333 Hypothetical protein
3.92501 —285 GCGGTGATCTACGTGACGCC - MAP1644 Hypothetical protein
3.92295 78 CGCGTGAGTAGGGTGACATC = MAP2860 Hypothetical protein
3.92295 —392 CGCGTGAGTAGGGTGACATC = MAP2861 Short chain dehydrogenase
3.92038 -3 GCCGTGATGGACCTGACGCA - MAP2928c Short chain dehydrogenase
3.91804 —248 TCGGTGACCCGTTTCACGCC - MAP1475 Hypothetical protein
3.9169 =165 CGGGTGACCCGGCTCACGGT valS MAP2271c valyl-tRNA synthetase
3.90643 —244 ATTGTGACCGGCCTCACTGC - MAP0948 Hypothetical protein
3.90494 —269 ACTGTTAGTTACATCACACC - MAP1693c Hypothetical protein
3.90214 -89 TGGGTGACCCTTGTCACAGC - MAPO0725 Hypothetical protein
3.90027 -318 GGCGTGAACAACCTCACCGG - MAP2531 Hypothetical protein
3.89953 —189 ACCGTTATCGTTGTCACGCA - MAP2500 Hypothetical protein
3.89821 —366 ATCGTAAAGCCGTTCACGCT glnD MAP2986¢ PII uridylyl-transferase
3.89757 —325 AGCGTGACCTCGCTTACACC > MAP1558¢c Hypothetical protein
3.89655 -93 ACTGTGAATTAGTTAACAAG fadE24 MAP3188 FadE24

3.89528 —104 AAGGTCAAGACCGTCACGTC fadE9 MAP4214c FadE9

3.89286 -56 TACGTCACCGGGGTGACGTT — MAP2780 Hypothetical protein
3.89245 —294 TGCGTGATGCCCTTGACGAA fadD2 MAP3714 acyl-CoA synthase
3.89228 —43 AGTGTGAGGTGTATTACACA - MAP3952 Hypothetical protein
3.89158 -96 GGTGTGACGAGTTTCACTAC fbpC1 MAP0217 FbpCl

3.8888 —365 TTTGTGACTCACCTCACTTG sodA MAPO0187c SodA

3.8888 -25 TTTGTGACTCACCTCACTTG - MAPO0188c Hypothetical protein
3.88826 -369 GCGGTGATCTGGCTGACGTG embR_1 MAP0230 EmbR_1

3.888 -3 GAGGTGACGCAATTGACGCC atsG MAP3791c AtsG

3.88752 -117 ATTGTTAGCGCGGTCACAGA - MAP2060c Hypothetical protein
3.88613 —208 GGCGTCACCCTGCTGACGGT - MAP0053¢c Hypothetical protein
3.8858 -8 TATGTGATTTGTATAACGCA - MAP3944c Hypothetical protein
3.88484 —119 GATGTCAGGGTGGTGACATG parB MAP4344c ParB

3.88483 -19 GCAGTGAGGCCGGTCACAAT - MAP0947¢ Hypothetical protein
3.884 -397 CAAGTGAGGTGAGTCACAAA - MAPO0189 Hypothetical protein
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Table 2 (continued)

Score Position Binding site Gene Synonym Product

3.88344 6 GATGTGACCATTGTGACCAG smc MAP2990c Smc

3.88298 —157 GCCGTCACCGACGTCACCCC mbtH_3 MAP2169¢ MbtH_3

3.88268 —281 GGTGTGATGTAACTAACAGT papA2 MAP1694 PapA2

3.88184 —385 TCTGTGATCAAGATTACGCC - MAP3628c Hypothetical protein
3.88184 -3 TCTGTGATCAAGATTACGCC - MAP3629c Hypothetical protein
3.87809 —388 AATGTGACCAGCTTGACCAC - MAP1708 Hypothetical protein
3.87579 —147 GGGGTGACGTCGCTGACGGC lipA MAP1959 Lipoyl synthase
3.87578 -103 AGTGTCATACAAATCACCTC fadA6_4 MAP3337 FadA6_4

3.87541 -93 TAGGTGATCCAAATCACAAT = MAPO0895¢ Hypothetical protein

highlighted 19 new M.7b-CRP binding sites upstream of various
operons in M.tb genome (Table 1). The CRP-binding element
from fumarate reductase (Rv/552) received the highest score
(Table 1). While this DNA element was also reported as a
potential CRP-binding site in earlier reports (Bai et al., 2005;
Rickman et al., 2005, Spreadbury et al., 2005), we recently
provided experimental evidence for specific DNA: protein
interaction between this DNA element and recombinant purified
M.th-CRP (Akhter et al., 2007). We also showed that reco-
mbinant M.7b-CRP is not able to compete for binding if mutant
oligodeoxynucleotides were used in electrophoretic mobility
shift assays (Akhter et al., 2007). Also, Spreadbury et al (2005)
proposed some potential genes as members of the CRP-regulon.
There are obvious overlaps between the results from previous
studies and the present one, but we were nonetheless able to
locate some novel members of the CRP-regulon in M.th
genome. While previous studies (Bai et al., 2005, Spreadbury
et al., 2005) utilized information from E. coli CRP-regulon, we
in our study used only the available information from M.th CRP-
regulon.

Interestingly, most of the novel operons are functionally
critical for M.tb and several of them are conserved (see below)
within the pathogenic mycobacteria. For example Rv0904
(AccD3) and Rv0993 (galU) were observed among them and
interestingly these enzymes were found as key factors during
cell wall biogenesis. Another gene Rv3645 (membrane linked
adenylyl cyclase) was also found conserved in comparative
regulon analyses. It is tempting to speculate that this adenylyl
cyclase could be acting as a switch during cAMP based sig-
naling in cellular stress and perhaps responsible for maintaining
cAMP homeostasis in bacterial cells. Rv2918 (gln D) and
Rv992 (putative S-formyltetrahydrofolate cyclo-ligase) were
also among the novel predicted boxes that were observed to be
conserved in these regulons. These enzymes are also related to
vital metabolic pathways of these pathogens.

3.2.1. Boxes associated with cell wall biogenesis

One of the novel-binding sites was located upstream of
Rv0993 (gal U), which actually is a UTP: alpha-D-glucose-1-
phosphate uridylyltransferase. It converts glucose-1-phosphate
to UDP-glucose, that is of central importance in the synthesis of
the components of the cell envelope of E. coli and in both
galactose and trehalose metabolism (Weissborn et al., 1994). In
case of M.th, galactose is essential for the linking of the
peptidoglycan and mycolic acid cell wall layers and is therefore

essential for survival of mycobacteria (Weston et al., 1997).
Another interesting box observed was the one associated with
regulation of Rv3031, a conserved hypothetical protein actually
belonging to glycoside hydrolase family of proteins. We further
observed that Rv3032 is present in the same operon downstream
to Rv3031, which was previously annotated as glycosyl trans-
ferase. Members of this family of enzymes transfer activated
sugars (UDP, ADP, GDP or CMP linked sugars) to a variety of
substrates, including glycogen, fructose-6-phosphate and lipo-
polysaccharides. These enzymes are directly involved in cell
wall biogenesis. Next we found novel site upstream of Rv0643c,
a methoxy mycolic acid synthase, involved in mycolic acid
biosynthesis which is a key component of the mycobacterial cell
wall (Kremer et al., 2000). Yet another novel CRP binding
another site was located within Rv0904c (AccD3). This gene
codes for putative acetyl CoA carboxylase carboxyl transferase,
which catalyses the initial steps of fatty acid biosynthesis and
was reported as a key enzyme in mycolic acid biosynthesis
(Gande et al., 2004), an exclusive component of mycobacterial
cell wall biogenesis.

3.2.2. Putative regulatory elements controlling 5'-3' Cyclic
Adenosine Monophosphate (cAMP) signaling

A CRP binding box upstream of Rv0104, a conserved hypo-
thetical protein, was also identified. Upon sequence analysis, it was
found to have a cyclic AMP binding domain at its C-terminal. This
domain is very similar to the effector domain of CRP family
proteins and cAMP binding domain (regulatory domain) of cAMP
dependent protein kinases and therefore suggesting a role for
this protein in cAMP mediated signaling in M.tb. We further
observed that Rv0103c (probable cation-transporter) and Rv0104
share common CRP binding sites and probably represent a case of
divergent gene expression.

We also located a CRP binding box upstream to the gene
encoding membrane linked adenylyl cyclase (Rv3645). Adeny-
lyl cyclases catalyze the production of cAMP, which further acts
as a secondary signal. This protein, which was previously
speculated to be involved in cAMP mediated signaling in
mycobacteria (Linder and Schultz, 2003), is anchored to the
membrane in M.tb. Gene regulation of adenylyl cyclase could be
a case of feed back type of regulation for activation of CRP.

3.2.3. Other potential boxes
Novel binding site was also present in Rv0520, a methyl
transferase believed to be involved in ubiquinone pathway. We
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also observed a CRP binding site in Rv2699, as reported earlier
(Bai et al., 2005). Sequence analysis of Rv2699 revealed simi-
larity to methyl transferase proteins involved in ubiquinone
pathway suggesting that the two enzymes with related function
may be expressed under the control of same regulator.
Another important element observed within Rv2918c¢ (GInD-
uridyl transferase) regulates the catalytic activity of glutamine
synthetase (Garcia and Rhee, 1983). Rv3113 (phosphatase) has a
new CRP binding site regulating the gene Rv3114 (nucleoside
deaminase) involved in salvage pathways of nucleotides.
Rv3505 (fadE27) and Rv3617 (ephA) also carried new CRP
binding sites, possibly involved in regulating probable acyl-CoA
dehydrogenase and putatative epoxide hydrolase, respectively.

3.3. CRP regulon with operon context in M. leprae, M. avium
subsp. paratuberculosis and M. smegmatis

Given the observation that the CRP proteins from all
mycobacteria have identical DNA binding domains, we ex-
tended the same profile matrix constructed for M.tb to predict
CRP binding sites in the genomes of M. leprae, M. avium
subsp. paratuberculosis and M. smegmatis (Tables 2, 3 and 4).
This is the first attempt to interrogate these genomes for CRP
regulon signatures. We further described the operon context of
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these regulons across the genomes (Supplementary Tables 1
to 4).

3.4. Conserved orthologues of CRP regulated genes across
mycobacteria

A comparative analysis of CRP target genes in various
mycobacteria enabled us to identify the common CRP regulated
genes across mycobacteria and at least 18 genes were found to be
common (Table 5). Conservation of these genes in the predicted
CRP regulons suggests an important role of their cognate gene
products in the life cycle of mycobacteria.

Most of the genome decay in M. leprae is via deletion and
pseudogenization of its genes. Not all genes however were
rendered superfluous by this mechanism of evolution. It has been
still a quite successful pathogen in terms of virulence because it
retained much of its core genome. Regulation of virulence there-
fore is still a key issue in M. leprae that makes it an interesting
pathogen whenever comparative genomics of slow growing
mycobacteria is addressed. Homology of most of its pseudogen-
ized genes to ’live’ genes of the present day M.7b makes the case
even more interesting. Pseudogenized chunks still exist within the
genome and homology searches therefore are capable of pointing
out those CRP-regulon like regions when we attempt to do

Table 3

Predicted CRP binding sites in M. leprae genome

Score Position Binding site Gene Synonym Product

3.71657 -390 ACTGTGAACCAAGTCACTAC - ML0201 Hypothetical protein

3.70052 —139 CGTGTGACTGATGTGACACG - MLO0185 Hypothetical protein

3.69878 11 CGTGTGAACGATGTCACTCC galU MLO0182 UTP-glucose-1-phosphate uridylyltransferase
3.68332 —-168 ATTGTGATTTGTATCACTGT sucC MLO155 Succinyl-CoA synthetase subunit beta
3.68277 —362 GTTGTGACCCATCTCACTGT sodA ML0072 Superoxide dismutase

3.67869 —240 TGCGTGATCTGCTTGACGAT N ML0298 Sulfur carrier protein ThiS

3.67586 —181 CTGGTGATAGCCCTCACGCA — MLO141 Hypothetical protein

3.67469 —87 GGAGTGACATCGTTCACACG - MLO181 Hypothetical protein

3.65712 —149 ACAGTGATACAAATCACAAT - MLO154 Hypothetical protein

3.62614 —351 ACCGTGACTAGGGTGACCAA - MLO0333 Hypothetical protein

3.62494 —261 CGGGTGATAAGAGTCACCAG - MLO0410 Putative PE-family protein

3.59242 —124 GACGTGAGGGCCATTACGCA - MLO0229 Hypothetical protein

3.59072 -174 GGCGTGATTTCCCTTACATC - MLO0240 Hypothetical protein

3.57863 —201 GCTGTGGCTAGTGTCACGTC rpmF MLO173 50S ribosomal protein L32

3.52958 -4 GTTGTGAGCAAGTTTACCGA - MLO0243 acyl-CoA synthase

3.52512 -122 CCAGTGACCGAAGTGACCGA - MLO0336 Putative ABC-tranporter ATP-binding protein
3.52352 —249 ATTGTCAGAGGCTTTACACG - MLO0107 Hypothetical protein

3.50566 —338 CGGGTCAACGGGATCACCGA - MLO0279 Hypothetical protein

3.48974 —189 GCTGTTACCCTAGTGACCCT pabA MLO0015 Para-aminobenzoate synthase component II
3.48673 -240 GTCGTCGGTTGGGTCACGGT purN MLO0160 Phosphoribosylglycinamide formyltransferase
3.45768 -8l AATGTCGAGCAGATCACGGA - ML0023 Hypothetical protein

3.45074 -329 ATTGTGCGCCGTATCACGGG plY ML0245 50S ribosomal protein L25

3.45049 —248 ACGGTAAGTGGGCTGACGAA - MLO0383 Hypothetical protein

3.45045 -12 AGGGTCAAAACCATGACCTC pei MLO0150 Glucose-6-phosphate isomerase

3.43921 —398 AGTGTCGGCGAAATCACATT mas MLO0139 Putative mycocerosic synthase

3.43748 -86 GCAGTGGAATTTATCACGAT - ML0065 Putative monooxygenase

3.43732 -26 ATGGTCAGTGCATTAACACG - MLO0162 Hypothetical protein

3.43312 —135 TTTGTCACACCCCTTACCGG - MLO0314 Putative esterase

3.42825 -91 AATGTGATTTCGCCGACACT fadD28 MLO138 acyl-CoA synthase

3.42801 -396 TACGTCATCGACGCCACGGA rpsl MLO0365 30S ribosomal protein S9

3.42317 -94 CGTGTGGTGTTATTCACTAC fopC ML0098 Antigen 85C, mycolyltransferase
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Table 4
Predicted CRP binding sites in M. smegmatis genome
Score Position  Binding site Gene Product
398115 —42 AATGTGAGGATCGTCACGCG  MSMEGO0397 Conserved hypothetical protein
39723  —126 GATGTGATCGTCGTCACGTG MSMEGO0161  Oxalate/formate antiporter
3.9668  —207 ATCGTGATCTGCCTCACGTT MSMEG4634  Conserved hypothetical protein
3.96558 —144 ATTGTGATGTGTATCACGGT MSMEGS5503  Succinyl-CoA synthetase subunit beta like protein
3.96441 —135 ACTGTGACGCGCATCACGTT  MSMEG6785  Conserved hypothetical protein
3.96317 —45 CTTGTGATGCACGTCACGAC MSMEG3787 Hypothetical protein
3.96203 —385 GTCGTGATGAATGTCACGTC MSMEG0953  Hypothetical protein
3.95591 -—61 AGTGTGATTTACATCACACC MSMEG2762  Conserved hypothetical protein
3.95501 —195 AACGTGACGCGCATCACGTC  MSMEGO0413  Carboxyphosphonoenolpyruvate phosphonomutase-like protein
3.95431 —327 GGCGTGATGCCGGTCACGGG  MSMEG4836  Oxidoreductase
3.94687 —18 GGTGTGAGCTGTCTCACATG  MSMEGO0739 Carbon monoxide dehydrogenase
3.94579  -79 GCTGTGAATCCAGTCACAGC  MSMEG3635 Hypothetical protein
3.94366 —147 ATCGTGATCTGCCTCACACT MSMEG4561  Aldo/keto reductase
3.94267 —157 CGCGTGACGTGGCTCACGCG MSMEG4632 Conserved hypothetical protein
3.94199 —125 GGTGTGATGTAAATCACACT MSMEG2763  Conserved hypothetical protein
3.93621 —177 AGCGTCACCTGCGTCACGGT  MSMEG3816 Universal stress protein family domain protein
3.936 -107 GGCGTGACCCCGATCACGAG MSMEGS5035  Multidrug resistance transporter
3.9321 —233 CTCGTGATGTCGCTCACGCC MSMEG1818  Phosphoribosylaminoimidazole carboxylase
3.92604 —221 TTCGTGATGGCGGTCACGCT  MSMEGO0576  STAS domain protein
3.92588 —240 GCCGTGACATGCGTGACGTC  MSMEG2221  Substrate-CoA ligase
392112 -236 GGTGTCACCGAGGTCACGGG MSMEG3365 Conserved hypothetical protein
3.92019 —-42 AGTGTGAACTGTGTCACCTC  MSMEGO0349 Ribonucleoside-diphosphate reductase
391823 —167 GCTGTGACTGGATTCACAGC  MSMEG3636  Transcription regulator
391242 —136 ACCGTGATACACATCACAAT MSMEGS5504  Lipoprotein NIpD
391112 —68 GACGTGAGCACCCTCACACG MSMEG0950 Conserved hypothetical protein
391111 —183 GGCGTGAGGGAGCTCACGAA MSMEG4148  Transcriptional regulator tetR family
391015 —54 GCCGTGATGGCAGTCACAAC  MSMEG6453 Hypothetical protein
3.90522 —207 GACGTGACACCCGTGACGGT MSMEG2272  Conserved hypothetical protein
39047 —o64 AGAGTGACCTCGGTCACGCT MSMEG3737 trp-G type glutamine amidotransferase/dipeptidase
3.89664 —158 GGCGTGATCGTCGTGACGCT  MSMEG6098  Hypothetical protein
3.89398 —109 GATGTGACACCTGTGACAGT  MSMEGS5447 Conserved hypothetical protein
3.89266 —137 GTGGTGATCTAGATCACGCT MSMEGO0195  Hypothetical protein
3.89196 2 ACTGTGAAGCGAATGACGGT MSMEGIS555 Hypothetical protein
3.89164 —41 AACGTCACGCCCATCACGCC  MSMEG2055 nuol
3.88848 —65 TCTGTCACATATCTCACGTT MSMEG6232  Bacterial NAD-glutamate dehydrogenase superfamily
3.88613  —216 CGCGTGACGATCCTCACATT MSMEG0396  fadES
3.88278 —123 CCGGTGACCACGGTCACGCC MSMEGI1565  Glucosamine-fructose-6-phosphate aminotransferase
3.88066 —230 GTCGTAACCTGCGTCACGCG  MSMEG5242  Channel protein
3.87833 —56 AACGTGACCCAGGTCACTTA  MSMEGO158  Oxalate/formate antiporter
3.8772  —109 ACCGTAATCTGCGTCACGTG  MSMEG5382  Dehydrogenase DhgA
3.87575 371 TGCGTGAAGGCGTTCACACC  MSMEGI1123  Probable metalloprotease zinc transmembrane protein
3.87495 —-60 CCTGTGAGCCGGGTCACCAC MSMEG2582  Acetyltransferase
3.87448 —106 GCTGTGACCGCCGTCACCAG MSMEG1048 Conserved hypothetical protein
3.87374 —47 AATGTGAGCTGCGTAACACC  MSMEG0894  Aldehyde dehydrogenase family protein
3.87358 —63 TCAGTGACCTGGGTCACGTG  MSMEG4216  Uncharacterized BCR
3.87319 -78 GACGTCACCGGGCTCACGAT MSMEG6192  Acyltransferase
3.87309 —108 GCTGTGATGGAACTGACGGG MSMEGO0722 Hypothetical protein
3.87203 —142 GGCGTCATGCAGCTCACGAT  MSMEG2104 N5IS1096
3.86893 —220 AGCGTGATCTAGATCACCAC MSMEGO0194  Transcriptional regulator
3.86792 25 TATGTGATCTACGTCACTGG MSMEGO0142  Probable transcription regulator protein
3.86576  —230 TCGGTGAAGCCTGTCACGCG  MSMEG2530 Hypothetical protein agmatinase
3.86496 —16 GGCGTGAAGTTCATGACGAA  MSMEGI1056 Conserved hypothetical protein
3.86432 —11 TCGGTGAGGCCCGTCACGTT  MSMEG6429 Domain of unknown function (DUF427) superfamily
3.80424 6 AGTGTGACCGCCATGACACA  MSMEGO0299  Aldehyde dehydrogenase
3.86323  —271 GTCGTCATAGCCTTCACGTT MSMEG2143  Fic protein family
3.86273 —76 GGCGTGACCGTGGTCACCGG MSMEGI1564 Conserved hypothetical protein
3.86087 —15 ACGGTGATCGTGCTCACGTT  MSMEG2733  Conserved hypothetical protein
3.86075 —62 AACGTGACTTGCCTCACTTC  MSMEGS5285  dctA
3.86056 —151 GACGTCACGGCGATCACGCA  MSMEG2946 glycosyl transferase 2-hydroxy-3-oxopropionate reductase
3.86051 —237 TTCGTCACGTCGATCACGGC MSMEGS5848  Conserved hypothetical protein
3.86001 —74 AACGTGAAGGCTATGACGAC MSMEG2144  gp36
3.86 —232 GGCGTCAGGGTGCTCACGCG MSMEG5860 Domain of unknown function DUF140 superfamily pyruvate dehydrogenase complex
3.85957 -316 ACCGTGACGGTTCTGACGAT  MSMEG4183  Hypothetical protein
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Table 5

Distribution of conserved orthologues of CRP regulated genes across mycobacterial genomes

Gene Product Mtb Mavi Mlep Msme

- Hypothetical protein (possible secreted alanine rich protein) Rv2700 MAP2817 MSMEG2762
- Hypothetical protein Rv2699¢ MAP2816¢

echA6 enoyl-CoA hydratase Rv0905 MAP0840

- Hypothetical protein (Beta lactamase type Zn dependent hydrolase) *Rv0906 *MAP0841

- Hypothetical protein (AmpC, Beta-lactamase class C) *Rv0907 *MAP0842

ctpE CtpE *Rv0908 *MAP0843

accD3 AccD3 Rv0904c MAP0839c

- Hypothetical protein (signaling protein with CBS and cAMP binding domain) Rv2406¢ MAP2219c¢

sucC Succinyl-CoA synthetase subunit beta Rv0951 MAP0896 MLO155 MSMEGS5503
sucD Succinyl-CoA synthetase alpha subunit *Rv0952 *MAP0897 *MLO156

glnD PII uridylyl-transferase Rv2918c MAP2986¢

fadE9 FadE9 Rv0752¢ MAP4214c

mmsB MmsB *Rv0751¢c *MAP4213c

fbpCl FbpC1 (Ag85C) Rv3803c MAP0217 ML0098

- Membrane linked adenylate cyclase Rv3645 ML0201

galU Putative UTP-glucose-1-phosphate uridylyltransferase Rv0993 MLO0182

- Hypothetical protein (5-formyltetrahydrofolate cyclo-ligase) Rv0992c MLO181

- Hypothetical protein (similar to peptidase) Rv0950c MAP0895¢c MLO0154 *MSMEGS5504

*Upstream of the corresponding gene do not have CRP box, gene lies with in CRP regulated operon.

Blank space means orthologues are not present.

comparative genomic exercises. This gives a lot of insight to the
organization and arrangement of these genes and about the rate of
substitutions and clock rate at which the genes such as CRP like
regulons are pseudogenized.

3.4.1. Related to cAMP signaling in mycobacterium

CRP binding sites from Rv3645 (membrane linked adeny-
late cyclase) and Rv2406¢ (cAMP binding protein) were found
to be conserved in pathogenic mycobacteria (Table 5). The
membrane-linked adenylate cyclase catalyzes the production
of cAMP and, as discussed earlier may be involved in
signaling in mycobacteria. Rv2406¢ encodes a hypothetical
protein, sequence analyses of which reveals the presence of a
CBS domain and a cAMP-binding domain. This protein might
also be a part of cAMP regulated signal network in
mycobacteria. Rv2406c¢ also has CRP-binding element,
which is conserved in pathogenic mycobacteria (Table 5).

3.4.2. Antibiotic resistance operon

Rv0905 (echA6), Rv0906, Rv0907 and Rv0908 (ctpE)
constitute an operon which, in our comparative analyses,
appeared to be conserved across mycobacterial genomes in
terms of the CRP binding site (Table 5). Rv0906 and Rv0907
code for two hypothetical proteins and in our sequence
analyses and conserved domain search these were found to
belong to beta lactamase family of proteins. Rv0906 is a
putative beta lactamase and belongs to a class of Zn dependent
hydrolase. Rv0907 belongs to Amp C class of beta lactamase.
The beta-lactam class of antibiotics has not been used in the
treatment of M.tb or other mycobacterial infections as myco-
bacteria are resistant to these antibiotics and produce beta-
lactamases (Kasik, 1979; Kwon et al., 1995). However, the
effectiveness of beta-lactam/beta-lactamase inhibitor combi-
nations has been shown in-vitro for M.tb (Chambers et al.,

1995), and also in clinical settings of TB (Chambers et al.,
1998; Cynamon et al., 1983; Segura et al., 1998; Sorg and
Cynamon, 1987), M. avium (Casal et al., 1987), and M.
smegmatis (Yabu et al., 1985). Rv0908 (ctpE), which codes
for putative cation transporter, is also present in the same
operon. Metallo beta lactamase family enzymes are metal
dependent and require Zn for their activity (Schilling et al.,
2005). Both a putative Zn dependent beta lactamase and
probable Zn transporter are part of this operon under same
control and seem to have related function.

3.4.3. Cell wall components

Another conserved CRP binding site observed in our analyses
was present in Rv3803 (Ag85c), MAP0217 and ML0O098
orthologues from M.th, M. avium subsp. paratuberculosis and M.
leprae, respectively. The Ag85 complex, family of three proteins of
30 to 32kDa (Ag85A, Ag85B, and Ag85C), forms a major fraction
of the secreted proteins in M.tb culture filtrate. All of this complex
possesses a mycolyl transferase enzyme activity essential for the
final stages of mycobacterial cell wall assembly (Belisle et al.,
1997) and the same is also involved in the host immune surveillance
and defense system (Takayama et al., 2005). These three proteins
are coded by three paralogous genes located in distinct regions
of the bacterial genome (Content et al., 1991). These genes do not
show any resemblance in their 5 upstream region, and are probably
regulated independently at the transcriptional level (Content et al.,
1991). Interestingly, we found a CRP box upstream of only
Rv3803 (Ag85c) and this DNA element was conserved across all
pathogenic mycobacteria and interestingly, was absent in
M. smegmatis (Table 5). Deletion of the gene encoding antigen
85C protein alters the bacterial cell wall and its permeability, but
does not kill the cells (Jackson et al., 1999).

CRP binding site in Rv0993 (gal U), which encodes UTP:
alpha-D-glucose-1-phosphate uridylyltransferase, is also conserved
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in its M. leprae orthologue. As discussed in earlier section the
cognate gene product is important in cell envelope biogenesis of
mycobacteria (Weston et al., 1997).

Rv0904c (AacD3) also has a CRP binding site, which is
conserved in pathogenic mycobacteria M.th, and M. avium
subsp. paratuberculosis. Rv0905 encodes putative Enoyl-CoA
Hydratase which catalyses the elongation of unsaturated fatty
acid chain. Rv0904c (AccD3), which codes for putative beta
sub unit of acetyl-coenzyme A carboxylase carboxyl transferase
is an enzyme of the mycolic acid biosynthetic pathway (Gande
et al., 2004) and is critical for cell wall formation. Rv0904
shares CRP binding sites with Rv0905, an example of divergent
regulation. It is therefore, interesting to document divergent
regulation of operons amidst a convergently evolving genome.

3.4.4. Metabolic enzymes

The sucCD operon comprising of Rv0951 (sucC) and
Rv0952 (sucD) which encode succinyl coA synthetase beta
and alpha respectively, has a CRP binding site that is con-
served among mycobacteria (Table 5). Succinyl-CoA synthe-
tase is responsible for carrying out two unrelated but vital
metabolic functions. One, it catalyzes the substrate-level
phosphorylation step of the citric acid cycle (Kaufman et al.,
1953), and two, it replenishes succinyl-CoA for ketone body
catabolism(Ottaway et al., 1981) and for porphyrin synthesis
(Labbe et al., 1965). We observed the presence in the same
locus of an unrelated ORF on opposite strand Rv0950c that
shares a common CRP binding site with sucCD operon and
encoding a hypothetical protein. It could be a case of divergent
transcription regulation. Rv0752¢ (fadE9) and Rv0753c
(MmsB) constitute an operon and have a CRP binding
box, which is conserved in both M.th and M. avium subsp.
paratuberculosis orthologues. Rv(0752¢ encodes a putative
Acyl CoA dehydrogenase, which is a flavoprotein catalyzing
desaturation of acyl-CoA esters and plays an important role in
the oxidation of fatty acyl-CoA esters. The ORF Rv0753c¢
encodes a putative 3-Hydroxy isobutyrate dehydrogenase
catalyzed oxidation of 3-Hydroxyisobutyrate to methylmalo-
nate semialdehyde.

We broadened our search of the CRP-binding sites in
intergenic regions of annotated as well as non-annotated open
reading frames. This was then extended to other mycobacterial
genomes to pin-point the common CRP regulated genes across
the genus.

4. Conclusion

Rv3676 (M.tb-CRP) was earlier reported to be essential for the
survival of mycobacteria inside macrophages and in animal
models (Rickman et al., 2005). Further, in our analyses, we found
high conservation of these CRP regulated genes among patho-
genic mycobacteria than in non-pathogenic mycobacteria. This
strengthens the notion that M.#b-CRP and its regulated genes are
important in pathogenesis of mycobacteria and that these might
have co-evolved with the pathogenic branch as a result of genome
optimization aimed at devising new survival strategies. That many
of these predicted target proteins are critical for the survival of the

mycobacterium in the hostile environment of the macrophage
adds a new dimension to our understanding of the regulatory
complexity in M.th. This regulatory paradigm however, awaits
experimental validation in vivo of the computer-based predictions
of complex networks of M.th genes and cAMP as a candidate
effector could play a critical role.
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Abstract

Cyclic AMP (cAMP) receptor protein (CRP)/fumarate nitrate reductase regulator (FNR) family proteins are
actively associated with defense against low oxygen stress, starvation and extreme temperature conditions. They are
DNA-binding proteins and regulate target genes carrying the regulatory CRP/FNR cognate nucleotide sequence
elements. Recombinant protein encoded by the Mycobacterium tuberculosis ORF Rv3676, a putative CRP/FNR
regulator, was purified from Escherichia coli and was found to exist as dimer, devoid of any metal cation cofactor.
Purified rRv3676 exhibited cAMP binding in a concentration-dependent manner. At lower concentrations of cAMP
(6-10 uM) rRv3676 shows positive cooperativity; at 10 uM cAMP the protein exists in the most open conformation.
rRv3676 could bind specifically to the putative CRP/FNR nucleotide sequence elements as evident from
electrophoretic mobility shift assay.
© 2007 Elsevier GmbH. All rights reserved.
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Introduction

Mpycobacterium tuberculosis (M.tb), the causative agent
of tuberculosis, is responsible for ~3 million deaths every
year (World Health Organization, 2006). M.th can exist in
latent phase (Ulrichs and Kaufmann, 2006), where it can
survive in a very hostile environment, which includes low
nutrition and hypoxia, for long periods. CRP/FNR
(cCAMP receptor protein/fumarate and nitrate reductase
regulator) is one of the members of a family of
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transcriptional regulators. With over 370 family members,
these DNA-binding proteins predominantly function as
positive transcriptional regulators and are known to be
associated with defense against oxygen stress and starva-
tion, and at the same time respond to other environmental
signals. The distinctive features of CRP/FNR superfamily
proteins include the presence of a nucleotide-binding
domain and a helix-turn-helix DNA-binding motif at the
N- and C-terminal, respectively. The prototype cAMP-
binding domain (Schultz et al., 1991) is a versatile
structure that has evolved to accommodate different
functional specificities in response to a broad range of
signals (Green et al., 2001; Korner et al., 2003).

M.tb H37Rv ORF Ruv3676 codes for a putative CRP/
FNR protein (Cole et al., 1998), which is required for
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virulence in mice and controls transcription of specific
genes (Rickman et al., 2005). Recently, Bai et al. (2005)
reported the characterization of Rv3676 protein using
computational and experimental methods (Bai et al.,
2005). We recently described the crystallization and
preliminary X-ray diffraction data for this CRP/FNR
regulator (Akif et al., 2006). Phylogenectically, M.tb
Rv3676 is nearest to the CooA branch represented by
the CO sensor protein of Rhodospirillum rubrum
(Korner et al., 2003). However, the relative positions
of the regulatory and the DNA-binding domain are
strikingly different in that the recognition helix of
CooA is rotated 180° away from the position occu-
pied in CRP-cAMP. Further differences between CooA
and CRP include an extended N-terminus providing a
ligand to the heme of the opposite subunit, an 11-amino-
acid extension in the regulatory domain (positions
72-82) to accommodate the heme and a different
composition of the hinge region toward the C-terminus,
which causes the displacement of the DNA-binding
domain (Lanzilotta et al., 2000). Sequence alignment
suggests that these 11 residues are not fully conserved in
Rv3676.

Escherichia coli CRP and FNR regulate transcription
globally in response to glucose starvation and anaerobic
conditions, respectively (Kolb et al., 1993). E. coli FNR
is structurally related to CRP except for the presence of
four conserved cysteine residues at the N-terminal
extension, which form part of an iron—sulfur cluster
and a redox-sensing domain of FNR. This iron—sulfur
cluster is absent in M.th Rv3676 similar to other
members of the same family from other systems such
as e.g. Pseudomonas stutzeri (Vollack et al., 1999) and
Bradyrhizobium japonicum (Mesa et al., 2003). Although
these proteins do not have an iron—sulfur cluster, they
are the regulators of oxygen tension sensu stricto.

The earlier report by Bai et al. (2005) focused on CRP
regulon prediction and the experimental validation of
the same and provided the first direct evidence for
cAMP binding to a transcription factor in M.tb, thereby
suggesting a role for cAMP-mediated signal transduc-
tion in this bacterium. We now describe the purification
and comprehensive characterization of a CRP/FNR
regulator from M.tb in terms of oligomeric state, cCAMP
and DNA binding. Our results point to some new
unusual properties of Rv3676 protein, which could have
physiological relevance.

Materials and methods
Bacterial strains and plasmids

E. coli DH5a and E. coli BL21DE3 bacterial strains
were used for cloning and expression purposes, respec-

tively. DNA manipulations were carried out in pET23a
plasmid vector using standard techniques. Integrity of
the plasmid constructs was confirmed by DNA sequen-
cing.

Cloning, expression and purification of recombinant
M.th Rv3676

M.tb ORF Rv3676 was PCR amplified from M.tb
H37Rv genomic DNA using forward (GGATATCA-
TATGGTGGACGAGATCCTGGCCAGGG) and re-
verse (CGCTCGAGCCTCGCTCGGCGGGCCAGTC)
primers with restriction enzyme sites for cloning (shown
in bold). The amplicon was cloned into the correspond-
ing sites of pET23a, and recombinant Rv3676 protein
was purified as a 6 x His-tagged fusion protein from E.
coli BL21 (DE3) cells as described earlier (Akif et al.,
20006). Protein concentration was estimated using the
dye-binding method (Bradford, 1976). To determine
suitable storage conditions, aliquots of recombinant
Rv3676 (rRv3676) were dialyzed in different buffers,
namely phosphate-buffered saline (PBS), 10mM Tris
and 10mM HEPES. Storage temperature was also
optimized, and the conditions under which rRv3676
was most stable were selected.

Analytical size exclusion chromatography

The oligomeric state of native recombinant protein
was determined by analytical size exclusion chromatog-
raphy using a Superose 6 fast protein liquid chromato-
graphic column (BIORAD) at room temperature with
PBS as running buffer. A standard curve was prepared
according to the instruction manual using standard
molecular weight markers. The void volume was
determined using Blue Dextran 2000. The elution para-
meter K,, was calculated as follows: K,, = (V.—Vy)/ Vs,
where V. is the elution volume for the protein, V, the
column void volume, and ¥ the total stationary phase
volume. K,, was plotted against log molecular weight.

Spectral analyses

To detect the presence, if any, of any associated
cofactor, absorption was measured between 200 and
800 nm using a Perkin-Elmer spectrophotometer. Fluo-
rescence spectrometric measurements and ligand-bind-
ing assays were carried out using a Perkin-Elmer LS50B
luminescence spectrometer and a sample volume of
200 pl with 0.3 cm path length. Tryptophan fluorescence
was measured at an excitation wavelength of 295nm.
The slit widths for excitation and emission were 10 and
20nm, respectively. Emission spectra were recorded
between 310 and 500 nm. All spectra measurements were
corrected by subtracting the corresponding buffer
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backgrounds. Increasing concentrations of urea (1-8 M)
and a constant concentration (3 uM) of recombinant
protein was used to study the denaturation kinetics of
the protein. At 8 M urea the protein was fully unfolded,
and the spectrum of fully unfolded protein was further
compared with that of 6uM free tryptophan. The
circular dichroism (CD) spectra of recombinant native
protein and liganded protein, incubated with different
concentrations of cAMP (6-16 uM), were recorded
using a JASCO CD spectrometer (Model J-810) between
200 and 250 nm in steps of 0.5nm with four accumula-
tions in each step. The spectral baseline was corrected by
subtracting the respective blanks. Molar ellipticity,
expressed in millidegrees, was plotted as a function of
wavelength. The secondary structure content of the
protein was calculated by using k2d software
(www.embl-heidelberg.de/“andrade/k2d/). For CD and
fluorimetric spectral analysis, 5 and 3 uM recombinant
protein was used, respectively.

Electrophoretic mobility shift assay (EMSA)

Gel retardation assays were carried out as described
earlier (Prakash et al., 2005). Complementary synthetic
oligodeoxyribonucleotides corresponding to the CRP/
FNR-binding site (A ATGTGATCTAGGTCACGTG)
present upstream of Rvl552 (frdA) were end labeled
with [)-**P]ATP using T4 polynucleotide kinase. One
nanogram labeled oligonucleotide was incubated with
3ug recombinant protein in binding buffer (10 mM
Tris—HCI, 50 mM NaCl, S0mM MgCl,, 1 ug BSA, 1pug
poly dI:dC, 1mM EDTA, 1mM DTT, I mM PMSF
and 10% glycerol) in 20 pul reaction volume, incubated
for 30 min at room temperature and fractionated on a
5% polyacrylamide gel in TBE. After electrophoresis at
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200V at 4°C, the gel was dried and analyzed by auto-
radiography. To check for the specificity of the complex,
unlabeled homologous oligonucleotide or an oligonu-
cleotide carrying a specific mutation (mut) critical for
binding (AATTTGATCTAGGTCACGTG, shown as
underlined) were used in competition assays.

Results
Purified rRv3676 exists in dimeric state

M.tb rRv3676 was purified as a 6 x His-tagged
protein using affinity chromatography as described in
Materials and methods. Purified rRv3676 was stable at
4°C in PBS while at lower temperatures and in other
buffers it formed insoluble aggregates. The purified
recombinant protein was fractionated by electrophoresis
on a 10% polyacrylamide gel and stained with
Coomassie Brilliant Blue (Fig. la, inset). Gel filtration
analysis was carried out to determine the oligomeric
nature, if any, of the rRv3676 protein. rRv3676 exists as
a pure dimer of ~53 kDa, as evident from analytical size
exclusion chromatography (Fig. 1).

Purified rRv3676 has no associated cation cofactors

In most oxygen tension-sensing proteins belonging to
the same family, transition metals like Fe or Ni are
associated with the protein to sense the fluctuations of
oxygen availability via redox mechanisms (Korner et al.,
2003). We therefore scanned the absorption spectrum of
purified rRv3676 to check for the presence, if any, of a
metal ion cofactor. Spectral analysis revealed two peaks,
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Fig. 1. Recombinant Rv3676 protein exists as a dimer: (a) Coomassie-stained polyacrylamide gel showing the ORF Rv3676-encoded
protein of Mycobacterium tuberculosis purified from E. coli. M represents the protein molecular size marker (Medium range, Genei,
India.), E1I-E6 show successive TALON column eluted fractions of the recombinant protein. (b) The purified protein was pooled
and fractionated on a Superose 6 FPLC column, resulting in a single peak. The calculated molecular mass of the recombinant

protein was ~53 kDa corresponding to a dimeric state.
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one at 295 nm and the other at 280 nm (Fig. 2). The first
peak corresponds to tryptophan, while the other peak is
due to phenylalanine and tyrosine. The fact that we
could not see any other peak clearly indicates that
rRv3676 does not have any other associated metal ion
cofactor. This rather unexpected finding suggests that
M.th Rv3676 apparently uses some other mechanism(s)
to sense effector signals.

cAMP binds to purified rRv3676 in a concentration-
dependent manner

Results of in-silico (data not shown) analyses revealed
the presence of a putative cAMP-binding domain at the
N-terminal end of rRv3676 protein, thereby raising a
strong probability that cAMP may be acting as an
effector of Rv3676 protein. We therefore subjected
purified rRv3676 to CD analysis in the presence and
absence of cAMP as ligand. The change in secondary
structure was calculated using k2d software (http://
www.bork.embl-heidelberg.de/~andrade/k2d) based
upon a method developed earlier (Yang et al., 1986).
A comparison of CD spectra of cAMP-free and cAMP-
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Fig. 2. Absorption spectrum of purified rRv3676 indicating
the absence of any metal ion cofactor. The spectrum shows
two prominent peaks, one at 295nm (corresponds to
tryptophan) and the other at 280 nm (corresponds to tyrosine
and phenylalanine).

bound rRv3676 provides evidence of binding (change in
secondary structure of purified rRv3676 upon interac-
tion with cAMP). This change in secondary structure
clearly appears to be a function of increasing concentra-
tion of cAMP (Fig. 3). That cAMP indeed causes
concentration-dependent conformational alterations
within rRv3676 was further confirmed by tryptophan
fluorescence spectrometry.

The two tryptophan residues (Trpl12 and Trp203)
present in Rv3676 protein were used as probe to study
conformational changes in the protein in solution upon
urea-induced denaturation. Purified rRv3676 unfolds
completely in the presence of 8 M urea without any
further increase in fluorescence (Fig. 4), indicating the
presence of fully unfolded protein molecules. The
maximum wavelength of absorbance of denatured
rRv3676 is approximately 360 nm, which is equal to
the maximum wavelength of absorbance of 6 uM free
tryptophan (data not shown). As protein unfolds
(relaxed) tryptophan residues are exposed to the solvent,
resulting in an increase in relative fluorescence. We
therefore used the fluorescence method to assay whether
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Fig. 4. Denaturation of recombinant Rv3676 in the presence
of urea. Recombinant Rv3676 is completely denatured in the
presence of 8 M urea as evident from maximum fluorescence.
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Fig. 3. Purified rRv3676 protein displays cAMP-binding activity as evident from circular dichroism (CD) spectral analysis (see
Materials and methods). Binding of cAMP to rRv3676 is evident from a change in secondary structure of the native protein upon

interaction with cAMP.
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Fig. 5. Fluorescence emission spectra of rRv3676 as a function
of cAMP concentration (616 uM). The fluorescence max-
imum of the protein increases steadily up to 10 uM cAMP and
later drops as a function of increasing cAMP concentration
(12-16 uM).

increasing concentrations of cAMP have any effect on
the unfolding of rRv3676 protein. PBS was used as
solvent, which has a physiological pH and an ionic
strength similar to the intracellular milieu of the bacilli.
Physiological cAMP levels are in the range of
0-<10uM. At lower concentrations (6—10uM) the
binding shows positive cooperativity, and at 10 uM
cAMP the protein is in the most open conformation.
This is evident from the increase in tryptophan
fluorescence (Fig. 5). With further increase of cAMP
(12-16 uM), the relative tryptophan fluorescence de-
creases, suggesting that the protein is getting compacted.
This protein compaction could be a reflection of a
feedback regulation.

Purified rRv3676 binds in vitro to the CRP/FNR
cognate nucleotide sequence motif present upstream
of Rv1552

Having shown that Rv3676 is a likely member of the
CRP/FNR family of DNA-binding proteins, we tested
whether purified rRv3676 indeed displays such an
activity. We selected M.tb ORF Rvi552, which is
putatively regulated by the CRP/FNR family of
transcriptional regulators. Synthetic oligodeoxyribonu-
cleotide corresponding to the CRP/FNR cognate DNA-

Purified rRv3676| = + + +
Competitor
DNA (50X) - = |RvI552 | mut

Probe Rvi552 | Tt + + +

1 2 3 4

Fig. 6. Recombinant Rv3676 binds to the CRP/FNR-binding
element present upstream of Rvl552 (frdA). Specificity of
binding was confirmed by competition with a 50-fold excess of
unlabeled ligand (lane 3). The complex is unaffected when a
mutant oligonucleotide (mut) carrying an alteration in the
binding sequence is used in the competition assay (lane 4).

binding element present in ORF Rvi552 (frdA) was
radiolabeled and used as probe in EMSA using purified
rRv3676. the results clearly show a shift in the mobility
of the CRP/FNR probe upon incubation with rRv3676
protein (Fig. 6, lane 2). The specificity of the binding is
evident from the disappearance of the complex in a
competition assay using a 50-fold excess of homologous
unlabeled CRP/FNR oligonucleotides (Fig. 6, lane 3).
The specificity of this DNA-protein interaction is
further emphasized by the absence of any competition
when a mutated version of the oligonucleotide (mut in
Fig. 6, lane 4) is used. These results demonstrate that
rRv3676 indeed specifically interacts with the CRP/
FNR cognate DNA sequence motifs.

Discussion

M.th harbors a single member of the CRP/FNR
superfamily, i.e. Rv3676. That this gene is important is
evident from knockout studies. An Rv3676 knock-out
strain is impaired in growth under in-vitro conditions, in
bone marrow-derived macrophages and also in an
animal model (Rickman et al., 2005). We therefore
selected ORF Rv3676 for further analyses of its protein
product. Purified rRv3676 exists in a single oligomeric
state as a homodimer (Fig. 1) and is active in terms of
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DNA binding. It is interesting to note that, despite an
only weak DNA-binding activity, the interaction is very
specific as could be seen from the inability of the mutant
oligonucleotide to compete for binding.

Most other proteins of this family are active as dimers
(Korner et al., 2003) but, unlike Rv3676, contain metal
cations such as iron and nickel as cofactors. Interest-
ingly, Rv3676 does not carry a metal-binding motif, and
the absence of any metal cofactor is indeed evident from
the spectral features of rRv3676. M.tb Rv3676 thus
appears to be different from other oxygen-sensing
proteins in terms of non-requirement of a metal cationic
cofactor.

To investigate the ability of rRv3676 to bind to its
cognate DNA motif, we carried out EMSA using
purified rRv3676 and a radiolabeled oligonucleotide
carrying the CRP/FNR-binding site present upstream of
the frd (Rv1552) gene encoding the fumarate reductase
enzyme. This binding site was identified as a putative
binding site in recent reports (Bai et al., 2005; Spread-
bury et al., 2005). In our in-silico regulon prediction
studies, this motif elicited the highest score (Akhter et
al., unpublished data), and we therefore selected this for
EMSA. It has been reported that Rv3676 senses oxygen
(Bai et al., 2005; Spreadbury et al., 2005) indirectly by
controlling the expression of genes such as frd.
Fumarate serves as an alternative electron acceptor in
the absence of oxygen, and this is mediated by a
membrane-linked fumarate reductase enzyme complex
(Lambden and Guest, 1976). The putative CRP/FNR-
binding site, present upstream of the frd operon, was
recognized by rRv3676 protein as evident from EMSA.

The M.th genome encodes as many as 15 adenylate
cyclases, suggesting that cAMP may have an important
role in mycobacteria. It has indeed been reported that
cAMP can alter the gene expression profile of M.tb
during anaerobic conditions (Gazdik and McDonough,
2005). The predicted cAMP-binding site in rRv3676
indeed shows binding to cAMP leading to conforma-
tional changes in the protein as evident from spectral
analyses. The extent of change in secondary structure is
maximal in the presence of 10 uM cAMP. The effect of
cAMP binding on the DNA-binding efficiency of
Rv3676 has already been reported earlier (Bai et al.,
2005). cAMP, acting as effector, is known to modulate
the regulation of a large number of target genes, and it is
likely that Rv3676 is involved in this process. While
these in vitro findings point to the importance of cAMP,
it remains to be experimentally demonstrated whether
cAMP is actually involved in regulating gene expression
by recruiting Rv3676 protein.

While the biophysical features of purified M.1b
Rv3676 protein described here are physiologically
relevant, experimental validation in vivo will be required
to dissect the complete network of M.th genes regulated
by Rv3676 and cAMP.
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Crystallization and preliminary X-ray
crystallographic studies of Mycobacterium

tuberculosis CRP/FNR family transcription regulator

CRP/FNR family members are transcription factors that regulate the
transcription of many genes in Escherichia coli and other organisms.
Mycobacterium tuberculosis H37Rv contains a probable CRP/FNR homologue
encoded by the open reading frame Rv3676. The deletion of this gene is known
to cause growth defects in cell culture, in bone marrow-derived macrophages
and in a mouse model of tuberculosis. The mycobacterial gene Rv3676 shares
~32% sequence identity with prototype E. coli CRP. The structure of the
protein might provide insight into transcriptional regulation in the pathogen by
this protein. The M. tuberculosis CRP/FNR transcription regulator was
crystallized in space group P2,2,2,, with unit-cell parameters a = 54.1, b = 84.6,
¢=101.2 A. The crystal diffracted to a resolution of 2.9 A. Matthews coefficient
and self-rotation function calculations reveal the presence of two monomers in
the asymmetric unit.

1. Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis, is
one of the most dreaded human pathogens and causes ~3 million
deaths every year (World Health Organization, 2006). The char-
acteristic feature of M. tuberculosis is reactivation from a latent
phase, which causes the disease (Ulrichs & Kaufmann, 2000).
M. tuberculosis possesses intricate mechanisms for survival inside the
hostile environment of the host. It can persist for a long period of
time in a dormant or non-replicating state, which may become active
in replicating bacilli after several years when the host becomes
immunocompromized (Ulrichs & Kaufmann, 2006). The outcome of
M. tuberculosis infection solely depends upon its interactions with the
environment provided by the host (Kaufmann, 2001). The reactiva-
tion may be caused by a variety of environmental signals and is
mediated through several transcriptional regulators. A family of
transcriptional regulators belonging to the CRP/FNR class is actively
associated with low oxygen stress and starvation, including percep-
tion of various other environments (Korner et al., 2003). This regu-
lator may therefore play an important role in reactivating the
dormant bacilli.

The cyclic AMP (cAMP) receptor protein (CRP) is a well known
transcription regulator that regulates the transcription of many genes
in Escherichia coli (Schultz et al., 1991). It is one of the best studied
transcription regulators and is also referred to as CAP (catabolite
activator protein). CRP is a 45 kDa dimeric protein that has both
cAMP- and DNA-binding domains (Aiba et al., 1982). cAMP is
required for the regulatory and DNA-binding activity of CRP
(Passner et al., 2000). The DNA-binding domain has a well conserved
helix—turn-helix motif. The archetypical cAMP-binding domain has
evolved to accommodate different functional specificities in signal
detection, DNA binding and interaction with RNA polymerase to
allow different family members to respond to a wide range of signals
(Green et al., 2001).

M. tuberculosis H37Rv contains a probable CRP/FNR homologue
encoded by the open reading frame Rv3676 (Cole et al., 1998). It is
reported as a specific transcription factor, deletion of which is known
to cause growth defects in laboratory medium, in bone marrow-
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derived macrophages and in a mouse model of tuberculosis (Rickman
et al., 2005). Although Rv3676 shares 32% sequence identity with
E. coli CRP, it exhibits wide divergence at the N-terminal region. The
lack of conserved residues in this region might suggest different
interactions of Rv3676 with RNA polymerase. Moreover, only four of
the six residues that are involved in cAMP binding in E. coli CRP are
conserved in Rv3676. It has been reported that the CRP/FNR
homologue is closer to the COOA branch represented by the CO
sensor protein from Rhodosprillium rubrum (Korner et al., 2003).
Considering the fact that Rv3676 shares heterogeneity in both the
DNA-binding and cAMP-binding sequences compared with other
prototypes, its structural properties should be interesting to address.
To understand the molecular mechanism of transcription regulation
of the CRP/FNR family regulator in M. tuberculosis, Rv3676 has been
crystallized for structure determination. This paper describes the
preliminary crystallographic characterizations of the M. tuberculosis
CRP/FNR transcription regulator.

2. Material and methods
2.1. Expression and purification

E. coli BL21 (DE3) cells harbouring the expression vector pET28a
with the gene Rv3676, cloned in Ndel and HindI1I sites with a six-His
tag at the C-terminus, were grown in 200 ml LB supplemented with
30 pg ml™? kanamycin. The culture was induced at an ODgq of 0.4
with 0.4 mM IPTG at 300 K and 200 revmin™' to allow protein
expression. The cells were harvested by centrifugation and resus-
pended in lysis buffer (PBS; 50 mM phosphate buffer pH 8 and
155 mM NacCl) supplemented with 0.1 mM PMSFE. After sonication,
the supernatant was applied onto a Talon cobalt-affinity resin column
(Clontech, USA) pre-equilibrated with lysis buffer, followed by
washing with five bed volumes with lysis buffer supplemented with
10 mM imidazole. The recombinant protein was eluted with lysis
buffer supplemented with 250 mM imidazole.

2.2. Crystallization

The purified protein was concentrated to 9 mg ml™" and dialyzed
against 10 mM Tris pH 8 containing 20 mM NaCl using a Centricon
concentrator (Amicon; 3 kDa molecular-weight cutoff). The purified
protein precipitated when stored at 253 K. Thus, freshly purified
protein was used for crystallization trials with a variety of random
conditions using a Magic 96 matrix. The hanging-drop vapour-
diffusion technique was used for random screening of crystallization
conditions. Crystals were obtained when 2 pl protein solution was
mixed with 2 pl well solution and allowed to equilibrate against 500 pl
well solution at 277 K. 0.2 M Li,SO, and 15% ethanol in 0.1 M
sodium citrate buffer pH 5.5 were used in the well solution.

2.3. Data collection

Crystals of CRP/FNR were soaked in artificial mother liquor
(0.1 M sodium citrate buffer pH 5.5, 0.2 M Li,SO, and 21% ethanol)
supplemented with 20% ethylene glycol as the cryoprotectant. The
diffraction data were collected from a single crystal at 100 K at the
XRD1 beamline at the ELETTRA synchrotron facility, Trieste, Italy
using a MAR CCD 165 detector. The crystal-to-detector distance was
maintained at 200 mm with oscillations of 1°, covering up to 180° in
order to obtain complete data. Determination of unit-cell parameters
and integration of reflection data was performed by DENZO/
SCALEPACK (Otwinowski & Minor, 1997). The intensities were
then converted to structure-factor amplitudes by the TRUNCATE

program from the CCP4 suite (Collaborative Computational Project,
Number 4, 1994). The self-rotation function was calculated using
POLARRFN as available in the CCP4 suite to identify the
noncrystallographic twofold symmetry.

Structure solution was attempted by molecular replacement using
AMoRe (Navaza, 1994) as well as Phaser (McCoy et al., 2005) from
the CCP4 suite (Collaborative Computational Project, Number 4,
1994). The homologous E. coli CRP complex with cAMP (PDB code
1i5z; Weber & Steitz, 1987) having 32% sequence identity was taken
as a search model for molecular replacement. Molecular replacement
was also attempted with the reduced CO-sensing protein from
R. rubrum as the search model (PDB code 1ft9; Lanzilotta et al.,
2000).

3. Results and discussion

M. tuberculosis CRP/FNR (Rv3676) is a protein of 224 amino acids,
which was purified to homogeneity from an E. coli heterologous
expression system. The use of Hiss from the pET28a vector led to the
introduction of ten additional amino acids in addition to the six
histidines into the protein. The protein purity was observed to be
better then 99% on SDS-PAGE. The yield of protein was 45 mg from
11 culture. Upon gel filtration, the protein eluted at a Stokes radius
consistent with a dimer, which is in keeping with the quaternary
structures observed for other transcription factors of this family.

The protein was stable at room temperature, but was found to
precipitate at 253 K. The freshly purified protein was used for crys-
tallization trials and crystals were obtained after one week when the
crystallization plate was incubated at a constant temperature of
277 K. The crystals were very unstable at room temperature and
often dissolved even while being inspected under an optical micro-
scope. Surprisingly, when the plates were re-incubated at 277 K, good
diffraction-quality crystals reappeared in the plates (Fig. 1). These
crystals were therefore quickly mounted in cryoloops, frozen and
used for data collection.

The completeness of the data was found to be 99.5% (Table 1). The
2.9 A data were processed using the HKL-2000 program suite and the
crystal was found to belong to space group P2,2,2,. The data-
collection statistics are shown in Table 1. A twinning test (http:/
nihserver.mbi.ucla.edu/Twinning/) showed that the data were not
twinned. Assuming the presence of two monomers in the asymmetric
unit, a value of the Matthews coefficient of 2.58 A’Da! was

Figure 1

Crystals of CRP/FNR transcription factor grown using 15% ethanol, 0.2 M Li,SO,
and 0.1 M sodium phosphate citrate pH 5.5. The size of each crystal is
approximately 0.1 x 0.15 x 0.1 mm.
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Table 1
Diffraction data statistics.

Values in parentheses are for the last resolution shell (3.00-2.90 A).

Wavelength (A) 1.0

Resolution (A) 50-2.9

Space group P2,2,2,

Unit-cell parameters (A) a=541,b=284.6,c=1012
Completeness (%) 99.5 (99.4)

Runerge (%) 8 (27.3)

Iio(I) 162 (5.1)
Unique reflections 10769 (1056)

Total reflections 168417
Redundancy 15.6
Matthews coefficient (AS Da™') 2.58
No. of molecules in ASU 2

T Rmerge = 2 iy — (L) 1/ 2 ||, Where Iy, are the intensities of symmetry-redundant
reflections and (/) is the average over all reflections.

obtained, which corresponds to a solvent content of 52.4%
(Matthews, 1968). Because of the presence of two molecules in the
asymmetric unit, the self-rotation function was used to determine
noncrystallographic symmetry. The two peaks at ¢ = 90° and w = 30
and 60° from the c* axis in a self-rotation function plot show the
expected twofold noncrystallographic symmetry. However, a satis-
factory solution using molecular replacement could not be obtained
with either E. coli CRP or the CO-sensing protein from R. rubrum.

The structural details of interactions between transcription factors
and a specific DNA sequence is well established for the cAMP
receptor (CRP) family of transcription factors. As in the catabolic
gene activator CAP (Busby & Ebright, 1999) and the CO-sensing
protein, the binding of cAMP switches the protein from an off-state
conformation (refractile to DNA binding) to an on-state conforma-
tion (allowing DNA binding). In CAP, the binding of cAMP alters the
DNA-binding domain. The alteration of the conformation of the
DNA-binding domain, which is more than 20 A away, is not well
understood, primarily because the available structures of CAP are
either in the presence of cAMP alone or as a cAMP and DNA
complex (Schultz er al., 1991; Weber & Steitz, 1987). Therefore, the
nature of conformational changes that take place upon cAMP
binding will be better understood if the structure of CAP is known in
the absence of the activator cAMP.

In conclusion, we have crystallized the CRP/FNR family tran-
scription factor from M. tuberculosis. However, the low sequence

homology with other known CRPs and the non-availability of the
uncomplexed CRP structure meant that we could not obtain
molecular-replacement solutions. This suggests the need to obtain a
structure solution using experimental phasing techniques such as
multi-wavelength anomalous dispersion (MAD) or multiple isomor-
phous replacement (MIR).
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Abstract About 10% of the coding capacity of the Mycobacte-
rium tuberculosis (M. tb) genome is devoted to the PE/PPE fam-
ily of genes scattered throughout the genome. We have identified
28 PE/PPE operons which are organized within the M. tb gen-
ome in such a way that most PE members are upstream to
PPE members. One example of such a gene arrangement is
the PPE gene Rv2430c, earlier shown by us to code for a highly
antigenic protein eliciting strong B-cell responses in TB patients
[Choudhary, R.K., Mukhopadhyay, S., Chakhaiyar, P., Shar-
ma, N., Murthy, K.J.R., Katoch V.M. and Hasnain, S.E.
(2003) PPE antigen Rv2430c of Mycobacterium tuberculosis in-
duces a strong B cell response. Infect. Immun. 71, 6338-6343],
situated downstream to PE gene Rv2431c. Rv2431c and
Rv2430c are transcribed as an operon. Expression of either
rRv2431c or rRv2430c alone in E. coli limited their localization
to the inclusion bodies. However, when they were co-expressed,
both the proteins appeared in the soluble fraction. These two pro-
teins interact with each other and form oligomers when alone,
however, when present together they exist as heteromer.

© 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.

Keywords: PE/PPE; Rv2431c; Rv2430c; Mycobacterium
tuberculosis; Protein—protein interaction

1. Introduction

One of the major findings from the genome sequence of
Mpycobacterium tuberculosis (M. tb) was the presence of the
PE/PPE family of genes representing about 10% of the coding
capacity [1,2]. These families of genes encode proteins carrying
Proline-Glutamic acid (PE) or Proline-Proline-Glutamic acid
(PPE) motifs found near the N-terminus and hence the name
PE/PPE. The conserved N-terminal and variable C-terminal
sequences of the proteins coded by members of this family
are thought to confer antigenic variation among different
strains of M. tb [1]. The PE family has been classified into sev-
eral subfamilies. The largest of these is the polymorphic repet-
itive sequence class (PGRS), characterized by high glycine
content, also referred to as fibronectin binding proteins [3,4].

*Corresponding author. Fax: +91 40 23011090.
E-mail address: seh@uohyd.ernet.in (S.E. Hasnain).

Based on the amino acid sequence at conserved positions,
the PPE protein family has been classified into three categories.
Proteins with major polymorphic tandem repeats (PPE-
MPTR) is the major subfamily with other subfamily having
conserved GxxSVPxxW motif and the last one being a subfam-
ily of unrelated proteins [1,5]. Some of these proteins are
shown to exhibit surface localization [6-8]. With very little
understanding of their functional, immunological and other
role, these families of proteins have been nonetheless shown
to exhibit varying degrees of polymorphism between different
clinical isolates of M. tb (H37Rv) and CDC1551 [9]. Mutation
in the two of PE_PGRS genes of Mycobacterium marinum
homologues of M. th Rv3812 and Rv1651c, rendered M. mar-
inum strains incapable of replication in macrophages and also
resulted in decreased persistence in granulomas [10]. The indi-
vidual role of PE and PGRS domains of a PE_PGRS family
member Rv1818c was investigated. It was shown that the
DNA construct as well as the protein corresponding only to
the PGRS domain showed humoral responses when immu-
nized in mice. However, when mice were immunized with PE
domain, more interferon gamma was secreted from the spleno-
cytes as compared to immunization with PGRS domain. These
results suggest that PE based vaccine can elicit an effective cel-
lular immune response, which is influenced by the Gly-Ala rich
PGRS domain [11]. We earlier showed that a PPE family pro-
tein, Rv2608, a member of the major polymorphic tandem re-
peat (MPTR) subfamily, elicits high humoral response and low
T-cell response in TB patients [12]. Since many of the PE/PPE
proteins are known to elicit strong immune response [6,11-14,
Hasnain et. al, (unpublished)], their functional importance
however, in terms of host pathogen interaction has not been
addressed adequately. The PPE gene Rv0915c, separated from
Rv0916¢ by 14 bp intergenic region, was found to develop
both CD4 and CD8 specific T cell responses and could provide
protection against M. tb comparable to M. bovis BCG vaccina-
tion when immunized in C57BL/6 mice [13]. More recently a
M. marinum homologue of M. tb PPE gene Rv1787 was found
to be associated with the ability of M. b to grow in macro-
phages and also virulence in mice [15]. PPE ORF Rv1787 is
separated from a PE ORF Rv1788 by 78 bp, which is followed
by ORF Rv1789 with 13 bp intergenic region.

The PE/PPE family of genes is organized such that they are
scattered throughout the genome. We now describe the obser-
vation that a significant number of the PE/PPE genes appear

0014-5793/$32.00 © 2006 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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to be arranged in a definite pattern of operonic arrangement,
where a PE is followed by a PPE gene, separated by less than
90 bp. The immunodominant Rv2430c [14] is a typical example
of an arrangement where a PE gene Rv2431c, which codes for
another immunodominant protein [unpublished] and shown to
be upregulated in an I/deR mutant in microarray experiments,
precedes Rv2430c [16] by 46 bp intergenic region. We show for
the first time that PE (rRv2431c) and PPE (rRv2430c) proteins
interact with and solubilize each other only when co-expressed.
When expressed alone, both the proteins rRv2430c (PPE) and
rRv2431c (PE) go into inclusion bodies. We further demon-
strate the ability of the rRv2431c and rRv2430c to hetero-oli-
gomerize. Based on this, we propose that these PE/PPE gene
pairs are coregulated, co-expressed, interact functionally, exist
in dynamic form and help each other either in secretion or sur-
face localization or in some other as yet unknown cellular
functions.

2. Materials and methods

2.1. Bacterial strains and growth media

E. coli strains (DH-50, XL-1 blue and BL-21 cells) were grown in
Luria Bertani, LB medium, obtained from Hi-Media, India. Antibiot-
ics were used at the following concentrations (pg/ml): ampicillin, 100;
kanamycin, 50; tetracycline, 15.

2.2. Primers and plasmids

All the primers used in this study (Table 1) were procured from Sig-
ma, USA. The plasmids pBluescript 11 KS (Stratagene, USA), pQE30
(Qiagen, Inc., USA), pETDuet (Invitrogen, USA) and pET23a (Nova-
gen, EMD Biosciences, Inc., Germany) were used to construct recom-
binant plasmids described in this study (Table 2). The clones were
confirmed by DNA sequencing.

2.3. Molecular cloning and purification of recombinant proteins

The ORF Rv2431c was amplified from the Mycobacterium tubercu-
losis genome using the primers FP2431c (P1) and RP2431c¢ (P2) bear-
ing the restriction sites Ndel and HindIII containing 6xHis tag at the 5’
of the reverse primer. The 300 bp amplicon was cloned in pBSK(+) lin-
earized with Smal and further subcloned as a Ndel HindI1I fragment in
the corresponding sites of pET23a. For co-expression study
Rv2431c::pET23a was digested with Ndel and Xhol and the resultant

Table 1
List of primers used in this study with their sequence

Primer 1D

Sequence (5'-3")

S. Tundup et al. | FEBS Letters 580 (2006) 1285-1293

300 bp fragment was cloned in the corresponding sites within MCSII
of pETDuet expression vector. The BamHI and HindIII fragment of
ORF Rv2430c from pQE30 expression vector was subcloned into
MCSI of pETDuet expression vector in which ORF Rv2431c was al-
ready cloned at MCSII. The clone pETDuet:30:31 was digested with
BamH], end filled with Klenow Polymerase and religated in order to
bring the gene in frame. The plasmids were transformed and expressed
in E. coli BL-21 strain and the recombinant proteins were purified
using Cobalt affinity chromatography. The individual proteins
rRv2430c and rRv2431c were purified by on-column refolding method
using 8-0 M urea gradient [17]. The co-expressed proteins were puri-
fied with 200 mM Imidazole in 1x PBS from soluble fraction by Cobalt
affinity chromatography.

2.4. Reverse transcriptase polymerase chain reaction (RT-PCR)

Total M. th RNA was a kind gift from AstraZeneca, Bangalore.
First-strand synthesis was carried out using Moloney Murine Leuke-
mia Virus Reverse Transcriptase (M-MLV RT) from Invitrogen using
Reverse primer RP2430c (Table 1) specific to ORF Rv2430c following
the conditions specified by the manufacturer. Subsequent second-
strand synthesis was performed using AccuTag Polymerase (Sigma)
using primers FP2431c (P1), RP2431c (P2) and RP2430c (P3). The to-
tal RNA of M. tb was used to carry out RT-PCR. The annealing tem-
peratures used were 41°C for Rv243lc and 48 °Cfor
Rv2431c + Rv2430c amplification. The PCR product was analyzed
on 1.5% agarose gel.

2.5. UV and chemical crosslinking analysis

The purified proteins rRv2430c, rRv2431c and co-purified rRv2430c
and rRv2431c were exposed at room temperature to UV at 254 nm
wave length and energy 1200 x 100 pJ/CM? for 30, 60, 120, 180 and
300 s, respectively. The buffer used was 1x PBS and it was the same
buffer in which protein was purified. For chemical crosslinking, the
proteins were incubated with 0.1%, 0.2%, 0.3%, 0.5%, 1% and 2% glu-
taraldehyde for 20 min at room temperature. The samples were frac-
tionated using Tris—Tricene SDS-polyacrylamide gel electrophoresis
(PAGE) for crosslinking analysis.

2.6. Western blot analysis

For Western blot analysis, equal amount of purified proteins were
separated using Tris-Tricine SDS-PAGE. After electrophoresis, the
protein samples were transferred to nitrocellulose membrane using a
Trans-Blot electrophoresis transfer cell (Pharmacia Biotech, USA).
Western blot analysis was conducted using antisera to rRv243lc
(1:1000) and rRv2430c (1:300) generated in mice followed by incuba-
tion with horseradish peroxidase-conjugated secondary antibody
(1:10000). To quantify the protein, a chemiluminescent signal was
developed using detection reagents from ECL Plus kit (Amersham
Pharmacia Biotech, England) and the signal was recorded on X-ray
film (Hyperfilm Amersham, Pharmacia Biotech, UK).

2.7. Gel filtration analysis
Gel filtration (BioRad, USA) was used to analyze the purified pro-

II;;-EII:ZZAEIIC %Ziigéggig%géggggﬁj (E’II‘A (‘f (f'l.f\ GA GTT GA teins. About 250 pg of each recombinant protein was loaded on Supe-
i ¢ OTAA AGGTCTTGACGTTETO rose 6 column and compared with protein molecular size standards.
P3-RP2430. AAGCTTCTAAGTGTCTGTACGCGATCA The corresponding peaks were collected and analyzed on Tris-Tricene
N ¢ SDS-PAGE.
Table 2
Plasmids constructs used in this study
Plasmids Specification Reference
pBSK::31 PCR amplified 300 bp ORF Rv2431c cloned in PBSK(+) vector at Smal site This study
pET23a::31 Ndel/HindIll Rv2431c fragment derived from PBSK::31 cloned in Ndel/HindlIll site This study
of pET23a vector
PQERV2430c BamHI/HindIIl generated 585 bp fragment from pGEMT-easy:2430 vector cloned [14,17]
BamHIU/HindI1I site of pQE30 vector
pETDuet:30 BamHI/HindIll generated 585 bp fragment from pQERvV2430c cloned in BamHI1/HindII1 This study
site of MCSI of pETDuet
pETDuet:30:31 Ndel/Xhol generated 300 bp fragment from pET23a::31 cloned in Ndel/Xhol This study

site of pETDuet:30 vector
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2.8. Spectrometric analyses

Fluorescence spectra of purified recombinant proteins were recorded
on a Perkin-Elmer LS-3B Spectrofluoremeter. Fluorescence studies
were carried out in presence of increasing concentration of NaCl
(140-2000 mM) for both rRv2430c and rRv2430c-rRv2431c complex.
The samples were incubated for 5 min prior to excitation. In each mea-
surement the protein was excited at 295 nm and emission spectra were
recorded from 300 to 480 nm. Each fluorescence spectrum was ob-
tained by averaging three different recordings. The slits of excitation
and emission were kept at 5 nm and scan speed at 50 nm/s. Through-
out the experiment, the temperature was maintained at 25 °C. 1 uM of
protein in 1x PBS was used for each reading.

3. Results

3.1. Significantly large number of the PE/PPE genes are
organized as an operon in a definite pattern

The organization, within the M. tb genome, of the PE/PPE
family of genes which code for highly antigenic proteins, was
analyzed. Intergenic region less than 90 bp was used to predict
a probable operon. The maximum number of base pairs in a
given sequence to contain any p-dependent termination is at
least 100 bp. If two given genes are separated by less than
90-100 bp, the possibility for the two genes to be in operon
would be true if the intergenic region does not have any p-inde-
pendent termination sequence. Only 3 p-independent termina-
tion sequences were previously predicted in the entire M. tb
(H37Rv) genome using software TRANSTERM available at
TIGR (USA) website, http://www.tigr.org/software/Trans-
TermResults/ntmt02.html. None of the p-independent termi-
nation falls into intergenic sequence of the predicted
operons. A total of 41 operons were short-listed in this analy-
sis. Of these 41 operons, 28 operons contain only the PE/PPE
genes. The remaining are clusters of either PE or PPE genes
with non-PE/PPE members. Some of the genes such as
Rv0915¢c, Rv2430c, Rv3872 and a homologue of Rv1787 in
M. marinum [13-15,18], belonging to the PE/PPE family which
plays a significant role in the host pathogen interaction, are
also predicted in our analysis to be in operon with the other
PE/PPE genes. There was a definite pattern of arrangement
of these gene pairs where, in most cases, a bi-cistronic organi-
zation could be seen with a PE gene followed by a PPE gene in
the operon (Table 3). Some others involve either PE or PPE
with the non-PE/PPE members, including ESAT-6 like secre-
tory proteins.

3.2. PPE ORF Rv2430c and PE ORF Rv2431c are
co-transcribed at the mRNA level

Having predicted and short-listed ORFs Rv2431c and
Rv2430c as belonging to one operon, RT-PCR was carried
out with total RNA isolated from M. tb as described in Section
2. After the first strand synthesis with primer P3, the reverse
transcribed template was used to carry out two different sets
of PCR for checking the whole operonic amplification and also
for Rv2431c. PCR amplification was carried out with primer
pairs P1 and P2, corresponding to Rv2431c, which showed
an amplification of 300bp (Fig. 1B, lane 3) and Pl
(FP2431c, specific to ORF Rv2431c) and P3 (RP2430c, spe-
cific to Rv2430c), gave an amplification of 931 bp correspond-
ing to the anticipated size of both Rv2431c and Rv2430c
(Fig. 1B, lane 4) including the intergenic sequence of 46 bp.
The specific amplification of the 931 and 300 bp fragments

1287
Table 3
Probable operonic organization of PE/PPE genes based on intergenic
distance
Genes Intergenic region (bp)  Function
Rv0096 18 PPE
Rv0097 Overlapping by 4* Possible oxidoreductase
Rv0098 4 Hypothetical Protein
Rv0099 4 FadD10
Rv0100 Overlapping by 19* Hypothetical protein
Rv0101 nrp
Rv0152¢ 9 PE
Rv01SIc PE
Rv0256c 18 PPE
Rv0255¢ 24 cobQ
Rv0254c cobU
Rv0280 23 PPE
Rv0281 Hypothetical protein
Rv0282 Overlapping by 4% Hypothetical protein
Rv0283 Overlapping by 4* Conserved membrane protein
Rv0284 Overlapping by 4* FtsK
Rv0285 2 PE
Rv0286 48 PPE
Rv0287 29 esxG
Rv0288 10 esxH
Rv0289 46 Conserved membrane protein
Rv0290 Overlapping by 4* Conserved membrane protein
Rv0291 Overlapping by 4* mycP3
Rv0292 Overlapping by 14? Conserved membrane protein
Rv0293 Hypothetical protein
Rv0304 55 PPE
Rv0305 PPE
Rv0354 82 PPE
Rv0355 PPE
Rv0388c 52 PPE
Rv0387¢c Hypothetical protein
Rv0442¢ 26 PPE
Rv0441c Hypothetical protein
Rv0745 19 Hypothetical protein
Rv0746 Hypothetical protein
Rv0832 Overlapping by 4* PE_PGRS
Rv0833 PE_PGRS
Rv0916c 14 PE
Rv0915c PPE
Rv0980c 81 PE_PGRS
Rv0979¢ Hypothetical protein
Rv1040c 76 PE
Rv1039c PPE
Rv1088 Overlapping by 179* PE
Rv1089 PE
Rv1168 17 PE
Rv1169 PPE
Rv1195 46 PE
RV1196 PPE
Rv1386 Overlapping by 4* PE
Rv1387 PPE

(continued on next page)
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Table 3 (continued)
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Table 3 (continued)

Genes Intergenic region (bp)  Function Genes Intergenic region (bp) Function
Rvl646 77 PE
Rv1647 6 Hypothetical protein Rv3622¢ 11 PE
Rv1648 Hypothetical protein Rv3621c 56 PPE
Rv3620c 26 esxW
Rv1706c 39 PPE Rv3619¢ esxV
Rv1705c 40 PPE
Rv1704c 64 cycA Rv3652 Overlapping by 4* PE_PGRS
Rv1703c Predicted o-methyltransferase Rv2653 PE_PGRS
Rv1787 78 PPE Rv3738 51 PPE
Rv1788 13 PE Rv3739 PPE
Rv1789 PPE
Rv3746¢ 72 PPE
Rv1806 14 PE Rv3745¢ Hypothetical protein
Rv1807 PPE
Rv3872 30 PE
Rv2099¢  Overlapping by 4% PE Rv3873 PPE
Rv2098c 51 PE_PGRS
Rv2097¢c 8 Hypothetical protein Rv3893¢c 78 PE
Rv2096¢c  Overlapping by 4% Transcription regulator Rv3892¢c PPE
Rv2095¢ 67 Predicted transcription a . oy
Rv2094c 16 Regulator Overlap between the two genes resulting in absence of any spacer.
Rv2093c 48 Hypothetical protein
Rv2092c 41 tatc
Rv2091c helY
Hypothetical protein confirms the existence of the two ORFs, Rv243lc and
RV2107 55 PE Rv2430c, as part of a single operon. No amplification was
Rv2108 PPE seen when the PCR was carried out with RNA sample alone
(without making cDNA) using primer pairs P1 and P3. This
Rv243lc 46 PE rules out DNA contamination during the process of total
Rv2430c PPE RNA preparation (Fig. 1B, lane 2). Assuming that the genes
Rv2489c  Overlapping by 35° Hypothetical protein separgted by §h0rt 1ntergeplc sequences tend to have related
Rv2488¢ 81 Predicted ATPase function and interact physically, we performed further exper-
Rv2487¢ PE_PGRS iments to investigate interaction between these two proteins, if
any.
Rv2769¢ 79 PE
Rv2768c¢ PPE
Rv2774e 10 HipRincticallprofein 3.3. Recorr.zblnant 'protems rRv2431c¢ and rRv2430c¢ form .
Rv2773¢ 11 dapB inclusion bodies when over-expressed alone, but appear in
Rv2772¢ 85 Hypothetical protein soluble fraction when co-expressed together in E. coli
Rv2771c 63 Hypothetical protein Having shown that the existence of ORF Rv2431c¢ and
Rv2770c PPE Rv2430c as one operon separated by a 46 bp intergenic se-
RVISS3 36 PE_PGRS quence, we demgnpd experiments to 1nvest1gat§ their interac-
Rv2854 12 Hypothetical protein tion at the protelp levc?l. The PE/PPE proteins are most.ly
Rv2855 gorA known to form inclusion bodies when over-expressed in
E. coli [12,14,17]. The recombinant PPE protein Rv2430c
Evggigc 86 PPE (23 kDa) was earlier shown to remain in the inclusion body
vauLie esxQ(jag) when expressed alone [14,17]. Similarly, the recombinant PE
Rv3019 33 esxR protein Rv243lc (11 kDa) when over-expressed alone in
Rv3020 46 PF E. coli also remains within inclusion bodies (Fig. 2A). In
Rv3021  Overlapping by 16 PPE order to study whether the two proteins are solubilized
Rv3022 Ligs when co-expressed in E. coli, both the genes were cloned
Rv3I35 61 PPE into pETDuet expression vector to construct expression
Rv3136 PPE plasmid pETDuet:30:31. When pETDuet:30:31 was used to
_ transform E. coli BL-21 cells, it could be seen (Fig. 2B) that
Rv3345¢  Overlapping by 281 PE_PGRS the supernatant contains much (50-60%) of the recombinant
Rv33ddc 48 PE_PGRS 23 and 11 kDa proteins. These results indicate that expres-
Rv3343c PPE
sion of these two genes together results in the corresponding
Rv3477 36 PE proteins getting into the soluble fraction. Both the proteins
Rv3478 50 PPE contain histidine tags either at their N-terminal (rRv2430c)
Rv3479 Eos?ble Transmembrane or the C-terminal (rRv2431c). This property was exploited
rotemn to affinity purify the coexpressed proteins from the
Rv3511  Overlapping by 38° PE_PGRS supernatant to 90-95% homogeneity for further studies
Rv3512 PE_PGRS (Fig. 20).
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A Genomic organization of PE (Rv2431c) and PPE (Rv2430c)

PPE PE
-4 bp 46 bp 170 bp
M. tb mRNA
¢ B M | P1+P3 | P1+P2[P1+P3
RT-PCR using primer P3 1kb —p
¢ 931 bp
Pl 500 bp —»|
RT-product o P ] 300 bp
P3° P27
P1+P3 ./ PCR \I P1+P2
1 2 g 3 4
Expected size Rv2430c+Rv2431¢ | [ Rv2a3ic |
931 bp 300 bp

Fig. 1. RT-PCR analysis demonstrates that Rv2430c and Rv2431c are co-transcribed as an operon. (A) Schematic representation of the organization
of Rv2431c and Rv2430c ORFs in Mycobacterium tuberculosis genome. The intergenic sequence between the Rv2431c and Rv2430c is 46 bp. The
position of the various primers and the corresponding predicted amplicons are shown. (B) PCR amplification generates specific amplicons pointing to
the organizational arrangement of Rv2430c and Rv2431c within an operon. The product of the reverse transcription reaction, using M. th RNA and
P3 primer, was used as template for the subsequent PCR amplification. Lane 2: PCR amplification, using forward primer P1 specific to Rv2431c and
reverse primer P3 specific to Rv2430c, using M. b total RNA as template did not generate any amplicon thereby ruling out possible DNA
contamination during RNA preparation. RT-product amplified by using the primer P3 was used as template to carry out further PCR. Lane 3: the
300 bp PCR amplification of Rv2431c generated by using primer P1 and P2. Lane 4: the 931 bp amplicon corresponding to Rv2431c and Rv2430c,
using primer pair P1 and P3. Lane 1: 50 bp DNA size marker.

A F 3 i B [1 2 | 3 c W [52
205 kDa—»| et
97 kDa —>| tes
97 kDa —»| v - 66 kDa —»| g
66 kDa —»| umm .
43 kDa—»| = 43 kDa —pf
43 kDa —>| s
20 kDa—>| 25 kDa —» tam— - o
25 kD2 —>{ s <+ 23 kDa
14 kDa—> liong 161Da . :a— 11 kDa
<11 kDa 10 kDa—>| s ‘ <11 kDa

Fig. 2. SDS-PAGE analysis shows that PE (rRv2431c) and PPE (rRv2430c) proteins solubilize each other. (A) Expression of rRv2431cin E. coli BL-
21 strain. Lane 2 shows that the recombinant Rv2431c protein forms inclusion bodies and is mostly in pellet and very little, if any, in supernatant
(lane 3). (B) Co-expression of rRv2431c and rRv2430c. Equal amounts of supernatant and pellet were fractionated on 10% Tris—Tricene SDS-PAGE.
Lane 2 shows the two over-expressed bands, corresponding to the co-expressed rRv2431c and rRv2430c proteins, in soluble form and lane 3 shows
the two proteins in inclusion bodies. (C) Co-purification of rRv2431c and rRv2430c using COBALT affinity column. Lane 2 shows the purification of
rRv2431c and rRv2430c. Both the proteins are Histidine tagged at C-terminal and N-terminal, respectively. Protein molecular size marker is shown in
lane 1. Coomassie Blue G250 was used to stain the SDS—polyacrylamide gel.

3.4. rRv2431c and rRv2430c¢ proteins interact with each other as
evident from protein crosslinking and Western blot analysis
Having shown that the two proteins expressed together are
in the soluble form, the physical interaction between them, if
any, was further checked using UV (Fig. 3A) or glutaraldehyde
crosslinking (Fig. 3B). Exposure to UV causes crosslinking of
interacting proteins (Smanla et al., manuscript in preparation).
We therefore used this simple UV crosslinking to determine di-
rect interaction between rRv2431c and rRv2430c. The co-puri-
fied rRv2430c and rRv2431c¢ protein fraction was exposed to
UV for different times, 30 s to 5 min. The individual proteins
were also exposed to UV for 2 min in the presence of an unre-

lated protein rRv2626c (16 kDa), which served as negative
control. SDS-PAGE analysis of UV cross-linked co-purified
protein reveals a band corresponding to 34 kDa (Fig. 3A, lanes
7-11), which is not seen when rRv2430c (Fig. 3A, lanes 2, 3) or
rRv2431c (lanes 4 and 5) was mixed with unrelated recombi-
nant protein rRv2626, whether untreated with UV (Fig. 3A,
lanes 2 and 4) or after UV treatment (Fig. 3A, lanes 3 and
5). The presence of a 34 kDa protein band corresponding to
23 and 11 kDa protein suggests an interaction between the
proteins rRv2430c and rRv243lc, generating a complex as a
consequence of UV crosslinking. In order to confirm the data
from UV crosslinking, glutaraldehyde crosslinking in a
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Fig. 3. Crosslinking experiments show PE (rRv2431c) and PPE (rRv2430c) proteins interact with each other. (A) UV crosslinking of rRv2431c and
rRv2430c proteins. The recombinant proteins were fractionated on SDS-PAGE with or without UV exposure. Lane 1 represents protein molecular
size marker. The other lanes show recombinant proteins without UV exposure (lanes 2, 4, and 6) or exposure to UV for different times (lanes 3, 5, and
7-11). Note that rRv2430c does not interact with an unrelated protein rRv2626c (lane 2) even after UV exposure (lane 3). Similarly rRv2431c fails to
interact with the unrelated control protein rRv2626¢ (lane 4) even after UV exposure (lane 5). The co-expressed rRv2430c and rRv2431c in the
absence of UV crosslinking do not form complex (lane 6). Lanes 7-11 show rRv2431crRv2430c complex corresponding to 34 kDa generated as a
function of time of UV exposure. (B) Glutaraldehyde crosslinking shows rRv2431c and rRv2430c interact and form oligomer individually. Proteins
were incubated for 20 min in the presence or absence of different concentration of glutaraldehyde and fractionated on SDS-PAGE. Lanes 2, 4 and 5
show oligomer formation of proteins at 0.3%, 0.2% and 0.5% glutaraldehyde concentration. Lanes 7-9 show the oligomer band of rRv2430c, the
interacting band corresponds to 34 kDa and monomeric forms of individual species. No interacting or oligomer band is seen in proteins without
glutaraldehyde (lanes 1 and 3). Coomassie Blue G250 was used to stain the polyacrylamide gel.

concentration ranging from 0.1% to 0.5% was carried out. The complex, but not their oligomeric state, glutaraldehyde cross-
individual proteins reveal oligomeric states upon glutaralde- linking shows both the homomeric and heteromeric forms.
hyde crosslinking (Fig. 3B, lanes 2, 4 and 5) but not in the ab- The band corresponding to 34 kDa represents the PE/PPE
sence of glutaraldehyde (Fig. 3B, lanes 1 and 3). While complex rather than the trimeric rRv2431c alone. To confirm
rRv2430c protein shows two states of oligomerization of very that the 34 kDa band is indeed a complex of PE and PPE pro-
high molecular sizes (Fig. 3B, lane 2), rRv2431c shows more teins, Western blot analysis was carried out using anti-
than two oligomeric states corresponding to approximately rRv2431c and anti-rRv2430c sera. As could be seen in
22 and 55 kDa with 0.2% glutaraldehyde (Fig. 3B, lane 4). Fig. 4A, lane 2, when the co-purified protein was UV cross-
Similar to results obtained from UV crosslinking, glutaralde- linked and then subjected to Western blot analysis using
hyde crosslinking of co-purified rRv2430c and rRv2431c also anti-rRv2431c serum, only the bands corresponding to
shows a band of 34 kDa (Fig. 3B, lanes 7-9) corresponding rRv2431c protein and the 34 kDa PE/PPE complex can be
to size of the complex obtained with rRv2430c and rRv2431c. seen, but not the band corresponding to 23 kDa (rRv2430c)

While UV crosslinking shows only the rRv2431¢ and rRv2430c protein. Similarly using anti-rRv2430c antibody, bands corre-

A B

R2431c+Rv24300 ol Ty rRv2431c+rRv2430c
co-purified protein s - + +
co-purified protein

UV-crosslinking » 3 min. UV-crosslinking = | 3 min

anti-rRv2431c serum| 4 +

anti-rRv2430c serum| 4 +

« PE/PPE (34 kDa)

I
“ |« PE/PPE (34 kDa) complex
complex W a8 <+ Rv2430c (23 kDa)

erv243lc (11 kDa) 1 2

1 2

Fig. 4. Western blot analysis confirms interaction between rRv2431c and rRv2430c. Western blotting was carried out using anti-rRv2431c/anti-
rRv2430c serum with copurified rRv2431c + rRv2430c protein separated on Tris—Tricine SDS-PAGE with or without exposure to UV. (A) Lane 1:
only the 11 kDa band corresponding to rRv2431c could be seen using anti-rRv2431c serum when the co-purified protein was not exposed to UV.
Lane 2: the interacting rRv2431c and rRv2430c complex corresponding to 34 kDa as well as the 11 kDa band corresponding to PE rRv2431c could
be seen using anti-rRv2431c serum when the sample was exposed to UV for 3 min. (B) Lane 1: 23 kDa band corresponding to rRv2430c is seen when
Western blotting was carried out using anti-rRv2430c serum and co-purified rRv2431c + rRv2430c proteins, but without exposure to UV. Lane 2:
upon UV exposure bands corresponding to rRv2430c (23 kDa) and the interacting band (34 kDa) could also be seen. The absence of 23 kDa band
corresponding to rRv2430c protein using anti-rRv2431c serum (Fig. 4A) and 11 kDa band corresponding to rRv2431c using anti-rRv2430c serum
rules out cross-reactivity of the antibodies generated against these two proteins.
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sponding only to 23 kDa (rRv2430c) and the interacting
rRv2431c:rRv2430c  complex (34kDa) could be seen
(Fig. 4B, lane 2), but not the band corresponding to 11 kDa
(rRv2431c¢) protein. A similar pattern was observed when Wes-
tern blotting was performed after the proteins were subjected
to glutaraldehyde crosslinking (data not shown). These results
demonstrate that the anti-rRv2431c and anti-rRv2430c
antibodies do not cross react with rRv2430c and rRv2431c
proteins.

3.5. Gel filtration shows PE protein rRv2431c and PPE protein
rRv2430c complex exists in different forms
The tendency of the two proteins to form oligomer when
alone and in hetero-oligomeric state is further confirmed by
using size exclusion chromatography of individual and the
co-purified proteins. Individual rRv2430c shows a wide peak
corresponding to more than 600 kDa (Fig. 5, blue curve) while
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Fig. 5. Size exclusion chromatography of rRv243lc, rRv2430c and
rRv2431c- rRv2430c complex proteins shows various states of
existence. About 400 pg/ml of each protein was loaded on Superose
6 column. Protein molecular sizes in kDa are also indicated on top of
each peak. The different lines are: blue, rRv2430c; purple, rRv2431c;
green, co-purified rRv2431c and rRv2430c.
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rRv2431c also showed two sharp oligomeric peaks correspond-
ing to approximately 230 and 162 kDa (Fig. 5, purple curve).
The gel filtration pattern of the peaks of co-purified rRv2431c
and rRv2430c (green curve) is significantly different from the
peaks of the individual proteins. The size of the co-purified
proteins is much lower, as the V. of the co-purified protein is
higher, than that of the individual proteins. The co-purified
proteins show two peaks, the first wider one (¥, = 13.2) and
a second sharper peak (V. =16.2). SDS-PAGE analysis of

~480 kDa / i

3C 2C 1C 1B 2B 3B 4B 5B 6B

23 kDa
(rRv2430c) — > — s =
- e
11 kDa I I I _—
(rRv2431c¢) 13 15 17

Elution Volume (ml)

Fig. 6. SDS-PAGE analysis of gel filtration collected fraction shows
that heteromer of rRv2431c and rRv2430c exists in higher concentra-
tion than individual oligomer. The curve represents rRv243lc +
rRv2430c co-purified protein (Fig. 5, green curve), collected fractions
of which were analyzed on SDS-PAGE. The elution fractions 3C-1C
contain more of rRv2430c species. It can be seen that there is an
increase in the concentration of both rRv2431c and rRv2430c fractions
in 3B-6B. Fractions 4B-5B correspond to the sharpest peak containing
equal amounts of very high concentrations of both the proteins.
Elution volume corresponds to each fraction is given in milliliter.
Coomassie Blue G250 was used to stain the SDS—polyacrylamide gel.
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Fig. 7. rRv2431c induces changes in conformation of rRv2430c. The recombinant proteins rRv2430c and co-purified rRv2431c-rRv2430c were
excited at 295 nm as a function of increasing salt concentration (140 mM to 2 M) and emission spectra were recorded between 300 and 480 nm. The
arrows with respective concentration of salt show the decrease in intensity of fluorescence with increase in salt concentration. The last line in the
graph shows the emission spectrum of rRv2431c excited at 295 nm (B). No such change in intensity of fluorescence emitted by rRv2430c was observed

with similar increase in salt concentration (A).
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each of the fraction collected (Fig. 6) reveals that the first peak
contains more species of rRv2430c (480 kDa) in an oligomeric
state while the second sharp peak (~70 Da) corresponds to the
complex PE/PPE proteins (rRv2431c and rRv2430c) of higher
concentration than the rRv2430c oligomer species. The pres-
ence of a high molecular size (~70 kDa) of the heteromer, un-
like in the crosslinking experiments where a heterodimer of
34 kDa was observed, suggests that heteromer also exists in
tetrameric state involving both rRv2430c and rRv2431c. The
co-purified proteins mostly exist as heteromer rather than oli-
gomer of one species, suggesting that the interaction between
the PE and PPE proteins is stronger leading to heteromeric
state rather than interacting individually. As can be seen in
Fig. 5, both rRv2431c and rRv2430c exist as oligomer of
higher molecular weight than the complex rRv2430c and
rRv2431c¢ protein.

3.6. Salt induced changes in conformation of the protein
rRv2430c¢ in rRv2430c. rRv2431c complex

The interaction between these two proteins is also supported
by fluorescence studies. rRv2431c does not carry any trypto-
phan residue, therefore, when excited at 295 nm, the fluores-
cence emission will only be due to rRv2430c if complexed
with rRv2431c. The fluorescence emission spectrum was re-
corded by excitation at 295nm. It can be clearly seen
(Fig. 7A) that increase in concentration of salt in oligomeric
rRv2430c did not affect the aromatic residues environment in
the protein thereby making it refractile to significant change
in the fluorescence intensity at salt concentration as high as
2 M. The rRv2431c: rRv2430c complex however displayed a
significant decrease in the fluorescence intensity as a function
of increasing salt concentration (Fig. 7B). The decrease in fluo-
rescence intensity brought about by the increase in salt concen-
tration in rRv2431c:rRv2430c co-purified protein (Fig. 7B) is
due to the change in conformation of rRv2430c with respect
to rRv2431c. rRv2431c expectedly alone does not have an
emission spectrum when excited at 295 nm specific to trypto-
phan residue (Fig. 7B), but otherwise does generate a spectrum
when the protein is excited at 285 nm (data not shown).

4. Discussion

The completion of many bacterial genomes has allowed the
analysis of gene clusters, leading to interesting conclusions
about the tendencies of the genes with related functions to re-
main together across several genomes [19], particularly in the
case of genes whose proteins products physically interact
[20]. The organization of genes in the operons is believed to
provide the advantage of coordinated regulation and produc-
tion of functionally and temporally related genes. The PE/
PPE genes in M. tb, though scattered throughout the genome,
are not randomly organized. We investigated the presence, if
any, of a defined pattern of genomic organization of the PE/
PPE genes. As shown, most of the PE/PPE genes fall into oper-
ons either with PE/PPE genes only or with many other genes
belong to ESAT-6 like secretory protein. One such typical
example of an organization where a PE gene is followed by a
PPE family member was selected to understand the effect of
such genetic organizational proximity. Two ORFs, PE
Rv2431c and PPE Rv2430c, among the other predicted
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operons was selected on the basis of: (a) their highly antigenic
property [14], (b) 30-40% identity with other ORFs forming
operon, and (c) micro array data showing upregulation of both
the ORFs by 1.6-fold in IdeR mutant M. tb [16]. RT-PCR
analysis of this operon indeed confirmed that these two genes
are co-transcribed. The presence of a loose ribosome binding
site (ACGGAA), within the 46 bp spacer separating the two
ORFs, points to a possibility of the large mRNA generating
two translation products corresponding to ORF Rv2431c
(11 kDa) and ORF Rv2430c (23 kDa).

We then investigated whether the two proteins, which are the
gene products of a single operon, physically associate with
each other. The properties of these proteins to interact with
each other, was clearly indicated when the two proteins were
co-expressed in E. coli, which led to localization of both the
proteins in soluble form. When over-expressed alone, the pro-
tein could only be recovered from inclusion bodies and could
be solubilized by in vitro methods [14,18]. The pattern of orga-
nization is likely to have a functional significance in facilitating
the secretion of the immunodominant Rv2430c. The argument
that these proteins may be involved in secretion and membrane
localization is further strengthened by organization of some of
the PE/PPE genes in operon with those encoding putative
transmembrane proteins, and ESAT-6 like secretory proteins
(esxG, esxH, esxQ, esxR, esxW and esxV) (Table 3). The pre-
dicted PE35 and PPEG68 operon falls within the M. th RDI re-
gion and is possibly thought to be responsible for the primary
attenuation of M. bovis to M. bovis BCG. Recombinant secre-
tory protein ESAT-6 was found to induce immune response
only when at least 11 genes (which include PE35/PPE68 pre-
dicted operon) flanking esxA4 located in RD-1 region was
introduced in M. bovis BCG, pointing to their role in modulat-
ing the secretory apparatus for ESAT-6 secretion [18]. RD1
encompasses the well-known early secreted antigenic target
ESAT-6 (esxA) and esxB [21] which are found to be in operon
and interact with each other [22,23]. Recently Brodin et al.,
have further identified the residues involved in the secretion,
complex-formation, virulence and immunogenicity of these
two secretory proteins [24]. The PE/PPE member Rv0915
and a M. marinum gene (homologue of Rv1787) are predicted
to be in operon with upstream PE genes (Table 3) shown to
have crucial roles in host—pathogen interaction [13,15]. Irre-
spective of whether these are surface localized or secreted, they
perhaps help the bacterium to survive under various stresses
exerted by the host. This also suggests the existence of other
secretion systems to deliver the effector proteins to host cells
[25-28].

Results of UV as well as glutaraldehyde crosslinking exper-
iments demonstrated the ability of rRv2431c and rRv2430c to
physically interact with each other. This was further confirmed
by Western blot analysis (Fig. 4A and B). UV crosslinking
(Fig. 3A) could capture only the interacting band unlike glu-
taraldehyde crosslinking, which showed both oligomeric and
interacting states (Fig. 3B). This, therefore, indicates that the
interaction between the two proteins is stronger than individ-
ual oligomer formation. The existence of the PE/PPE mainly
as hetero-tetramer (~70 kDa) rather than as oligomer was evi-
dent when the gel filtration fractions were analyzed on SDS—
PAGE (Fig. 6). Fluorescence spectra of the co-purified protein
showed that rRv2431c could bring about a change in confor-
mation of rRv2430c at as high as 2 M concentration of salt
when excited at 295 nm. rRv2431c protein does not contain



S. Tundup et al. | FEBS Letters 580 (2006) 1285-1293

any tryptophan residues and thus did not give excitation at the
particular wavelength. CD analysis of on-column refolded
rRv2431c (data not shown) and rRv2430c [17] proteins indi-
cated proper folding, with high content of a-helix, which is
in agreement with in silico prediction. However, it failed to
show interaction when the two separately purified recombinant
proteins were mixed at equimolar concentration and subjected
to crosslinking experiments (data not shown), though both the
individual proteins tend to oligomerize when subjected to
chemical crosslinking (Fig. 3A and B). The co-purified recom-
binant proteins are highly stable in vitro at room temperature
(compared to individual proteins). Likewise when the proteins
are individually expressed they go into the inclusion bodies but
are solubilized when co-expressed. These results point to the
significance of the interaction between the two proteins during
the translational processes leading to the appropriate folding
in order to remain in native states to perform biological func-
tions. It would be tempting to speculate on the impact of this
protein—protein co-operativity in modulating the host immune
function given the fact that these two members of the PE/PPE
family have immunodominant B-cell function. That such co-
operativity between in vivo co-expressed PE/PPE family of
proteins is a prelude to a likely immune sensing (quorum sens-
ing) role for these proteins is currently being investigated.
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Abstract

Helicobacter pylori is an important yet unproven etiological agent of gastric cancer. H. pylori infection
is more prevalent in developing Asian countries like India and it is usually acquired at an early age.
It has been two decades since Marshall and Warren (1984) first described curved bacilli in the
stomach of ulcer and gastritis patients. This discovery has won them the Nobel Prize recently, but
the debate whether H. pylori is a pathogen or a commensal organism is still hot. Associations with
disease-specific factors remain illusive years after the genome sequences were made available.
Cytotoxin-associated antigen A (CagA) and the so-called plasticity region cluster genes are
implicated in pathogenesis of the carcinoma of stomach. Another virulence factor VacA whose role
is still debatable, has recently been projected in pathology of gastric cancer. Studies of the evolution
through genetic variation in H. pylori populations have provided a window into the history of human
population migrations and a possible co-evolution of this pathogen with its human host. Possible
symbiotic relationships were seriously debated since the discovery of this pathogen. The debate
has been further intensified as some studies proposed H. pylori infection to be beneficial in some
humans. In this commentary, we attempt to briefly discuss about H. pylori as a human pathogen, and
some of the important issues linked to its pathophysiology in different hosts.

'We dance around in a ring and suppose, the secret sits in the middle and knows' — Robert Frost

Background

Barry J. Marshall and Robin Warren, two Australian
researchers who discovered the bacterium Helicobacter
pylori in 1982 have been awarded Nobel Prize of 2005 in
Physiology or Medicine. This 'old fashioned medical
detective work' impressed the Nobel Assembly of the
Karolinska Institute, to move away from basic research
[1,2] and to reward the research that proposes a much
controversial bacterial organism as a dangerous pathogen.
It was a long-standing dogma in the medical science that

stress and lifestyle factors lead to gastritis and peptic ulcer
disease. Warren and Marshal rebutted that dogma and
made it clear that curved bacilli called Campylobacter
pyloridis (later named as Helicobacter pylori) were the main
cause of peptic ulceration, distal gastric adenocarcinoma,
and gastric lymphoma [3]. Soon after this, H. pylori colo-
nization model became one of the best-studied examples
of pathogen evolution and its role in infection biology.
This marked also the beginning of a contest on how long
H. pylori had been colonizing human stomach, promoting
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the analogy of a symbiotic organism coevolved with its
human host.

H. pylori as a marker of human peopling and migration:
example of co-evolution

H. pylori is presumably co-evolved with its host and there-
fore, origins and expansion of multiple populations and
sub populations of H. pylori mirror ancient human migra-
tions. Ancient origins of H. pylori in the world and in India
are not clear and debatable. It is not clear how different
waves of human migrations in different continents con-
tributed to the evolution of strain diversity of H. pylori.
Our group has recently attempted to address these issues
through mapping genetic origins of H. pylori of native
Peruvians (of Amerindian ancestry) [4] and Indians (Devi
et al., unpublished data) and their genomic comparison
with hundreds of isolates from different geographic
regions. For this purpose, genetic identity of strains was
dissected by fluorescent amplified fragment length poly-
morphism (FAFLP) analysis, multilocus sequence typing
(MLST) of the housekeeping genes and the sequence anal-
yses of the babB adhesin and oipA genes. The whole cag
pathogenicity-island (cagPAlI) from these strains was also
analyzed using PCR and gene sequencing. In case of South
American H. pylori populations, it was observed that while
European genotype (hp-Europe) predominated in native
Peruvian strains, approximately 20% of these strains rep-
resented a sub-population with an Amerindian ancestry
(hsp-Amerind). However, all of these strains were shown to
harbor a complete, 'western' type cagPAl, irrespective of
their ancestral affiliation and the motifs surrounding it.
This indicated a possible acquisition of cagPAI by the hsp-
Amerind strains from the European strains, during decades
of co-colonization. These observations, therefore, sug-
gested presence of ancestral H. pylori (hsp-Amerind) in
Peruvian Amerindians, which possibly managed to sur-
vive and compete against the Spanish strains that arrived
to the New World about 500 years ago. It was suggested
that this might have happened after native Peruvian H.
pylori strains acquired cagPAl sequences, either by new
acquisition in cag-negative strains or by recombination in
cag positive Amerindian strains. In case of Indian strains,
almost all the isolates analyzed revealed a European
ancestry and belonged to MLST genogroup hp-Europe.
The cagPAI harbored by Indian strains also revealed Euro-
pean features upon PCR based analysis and whole PAI
sequencing. These observations suggest that H. pylori in
India have ancient origins in Europe (Devi et al, unpub-
lished data). These results are expected to strengthen spec-
ulations related to large-scale replacement of the ancient
indigenous people of India by Indo-Aryan nomads, bring-
ing first Neolithic practices and languages from the Fertile
Crescent.

http://www.infectagentscancer.com/content/2/1/2

H. pylori in gastric diseases

H. pylori causes peptic ulceration, gastric adenocarcinoma,
and gastric lymphoma. Gastric adenocarcinoma is the sec-
ond highest cause of cancer deaths worldwide mainly due
to high incidence, aggressive disease course, and lack of
effective treatment options leading to a death toll of one
million per annum worldwide [3]. H. pylori is implicated
in distal gastric adenocarcinoma, which is more common
than the proximal one. H. pylori also causes B cell mucosa-
associated lymphoid tissue (MALT) lymphoma of the
stomach [3] but at the same time negatively associated
with more severe forms of reflux esophagitis and its seque-
lae - Barrett's esophagus and esophageal adenocarcinoma
[5,6]. This negative correlation is the main reason that
makes H. pylori a lesser evil. There has been a recent inter-
est to look if H. pylori causes or facilitates human diseases
of the gut other than the upper gastrointestinal tract or
syndromes like idiopathic thrombocytopenic purpura
[5,6], skin diseases, liver diseases, and cardiovascular and
cerebrovascular disease. But many of these have been
associated more commonly with Helicobacters other than
H. pylori [7,8].

Bacterial encoded proinflammatory and carcinogenic
factors

Studies reveal that the risk for developing gastric carci-
noma was much greater with the H. pylori infection [9].
The cagA gene of H. pylori is the main virulence factor that
leads to the development of gastric adenocarcinoma
through derangement of cellular architecture and signal-
ing. Presence of a functional cagA gene determines the H.
pylori strain type to be aggressive or mild. The cagA-posi-
tive strains cause much intense ulceration of stomach or
duodenum and are more damaging than the cagA-nega-
tive ones [10] leading to atrophic gastritis and gastric car-
cinoma [11,12]. CagA, the effector protein product of
cagA, is tyrosine phosphorylated by SRC kinases after its
secretion on the intestinal mucosal surface [13]. EPIYA
motifs in the CagA protein sequence play a critical role in
tyrosine phosphorylation, which in turn activates a SHP2
phosphatase to act as a oncoprotein. As SHP2 helps in cell
growth and motility, its deregulation by CagA is an impor-
tant oncogenic mechanism encoded by H. pylori. CagA
based on sequence variation at the SHP2 binding site, is
sub-classified into two main epidemiological types - East-
Asian CagA (with stronger SHP2 binding and greater bio-
logical activity) and Western CagA (diminished SHP2
binding and milder ulcerative potentials). Strains with
multiple CagA tyrosine phosphorylation motifs are more
commonly associated with gastric cancer than those with
fewer C type motifs [14-16].

Incidence of infection with H. pylori carrying biologically
more active CagA might explain the high occurrence of
gastric carcinoma in some countries such as Japan and
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Korea. However, other populations with extremely high
infection rates, such as Indians have almost negligible
incidence of gastric carcinoma [17]. Possible reasons for
such strange differences of disease outcome might be
explained in the light of differences in genetic susceptibil-
ity among host populations, environmental factors such
as dietary habits, and strain differences of H. pylori.

H. pylori has a single copy of the vacA gene encoding VacA
protein, a secreted 95 kDa peptide. The vacA gene varies in
the signal sequence (alleles sla, s1b, slc, s2) and/or its
middle region (alleles m1, m2) among different H. pylori
populations. The different allotypes of s and m regions
determine the extent of cytotoxicity of VacA. Strains with
vacA genotype s1/m1 are more commonly associated with
gastric cancer than the other types [18]. Among other
functions, VacA has been shown to induce apoptosis in
epithelial cells. Recently, VacA has been proposed to be a
potent immunomodulatory toxin, targeting the adapted
immune system to suppress local immune responses to
prolong the outcome of infection and thus prevent clear-
ance by the host immune system [19]. The VacA has been
the subject of intense biochemistry but lacked solid evi-
dences that it is indeed involved in pathogenesis. A recent
study argues that VacA has a miniscule role as a virulence
factor during cell evasion by H. pylori. They showed that
the vacA null mutant of H. pylori was able to evade specific
cell lines, as did its wild type [20]. Therefore, the VacA
involvement is still part of a debate on its being a true vir-
ulence factor and awaits further investigation.

Apart from the cardinal virulence factors CagA and VacA,
several other proteins of the cagPAl, outer membrane
envelope proteins, flagellins, adhesins, neutrophil activat-
ing protein (NAP), porins, LPS, urease and some members
of the so called plasticity region cluster possibly playing
an important role in inflammatory processes.

Microevolution during colonization: can it be linked to
virulence optimization?

It has long been assumed that i) the H. pylori virulence fac-
tors are stable characteristic amid an otherwise fast evolv-
ing and recombining genome and ii) that these factors can
be linked to disease progression or outcome, at any time.
However, several reports present data against these
assumptions. Two subclones of a H. pylori strain co-colo-
nized a single patient with variations in vacA mid region,
rendering one of the two sub-clones non-toxic [21]. The
reason for this was clearly the microevolution via recom-
bination within the stomach. Our group has previously
shown a large deletion in vacA gene occurring in one of
the two isolates of a common progenitor strain in a
French patient, obtained 9 years apart [22]. This was most
probably a case of adaptation or evolution in vive. Dupli-
cation or deletion of the cagA gene has been shown by
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Aras et al., [23] in two isolates existing in one individual
and recovered 7 years apart. Kersulyte et al, have shown
complete deletion of cagPAI through recombination [24].
In addition, various genotyping methods applied to two
or more H. pylori isolates obtained from the same patient
revealed similar fingerprints, with minor differences
[25,26]. This may be possible due to the fact that two or
more isolates recovered from a patient may share an
ancestral relationship with a founder strain but have
undergone independent genomic alterations. This phe-
nomenon has been termed as 'microevolution' [25,27].
However, sequence evidence is necessary to confirm the
location and extent of microevolution and phenotypic
confirmation [16] is required to ascertain if such microev-
olution leads to alteration or optimization of virulence in
response to change in the gastric environment.

Host genetic factors in H. pylori induced carcinoma

Host factors also play an important role in predisposition
to H. pylori induced diseases and susceptibilities towards
severe pathological outcomes. The host factors relevant in
H. pylori induced diseases mainly include components of
gastric secretion system and the immune apparatus. Inter-
estingly, the gastritis and ulcer disease that result from
bacterial infection, have distinct clinical profiles and are
inversely associated with a high degree of acid secretion,
whereas, gastric cancers are associated with low acid secre-
tion due to loss of parietal cell mass [28,29]. In a recent
study involving an East Indian population, authors sug-
gested an association between the IL13 gene polymor-
phisms and H. pylori-mediated duodenal ulcer risk. They
further observed effects of specific IL1f genotypes on the
expression of IL13 mRNA in the gastric mucosa. Their in
vivo studies were further substantiated, for the first time,
by in vitro experiments, which represent the opposite
homozygous risk genotypes that were observed in duode-
nal ulcer patients [30]. So this might explain the fact that
differences in carcinogenesis risk in people from different
geographical areas might reflect differences in their
genetic make up.

The developing country enigma: Indians, diet and
predisposition to gastric cancer?

What is enigmatic about the gastric cancer scenario in
India? The answer is not simple. This country has a high
prevalence of H. pylori infections and a low risk of gastric
cancer in contrast to some of the developed countries with
a low H. pylori colonization rate like China and Japan.
India is known for a very high incidence of H. pylori infec-
tion [31,32]. Biologically inactive CagA could be a con-
tributory factor in low prevalence of gastric ulcers and
cancer in India. However, phenotyping studies based on
in vitro assessment of CagA function in Indian isolates
have not been done. In our opinion it will be inappropri-
ate to implicate CagA functionality alone. The spectrum
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and outcome of pathology in H. pylori infection is intri-
cately governed by all the three factors - virulence, host
genetics and the environment. It appears that the environ-
ment of stomach (acidity, buffering and mucus content)
governed by lifestyle factors (diet, food habits, alcohol-
ism, oral hygiene, water hygiene, personal hygiene, prox-
imity with farming communities and animals) and the
genetic determinants of susceptibility are chief drivers of
the pathological outcome. Although poverty-associated
factors (overcrowding, poor sanitation, lower socioeco-
nomic status, compromised water hygiene etc.) in coun-
tries like India facilitate high frequency of H. pylori
colonization, rapid re-colonization post eradication and
lower age of acquisition [33]; a surprising fact is that such
areas are at lowest risk of developing gastric cancer [34].
Correlation between H. pylori infection and gastric cancer
has so far been unsuccessful in India [35]. A recent study
from India involving 279 patients with gastric neoplasms
failed to show a higher prevalence of H. pylori infection in
patients with gastric neoplasms as compared to the con-
trols (101 non-ulcer dyspepsia and 355 healthy subjects)
[36]. These observations challenge the versatility of sim-
plified models of gastric carcinogenesis based on H. pylori
infection. We believe that in Indian context, diet as a
major environmental factor governs the dynamics of gas-
tric cancer demography mainly by regulating physiologi-
cal integrity of gastric mucosal niches. And that is where;
the dietary practices and lifestyle factors become impor-
tant in the context of progression from gastritis to gastric
cancer. Diets low in vegetables, fibers and fruits and high
in salt-preserved foods or salt-processed meat increase the
risk of stomach cancer [37].

Accordingly, in such situations there seems to be a differ-
ence in the distribution frequency of gastric cancer inci-
dence. The southern and eastern parts of India have higher
frequency of gastric cancer than rest of the country [38].
Rice is the staple food in south, whereas fish, meat, spices
and salts are the main food items in eastern part [37-39].
Contrastingly, the large vegetarian population in northern
India is at lower risk of gastric cancer. But the times are
changing; rapid flourish of post globalization corporate
culture brought fast foods, germ-free bottled water, pas-
teurized milk and preserved meat items to the present day
lifestyle in big Indian cities. However, it will be too early
to link it with rising gastric cancer incidences in cities in
India [39].

Conversely, low to negligible incidence of gastric cancer as
recorded for rural areas in India by the national cancer
registry [39] leads us to speculate why rural communities
have distinct advantages in terms of less damages from H.
pylori infection. It needs to be investigated if these advan-
tages are due to their diet based on fresh farm produce and
their 'friendship' with the so-called "old friends", the

http://www.infectagentscancer.com/content/2/1/2

group of bacteria that might be maintaining levels of reg-
ulatory immune cell populations and have been intri-
cately associated during most of the mammalian
evolution.
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Abstract

Background: The human gastric pathogen Helicobacter pylori is co-evolved with its host and
therefore, origins and expansion of multiple populations and sub populations of H. pylori mirror
ancient human migrations. Ancestral origins of H. pylori in the vast Indian subcontinent are
debatable. It is not clear how different waves of human migrations in South Asia shaped the
population structure of H. pylori. We tried to address these issues through mapping genetic origins
of present day H. pylori in India and their genomic comparison with hundreds of isolates from
different geographic regions.

Results: We attempted to dissect genetic identity of strains by multilocus sequence typing (MLST)
of the 7 housekeeping genes (atpA, efp, urel, ppa, mutY, trpC, yphC) and phylogeographic analysis
of haplotypes using MEGA and NETWORK software while incorporating DNA sequences and
genotyping data of whole cag pathogenicity-islands (cagPAl). The distribution of cagPAl genes within
these strains was analyzed by using PCR and the geographic type of cagA phosphorylation motif
EPIYA was determined by gene sequencing. All the isolates analyzed revealed European ancestry
and belonged to H. pylori sub-population, hpEurope. The cagPAl harbored by Indian strains revealed
European features upon PCR based analysis and whole PAI sequencing.

Conclusion: These observations suggest that H. pylori strains in India share ancestral origins with
their European counterparts. Further, non-existence of other sub-populations such as hpAfrica and
hpEastAsia, at least in our collection of isolates, suggest that the hpEurope strains enjoyed a special
fitness advantage in Indian stomachs to out-compete any endogenous strains. These results also
might support hypotheses related to gene flow in India through Indo-Aryans and arrival of Neolithic
practices and languages from the Fertile Crescent.
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Background

Analysis of genetic diversity in microorganisms normally
reflects patterns of their own evolution although it is very
rare that this can portray their hosts' evolution. Co-evolu-
tion between host and pathogens can be explained only if
pathogens are not horizontally transmitted, and this sup-
ports a possible phylogenetic and evolutionary parallel of
the host and pathogens. Sadly, in many cases frequent
horizontal transmission separates the evolution of the
bacterium from that of the host. However, for some path-
ogens, such as H. pylori [1-3], and JC viruses [4], transmis-
sion is faithfully restricted to families within specific
communities. This phenomenon has in recent times pro-
vided evidence regarding patterns of human migration
[2,4,5] in different continents.

The human gastric pathogen H. pylori is presumed to have
co-evolved with its host [6] and established itself in the
human stomach possibly millions of years ago |[7]. It has
been recognized recently as a reliable biological marker of
host-pathogen co-evolution and ancient human migra-
tion based on sequence variation in select gene loci. H.
pylori are genetically diverse to the extreme, providing
about 1,400 informative sites within 3.5 to 4.5 kb of
sequence from housekeeping genes, and their global
genetic structure based on such sequence-haplotypes par-
allels that of humans [2]. Moreover, epidemiological
studies have shown that transmission occurs predomi-
nantly within families [8-11]. H. pylori therefore, could
provide a window into human origins and migration
[1,3] and the impact of religions and social systems on
stratification of human ethnic groups [12].

A landmark study based on PCR based DNA motif analy-
sis proposed that H. pylori jumped recently from animals
to humans and, therefore, the acquisition of H. pylori by
humans may be a recent phenomenon [13]. This study
has been the basis for the idea of 'H. pylori free New World'
[13]. However, several independent studies based on
large-scale analyses of candidate gene polymorphisms
contrasted the idea of recent acquisition and suggest that
H. pylori might have co-evolved with humans [1,6,14].

Using the same set of Peruvian isolates described earlier
by Kersulyte et al. [13], Devi et al. [3], from our group have
suggested that the genetic make up of south American iso-
lates could be an admixture of ancestral and modern line-
ages of H. pylori. They clearly highlighted presence of
ancestral H. pylori in Peruvians that possibly survived
influxes of Spanish strains from Iberian expansions in
Peru about 500 years ago. Also, according to this study,
the survival advantage of indigenous strains was possibly
due to the acquisition of western type cagPAls from newly
arrived Spanish strains.
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Previous genotyping studies on Indian isolates have
largely targeted molecular epidemiological issues. How-
ever, Wirth et al. [12], for the first time, using H. pylori gen-
otypes, addressed issues such as impact of two different
religions and societal systems on stratification of human
ethnic groups [12] in the remotest north eastern Ladakh
area of India. In view of intriguing ideas on ancient origin
of H. pylori, and the fact that ancient origins and arrival of
H. pylori are hardly known in the context of the vast South
Asian continent, additional evidences based on strains
from different geographical regions of Asia are clearly
needed.

In this study, we attempted to unravel population genetic
structure and gene pool diversity of Indian isolates of H.
pylori from culturally and linguistically diverse ethnic
Indians. The main objective behinds the study has been to
explore genetic features of the strains that might explain
their ancestral origin and might help reconstruct different
waves of pre-historic human migration in India. We also
looked if it is possible to link some of the native strains to
their ancestors in West Asia, Eurasia or Europe.

Results

DNA isolates, diagnostic PCR and epidemiological
genotyping

DNA quality and purity was confirmed by agarose gel
electrophoresis and diagnostic PCRs revealed presence of
cagA, iceA, vacA, glmM, babB and oipA genes in all the
Indian isolates we tested. The molecular epidemiological
features of all the 63 strains we analyzed have been elab-
orated in Figure 1. Our isolates were quite diverse with
respect to the plasticity region ORFs that we analyzed and
no specific signature was seen dominant as regards to the
arrangement or rearrangement of these ORFs. This vali-
dated that all the isolates that we looked at were in fact
independent and did not represent any derivatives of
clonal evolution.

Specific primers amplifying different alleles (see methods
section) were used to analyze the vacA allelic diversity. The
sizes of the amplified products for vacA s1 and vacA s2
were 259 bp and 286 bp respectively. Of the 63 isolates
analyzed, the s1 allele was detected in 33 (52.3%) and the
s2 allele type was detected in 11 (17.4%) strains. The m1
variant was detected in 34 (53.9%) and the m2 variant in
37 (58.7%). The highly toxigenic vacA allele combination
s1lm1 was found to be dominant (33.3%) as compared to
other vacA allele types. The vacA genotype s1lm2 was
detected in 9 isolates (14.2%) whereas vacA s2m1 and
vacA s2m2 genotypes were detected in 4 isolates (6.3%)
each. Not all the isolates yielded full vacA amplicons, as
regions of vacA gene, in particular, the signal region posed
difficulty in amplification. This is a very common phe-
nomenon observed in H. pylori owing to frequent recom-
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Strains ID | Disease type Religion Phylogenetic placement vacA allele | cag-RJ Plasticity region ORFs
986 | 947 | 912 | 926 | 944 | 931
MS1 DU Muslim hpEurope s2m2 - -I
MS2 DU Hindu hpEurope s2m2 B [ |
MS3 DU Muslim hpEurope sTm1b llla [
MS4 DU Muslim hpEurope s1im1b llla
MS5 DU Hindu hpEurope s1m1b llla
MS6 DU Hindu hpEurope s2m2 Illb
MS7 NUD Hindu hpEurope simia llla
MS8 DU Muslim hpEurope simia IlIb
MS9 GU Muslim hpEurope s1m2 llla
MS10 PU Muslim hpEurope s1m2 b
MS11 DU Muslim hpEurope s1m2 -
MS12 NUD Muslim hpEurope s1m2 Ilib
MS13 GC Muslim hpEurope s1 -
MS14 DU Muslim hpEurope s1 llla ]
MS15 GU Muslim hpEurope sTm2 B} [T "
MS16 DU Hindu hpEurope nd Illb
MS17 DU Muslim hpEurope simia Ilib
MS18 DU Hindu hpEurope s2m1b llla
MS19 unknown Muslim hpEurope nd -
MS21 DU unknown hpEurope simia -
MS22 DU Hindu hpEurope - llla
MS24 GU Muslim hpEurope - Illa
MS26 GC Muslim hpEurope simia Ilib
MS27 NS Muslim hpEurope m1a/m1b -
MS28 DU unknown hpEurope s1 Illb
MS33 DU Hindu hpEurope simia/m1b Ilib
MS34 GU Muslim hpEurope s1imia Illb
MS37 unknown Muslim hpEurope s1m2 llla
MS38 unknown Hindu hpEurope s1m1b/ m2 -
MS40 unknown unknown hpEurope s1m2 llla
3C DU Hindu hpEurope s1m1b/m2 - -
3K PUD Muslim hpEurope s1m1a/m2 llla
3s DU Hindu hpEurope s1m1b/m2 Ilib
3E DU Muslim hpEurope s1m1b/m2 -
3G DU Muslim hpEurope s1m2 Ilib
4J CDU Hindu hpEurope s1m1b/m2 Illb
4L DU Hindu hpEurope s1m1b/m2 -
4K DU unknown hpEurope s1m1b/m2 llla _
4R DU Hindu hpEurope s2m2 -
L8 G Buddhist hpAsia2 s2 llla
L22 G Buddhist hpAsia2 m2 1]
L36 G Muslim hpAsia2 s2mia LI}
L44 G Muslim hpEurope m2 llla
L45 G Muslim hpAsia2 s2m1b 1]
L60 G Muslim hpEurope m2 1]
L67 G Muslim hpAsia2 s2mia llla
L79 G Buddhist hpAsia2 m1b llla
L133 G Buddhist hpAsia2 s2 -
L172 G Buddhist hpAsia2 s2 -
NI1133 DU Hindu hpEurope m2 Il b
NI5 GU Hindu hpEurope s1m1b/ m2 b
NI6 DU Hindu hpEurope s1m1b/ m2 b
NI7 DU Hindu hpEurope s1m2 lla
NI8 DU Hindu hpEurope s1m1b/ m2 la
AA1 DU Hindu hpEurope m1b/ m2 Il b
AA2 DU Hindu hpEurope m1b/ m2 Ma || ||
NIO1 GC Hindu hpEurope m1b/ m2 = ]
NI02 DU Hindu hpEurope m1b/ m2 la
AA5 GC Hindu hpEurope m1b/ m2 Illa
NIO3 PHT Hindu hpEurope m2 |
AA7 DU Hindu hpEurope m1b/ m2 Il a
AA8 NUD Hindu hpEurope m1b/ m2 la
NI04 NUD Hindu hpEurope m2 B || I
Figure |

Detailed characteristics of Indian H. pylori isolates used in the study. [Yellow, region amplified or present; Blue, region absent

or rearranged; -, region failed to amplify].
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Figure 2
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Neighbor joining tree (Kimura 2-parameter) (right) showing the global population structure of H. pylori wherein Indian isolates are
highlighted. The phylogenetic tree was based on a total of 23 sequence records of South and North Indian isolates while incorpo-
rating ~400 other sequence records from pubMLST database representing different H. pylori populations and sub populations in
the world. The population genetic structure was investigated by determining the multilocus haplotypes based on concatenated
sequences of seven unlinked housekeeping genes that are scattered around the H. pylori chromosome. Individual isolates were
assigned to bacterial populations called hpEastAsia (sub-populations: hspEAsia, hspMaori, hspAmerind), hpEurope, hpAfrical (hsp-
SAfrica, hspWAfrica), hpAsia2 and hpAfrica2 [I I]. Representatives from each of these (sub)-populations were chosen for subse-
quent analysis of the cagPAl. Isolates from the population hpAfrica2 do not contain cagPAl. Phylogenetic relationships were also
estimated through NETWORK analysis (left) based on 665 mutating positions that revealed the co-evolution of the H. pylori
genome. The Ladakhi (yellow) and other Indian (light green) lineages were more clearly discerned within the European (dark
green) cluster (centre box), when analyses based on the remaining 650 mutating positions were performed. For the Neighbor-
joining tree (right), the bootstrap values of the interior branches as calculated in MEGA, were significantly high to indicate the cor-

rect topology of the branches within the clades.

bination. The vacA alleles have been shown to differ in
frequency and type among East Asian isolates [15], for
instance, slc is the predominant signal sequence allele
among East Asian isolates [16]. Typically, the vacA s1c was
found to be completely absent in the Indian isolates.

Multilocus sequence analysis

We report that almost all of the H. pylori strains from India
share significant homology to the members of sub-popu-
lation hpEurope. A total of 33 MLST profiles based on
DNA sequence of a concatenated multigene comprising of
7 individual gene loci (atpA, efp, mutY, ppa, trpC, urel and
yphC) were generated from Indian isolates. Data compris-

ing of these MLST profiles were subjected to comparative
genomic analysis with ~400 other H. pylori sequences
from different geographical and ethnic groups [11]. Such
analyses upon construction of a neighbor-joining tree in
MEGA 3.1 software using Kimura-2 parameter revealed
clear geographic distribution of various H. pylori popula-
tions and sub-populations, essentially in accordance with
the previous results [1,3,17]. All the Indian isolates from
North and South India and 2 of them from Ladakh clus-
tered under hpEurope. Seventeen Ladakhi isolates clus-
tered tightly to form a separate branch, hpAsia2. Results of
MLST analysis in MEGA3.1 were successfully reproduced
using NETWORK based phylogeny, which revealed simi-

Page 4 of 11

(page number not for citation purposes)



BMC Genomics 2007, 8:184

é&% @i%f

$ G PEELEHEELEEEE & & &

http://www.biomedcentral.com/1471-2164/8/184

4K

SPE W s & 8 S8 SEIREEEE388 I & &

S8 S HEEEEE SIS HB &

Ms

40 o P angt - TR Smmmee- TS SSe coe

MS

Indo-
European
cagPAIs

=

7 East-
Asian
cagPAls

OK101

Figure 3

Comparative genomic analysis of the cagPAls from Indian isolates. A) PCR based analysis of the complete cagPAl of 5 representative

hpEurope Isolates: 3K, 4K, 3C, MS40 and MS38 from India. Overlapping PCR primers amplified the whole cagPAl indicating the intactness
of the PAl in these isolates. B) Global pair-wise alignments of whole cagPAl sequences of different H. pylori isolates were generated by
VISTA using default parameters [47]. The OK129 genome was taken as the base sequence (not shown) and rest of the sequences were
aligned against it. The X-axis denotes length of the sequence under consideration and the Y-axis conveys homology in % with the base
genome sequence). The Indian hpEurope isolate, 3K was aligned with other whole cagPAl sequences from GenBank along with the cag-
PAls of HP 26695, HPJ99 and HPAGI. The accession numbers for the public domain sequences of the cagPAls from Europe [9] and Japan
[49] that we used in our analyses, were as follows — Ca73 (AY330638 and AY330639), Du23:2 (AY330643 and AY330644), Du52:2
(AY330640, AY330641 and AY330642), F80 (AB120421), OK 112 (AB120425), F16 (AB120416), FI17 (ABI120417), F28 (AB120418), F79
(AB120420), OK101 (AB120422), OK109 (AB120424). Sequence of the French isolate, Fr 908 was determined in this study (EF195721).
While the cagPAl sequence of the Indian isolate 3K (hpEurope) was found to be genetically highly similar to and aligning closely with the
26695 sequence, it also revealed significant sequence similarities with other isolates of European origins (that harbor Western type of cag
EPIYA sequences) such as HPAGI, OK112, Du52, Du23, Ca73, J]99 and Fr908. It was however largely unrelated to the East Asian like iso-

lates (mainly harboring Asian type cag EPIYA sequences) such as F16, F28, F79, OK109, FI7, OKI0I and F80.

lar acquaintances for H. pylori in India. Mirroring the
spread of human populations from Africa, our network
analysis suggests the co-evolution of H. pylori with Homo
sapiens, as also suggested recently [6]. Both the domains of
the Network tree based on 650 (data not shown) and 665
(Figure 2, left) mutating positions clearly separated Afri-
can from non-African sequences. The second domain
seemed to harbor higher phylogenetic information, since
the resulting graph is more clearly structured, with a more
accurate separation among European, Amerindian, Asian
and Australasian lineages. The Indian H. pylori sequences

were clustered within the European portion of the net-
work, wherein the first domain identifies a separate
branch, encompassing the majority of the Ladakhi sam-
ples, as a distinct sub-population of hpAsia2 within the
European variability, and remarking the isolation of the
human host population. However, many of the Ladakhi
Muslim samples clustered in hpEurope and revealed a sig-
nificant sequence similarity to the mainland Indian sam-
ples. These results are in agreement with previous studies
on the hypervariable region of human mitochondrial
DNA that showed the common origin of European and
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Indian populations [18] and the relative homogeneity of
Indian populations regardless of their ethnic and linguis-
tic affiliation [19].

Analysis of the cagPAl and its Right Junction (R]) motifs

Overlapping primer amplification to span entire cagPAI
worked reproducibly with our isolates; Figure 3(A) reveals
complete PCR output for the ~38 kb cagPAI region in 5
representative strains MS38, MS40, 3K, 4K and 3C. All the
constituent genes of the PAI were successfully amplified
for all the Indian isolates studied. To get more insights
into composition and arrangement of the gene loci within
the PAI, complete sequencing of the cagPAI of isolate 3K
was performed. This isolate was from a patient with peptic
ulcer disease (PUD) from South India. The size of com-
plete cagPAI of this isolate was 36,876 bp with a G+C con-
tent of 35.9. The sequence composition and gene order in
the cagPAI of 3K was compared to those of the three com-
pletely sequenced strains 26695, J]99 and HPAG1 which
revealed some minor differences such as fused HP0521
and HP0522 genes due to the deletion of a single nucleo-
tide at the 3' end of HP0521. Similarly single or dinucle-
otide differences were observed in the cagX (HP0528),
cagN (HP0538) and cagE (HP0544) and most of these
insertions and deletions were observed in the intergenic
regions. Broadly, the cagPAI genes were very conserved as
regards to the amino acid sequences when compared with
at least 15 different publicly available cagPAI sequences.

cag-R] (the extreme right junction of the cagPAI, between
3' end of the cagA gene and the start of the glutamate race-
mase — glr) was studied for our 63 isolates where 99% iso-
lates harbored type III motif. A total of 47 of 63 strains
(75%) gave positive PCR results for cag-R] (Figure 1). The
type Il motif was found in 27 of 39 South Indian isolates
and 20 of 24 North Indian isolates. It is noteworthy that
cag-RJ typelll motifs are genetically close to European type
I motifs probably due to an ancient insertion event, fol-
lowed by recombinational scrambling among type I and
IIT lineages [13]. We did not find in our Indian isolates
any type II motifs, which constitute a signature character-
istic of East Asian gene pool.

Genetic relationship of Indian isolates based on cagA and
whole cagPAl sequences

A full-length cagPAI sequence based alignment was con-
structed using the Indo-European type 3K and Afro-Euro-
pean type Fro08 (French patient isolate) sequences
determined in this study, along with 15 different whole
cagPAl sequence from GenBank: Ca73, Du23: 2, Du52: 2,
F16, F17, F28, F79, F80, OK101, OK109, OK112, OK129,
26695,J99 and HPAG1. Our South Indian isolate, 3K, was
found to be aligning with the Western cagPAI sequences
(Figure 3B).
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Figure 4

Phylogenetic tree based on the 5' end sequence of the cagA
(an informative 219 bp segment of cagA was used to align
sequences from unrelated isolates) suggests possible com-
mon origins for isolates from ethnic Indians and the tribal.
Representative Indian genotypes (3K, MS4, Ms7 and MS15)
based on this 219 bp sequence clustered tightly with previ-
ously determined genotypes of strains obtained from ethnic
Bengalis [India3B (AF202219), India7A (AF202220), India9A
(AF202221), Indial 0A (AF202222), Indial 7A (AF202223),
Indial 8A (AF202224), Indial 9A (AF202225), DH140
(AY169293), DH200 (AY169294), DH29 (AY169295), DH37
(AY169296), DH60 (AY169297), DH93 (AY169298)] and
Santhal and Oraon tribals [Sant4 (AY162446), Sant53
(AY162447), Sant64 (AY162448), Sant67 (AY162449),
Sant69 (AY162450), Oraonl (AY162451), Oraonl0
(AY162452), Oraon4 (AY162453)] [20]. All the East Asian
strains [China27 (AJ252979), China29 (AJ252980), China40
(AJ252982), China48 (AJ252983), China47 (A]252985),
China59 (AJ252986), Hongkong77 (AF198485), Hongkong8|1
(AF198486), Hongkong97-42 (AF239733), Japan GC4
(AF198484), Japan32 (A]239726)], however, clustered
together and formed a separate cluster.
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We examined relatedness of the cagA gene sequences of
tribal isolates from India to the mainstream Indian iso-
lates and the European isolates by analyzing a 219 bp
informative fragment near the 5' end of cagA which usu-
ally distinguishes the European and the East Asian strains
[20]. Comparative sequence analysis was used to con-
struct phylogenetic relationship in MEGA3.1. All the
sequence records corresponding to the isolates of Santhal
and Oraon tribals revealed homologies to the main
stream Indian strains from Hyderabad, Lucknow and Ben-
gal and also to all the representative European strains.
These tribal isolates did not cluster with East Asian strains
(Figure 4).

This makes it clear that the cagPAI of Indian strains is a
completely evolved one and probably was acquired from
a European source, well before the arrival of H. pylori in
India. This is also evident from the fact that the Indian
strains, though of a European descent, do not share char-
acteristic features of Asian cagPAls.

Discussion

Although the Indian peninsula has seen many different
waves of population migration [21], the Paleolithic
archaeological evidence is not clearly visible to under-
stand peopling of this country [22]. Nonetheless, the
Indus Valley and Harappan civilizations portray foot-
prints of Neolithic period [23] suggestive of the arrival of
Indo-European speakers who established the caste system,
an anthropologically significant prehistoric event [24,25].
The cultural and historical importance of the arrival and
settlement of the Indo-Aryans is undisputed, but it is not
clear if this was established through 'replacement of the
existing people by outsiders' [22] or did the 'people
already in India changed their habits and cultures?' [22].
Such questions have never been addressed in an unambig-
uous manner, even though the potential of polymorphic
DNA markers in reconstruction of human migration and
phylogeography [26,27] has long been appreciated. It
appears that even carefully planned geographic genomics
studies remained largely speculative due to the lack of a
universal 'gold standard' as the classical mitochondrial
DNA markers offer too few informative polymorphisms
and the newly developed Y - chromosome markers are
even less polymorphic than mitochondrial hypervariable
regions [2]. Lately, new genetic models were successfully
harnessed based on parasites and pathogens that proba-
bly accompanied their human host during evolution and
much of the human history including migrations and
expansions [2,4,5] in different continents. Such
approaches constitute an attractive alternative to recon-
struct human origins and spreads, population dynamics
and bottlenecks, wars and displacements, farming and
plagues etc.
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Our study was aimed at tracking ancient origins of the
Indian H. pylori through a two-pronged approach to i)
substantiate European link of the pathogen in India and
ii) to prove that the pathogenicity island was also of Euro-
pean origin and this PAI has not been a 'recent' addition
to the genome of Indian H. pylori. Our analyses, based on
MLST and comprehensive genotyping of the cagPAl,
linked about 100% of the Indian isolates to H. pylori sub-
population hpEurope. This perhaps conveys the message
that H. pylori was most probably introduced to the Indian
subcontinent by ancient Indo-European nomadic people
and our findings, therefore, are consistent with the idea of
a possible gene flow into India with the arrival of Indo-
Aryans.

Overall, based on the MLST data (Figure 2) and the cagPAI
patterns (Figure 3), we suggest that H. pylori might have
arrived in India probably at the same time when Indo-
European language speaking people crossed into India
(~4000-10,000 years before present). Alternatively, the
unquestionable common origin of Indian strains with the
European ones could be actually more ancient, following
the upper Paleolithic spread of Homo sapiens in Eurasia, as
suggested by mtDNA variability [18], and our data on H.
pylori MLST do not rule out this possibility.

Present day India represents a 'genetic playground' with
tremendous diversity of cultures, and languages. How-
ever, the people are largely stratified as tribals and nontri-
bals [25]. Four main language families are spoken, the
largest being, Indo European (IE), which is prevalent in
North, and the second largest Dravidian (DR) group rep-
resents languages spoken in the South [28]. The other two
language groups include Tibeto-Burman (TB) of the Sino-
Tibetan and the Austro-Asiatic (AA) families, largely spo-
ken in far North and the North-east India. While most of
the IE speakers belong to castes, the majority of the tribal
communities (>450) speak about 750 different dialects
that fit within any one of the other three language families
(DR, TB, AA) [25,28]. Such an enormous cultural diversity
might argue for many different populations and sub-pop-
ulations of H. pylori. But until now, and including this
study, H. pylori with genetic features of hpEurope have
only been reported from India [29,30]. Even the newly
described sub-population hpAsia2 from Ladakh is also a
variant of hpEurope and many Ladakhi strains that we
looked at in this study, clustered with European H. pylori
clade (Figure 2). Also, the cagA sequences from H. pylori
belonging to tribal Oraon and Santhals were indistin-
guishable from those of the mainstream Indians and
Europeans (Figure 4), indicating sweeping spread of a sin-
gle H. pylori genotype across the Indian peninsula. More-
over, we did not document presence of any other H. pylori
populations and sub-populations such as hspAmerind,
hspMaori, hpAfrica and hpEast Asia in the limited, but
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representative culture collection that we looked at. How-
ever, the visible footprints of other migrations into India
such as from the North Eastern corridor and the presence
of phenotypic features resembling to Africans in the
South, make it unwise to presume an 'H. pylori free India'
at the time of arrival of Indo-European speaking invaders.
This issue and the fact that H. pylori's first association with
humans traces back to millions of years before present, in
Africa [6,17], it is more realistic to hypothesize that H.
pylori of African and Asian gene pool might have already
been present in India. The predominance of a single H.
pylori population might therefore, point to a distinct sur-
vival advantage conferred by a fully functional (western
type) cagPAl. This analogy is consistent with the scenario
we previously reported [3] for the South American, Amer-
indian strains, which were presumably out competed by
their Spanish counterparts arriving with an intact and
functional western cagPAL.

Finally, it is possible that phylogeny based on highly
recombining gene loci [15,29,31-35] may not be com-
pletely foolproof to extract inheritance from different
ancestral populations, especially when we use tools such
as MEGA 3.0 [36], which do not support admixture anal-
ysis. Moreover, phylogenetic methods based on bifurcat-
ing trees, such as Neighbor joining analysis, may not be
fully appropriate for analysis at the intra-species level
[37,38], especially in case of hypervariable genomic
regions, where multiple homoplasy due to reversions,
recurrent mutations etc., or polytomy may sometimes
confound the phylogenetic interpretation. However, the
housekeeping genes used here are selectively neutral and
uniform as compared to virulence associated loci such as
the flagellins and vacA [10], and therefore, recombinant
and hybrid alleles that blur lineage inferences, could be a
rare occurrence and not a routine. Partly in view of this
assumption and due to our previous experiences on dis-
secting complex ancestry of native Peruvian isolates using
phylogenetic methods [3] we did not attempt admixture
analysis with complicated Bayesian statistics. However, to
ensure that our conclusions did not represent shortcom-
ings of a single method, we adopted an integrated phylo-
genetic approach combining MEGA/NETWORK based
analyses and genotyping strategy based on full cagPAI and
its left and right end sequences. Interestingly, these
approaches unambiguously show the Indian H. pylori gen-
otypes scattered among the European ones. Although this
would be consistent with gene flow into India with the
Indo-Aryans, or even more ancient origins following the
Paleolithic expansion of humans in Eurasia, but also con-
sistent with another scenario: migration from India to
Europe. However, the later scenario becomes insignificant
due to the unavailability of supporting archeological, lin-
guistic and historical data. Nonetheless, an understanding
of the time-scale would be helpful for choosing between
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such explanations, with the estimation of divergence
times between the H. pylori sequences in the different
human populations. These issues therefore need to be
addressed in future.

Conclusion

In summary, we found significant overlap among genetic
identities of Indian and European H. pylori based on core
and flexible genome markers. This remarkable genetic
similarity points to their possible common genetic origins
and could therefore be potentially useful in understand-
ing entry, survival, spread and adaptation of H. pylori in
Indian stomachs. Also, this study is consistent with the
hypothesis of co-evolution of H. pylori with H. sapiens and
therefore, could form a reliable foundation to test and
reconstruct gene flow into India with the arrival of Indo-
Aryans or otherwise.

Methods

Bacterial strains, genomic DNA and diagnostic PCR

All the strains were cultured by the Centre for Liver
Research and Diagnostics, Deccan college of Medical Sci-
ences, Hyderabad, from patient biopsies. All the biopsy
material was collected with necessary ethical clearances
and after obtaining informed consents. Template DNA
was prepared from single colony picks as described previ-
ously [39]. Genomic DNAs of the 10 Ladakhi strains were
received from Mark Achtman, Max-Planck Institute fiir
Infektionsbiologie, Berlin, Germany. Genomic DNA was
isolated from strains obtained from patients with different
disease types including Duodenal Ulcer (DU); Gastric
Ulcer (GU); Gastric Cancer (GC); Gastritis (G); Non Ulcer
Dyspepsia (NUD); Peptic Ulcer Disease (PUD); Chronic
Duodenal Ulcer (CDU); Portal Hyper Tension (PHT) etc.
(Figure 1). However, in the current study, the clinical
background of the individual isolates was not taken into
account. The Indian isolates we looked at (n = 63) were
originally from Native Indian people mainly of Aryan and
Dravidian ancestry from India. PCR based analyses of
genes namely cagA, glmM, babB [14] and 0ipA were carried
out to ascertain the quality of DNA samples we used. Also
these PCR assays served as amplification level controls for
the analysis of insertion, deletion and substitution in the
cagPAI.

MLST analysis by MEGA 3.1 and NETWORK 4.2.0

A 600 bp region each from the 7 housekeeping genes
spread throughout the genome atpA, efp, urel, ppa and
mutY, trpC, yphC was amplified by PCR and sequenced for
all the Indian isolates exactly as described previously [3].
Sequencing was performed on both the strands, using an
ABI Prism 3100 DNA sequencer (Applied Biosystems,
USA). PCR and direct sequencing were performed at least
twice to determine and confirm the DNA sequences for
each isolate. Consensus sequence for each of the samples
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was generated using Genedoc (version 2.6.002). Multiple
alignments of sequenced nucleotides were carried out
using Clustal X (version 1.81). Neighbor joining trees
were constructed in MEGA 3.0 [36] using bootstrapping at
10000 bootstrap trials and through Kimura-2 parameters.
For beginning construction of phylogenetic trees based on
MLST genotyping procedures, ~400 sequences of the 7
housekeeping genes of strains belonging to different
established genotypes, including 40 sequences of isolates
from Ladakh were obtained from the pubMLST database
[40] (courtesy, Daniel Falush). The Indian H. pylori diver-
sity represented in the final MEGA3.0 alignment and the
tree thereof comprised of a total of 63 sequences inclusive
of the 10 Ladakhi sequences generated in house along
with the other 9 representative Ladakhi sequences from
the database. We performed on MLST sequence data a net-
work analysis using the program Network 4.2.0.0.
[38,41]. In particular, the median-joining algorithm for
multistate DNA data was used [42,43]. Because of a pro-
gram limitation, which cannot handle more than 1000
polymorphic sites at once, we performed the analysis sep-
arately on two halves of the sequence (encompassing
respectively 650 and 665 polymorphic sites). The input
file (in *.rdf format) was obtained using the commercial
software DNA Alignment 1.1.2.1.

Profiling of the cagA gene, the whole cagPAl and its right
junction

The 5' end of the cagA gene was amplified using primers
mentioned elsewhere [44] and the amplified products
were sequenced with forward and reverse primers. The
consensus sequences were then translated into amino acid
sequences using GeneDoc software (version 2.6.002) and
were then assigned to the Western or the East Asian group
based on the C or D repeats present respectively in the
EPIYA motif [45]. Genetic diversity of the cagA 5' end
sequences for our Indian isolates: MS15, MS7, MS4 and
3K along with 26695 and J99 were compared to the other
records from GenBank [20,30,46]. A phylogenetic neigh-
bor-joining tree was constructed by MEGA 3.1 version
using these sequences (Figure 4).

PCR analyses were carried out to find the status of the cag-
PAI using 8 sets of primers that amplified the cagA gene,
its promoter region, the cagE and cagT genes and the left
end of the cagPAI [8,29,34]. We also analyzed whole cag-
PAI of the representative isolates from India (3K, 4K, 3C,
MS40 and MS38) by PCR using overlapping primers as
described by Blomstergren and colleagues [9]. The entire
cagPAl sequence of a single representative Indian isolate
3K was determined. The complete cagPAI sequence was
aligned by VISTA programme [47] against other PAI
sequences belonging to strains 26695, J99, HPAG1 and 13
other clinical isolates corresponding to H. pylori sub-pop-
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ulations hpEurope, hpEast Asia and hpAfrical (Figure
3B).

Chromosomal rearrangements are known to give rise to 5
types of insertion-deletion and substitution motifs in the
region between the right end of cagA gene and the gluta-
mate racemase (glr) gene (cag-RJ). We assessed these rear-
rangement profiles for all of the Indian isolates by PCR as
described earlier by Kersulyte and colleagues [13].

Analysis of the chromosomal plasticity region cluster
Chromosomal plasticity region ORF's were assessed for all
the 63 Indian isolates by PCR based typing to ensure that
all the strains that we looked at were independent and
non-clonal by descent. The PCR primers and the proce-
dures used for evaluating the presence of the plasticity
region ORF's (JHP912, HP986, JHP947, JHP926, JHP944,
JHP931, JHP945 and JHP933) have been descried previ-
ously [48].

Nucleotide sequence accession numbers

The nucleotide sequences of the 7 housekeeping genes for
the 23 representative Indian isolates have been deposited
in the GenBank [Accession numbers, GenBank:
DQ504165-DQ504183 and DQ927245-DQ927248

(atpA), DQ504184-DQ504202 and DQ927249-
DQ927252  (efp), DQ504203-DQ504221  and

DA927253-DA927256 (mutY), DQ504222-DQ504240

and DQ927257-DQ927260  (ppa), DQ504241-
DQ504259 and  DQ927261-DQ927264  (trpC),
DQ504260-DQ504278 and DQ927265-DQ927268
(urel), DQ504279-DQ504297 and DQ927269-

DQ927272 (yphC)]. These sequences will also be made
available through the pubMLST database maintained at
the Max-Planck Institute fur Infektionsbiologie, Berlin,
Germany. The sequence of whole cagPAls of the represent-
ative Indian isolate 3K and the French isolate Fr908 for
which the sequence was determined in our laboratory,
have been deposited in Genbank under accession nos.
DQ985738 and EF195721 respectively. These and other
sequences can also be requested from the authors.
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