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The role of RbpA in the backdrop of M. smegmatis showed that it rescues mycobacterial RNA polymerase from
rifampicin-mediated inhibition (Dey et al., 2010; Dey et al., 2011). Paget and co-workers (Paget et al., 2001;
Newell et al., 2006) have revealed that RbpA homologs occur exclusively in actinobacteria. Newell et al.
(2006) showed that MtbRbpA, when complemented in a ΔrbpA mutant of S. coelicolor, showed a low recovery
of MIC (from 0.75 to 2 μg/ml) as compared to complementation by native RbpA of S. coelicolor (MIC increases
from 0.75 to 11 μg/ml). Our studies on MsRbpA show that it is a differential marker forM. smegmatis RNA poly-
merase as compared to E. coli RNA polymerase at IC50 levels of rifampicin. A recent sequence-based analysis by
Lane and Darst (2010) has shown that RNA polymerases from Proteobacteria and Actinobacteria have had a di-
vergent evolution. E. coli is a representative of Proteobacteria andM. smegmatis is an Actinobacterium. RbpA has
an exclusive occurrence in Actinobacteria. Since protein–protein interactions might not be conserved across dif-
ferent species, therefore, the probable reason for the indifference ofMsRbpA toward E. coli RNApolymerase could
be the lineage-specific differences between actinobacterial and proteobacterial RNA polymerases. These obser-
vations led us to ask the question as to whether the evolution of RbpA in Actinobacteria followed the same
route as that of RNA polymerase subunits from actinobacterial species. We show that the exclusivity of RbpA
in Actinobacteria and the unique evolution of RNA polymerase in this phylum share a co-evolutionary link.
Wehave addressed this issue by a blending of experimental and bioinformatics based approaches. They comprise
of induction of bacterial cultures coupled to rifampicin-tolerance, transcription assays and statistical comparison
of phylogenetic trees for different pairs of proteins in actinobacteria.

© 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 
1. Introduction

The situation inside the crowded environment of a prokaryotic cell
is a classical case of organizational complexity. Macromolecular ma-
chines like the bacterial flagellum (Pijper, 1948; Berg, 2003),
aminoacyl-tRNA synthetase (Delarue, 1995; Norcum et al., 2005), ri-
bosome (Nomura, 1973; Sykes and Williamson, 2009), RNA polymer-
ase (Ishihama, 1969; Ishihama and Ito, 1972; Ishihama et al., 1973;
Zhang et al., 1999), DNA polymerase (O'Donnell and Kornberg, 1985;
Yao and O'Donnell, 2009), bacteriorhodopsin (Kouyama et al., 1988;
Khorana, 1988), secretion systems (Galan and Collmer, 1999), and
RNA degradosome (Marcaida et al., 2006; Carpousis, 2007) can be reg-
arded as the hallmarks of self-organization in the bacterial world.
These multi-component, macromolecular complexes are ubiquitous
in all three domains of life. By the end of the 20th century, a paradigm
shift took place when Bruce Alberts (1998) described the cell as a
collection of protein machines. This replaced the conventional view
of treating bacteria as “bags of second-order chemical reactions”
(Alberts, 1984) because these macromolecular machines are now
+91 8023600535.
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well-known to form crucial, modular units of function in all cells. A
macromolecular complex is a product of an ordered assembly of
smaller subunits or proteins. This assembly results from physical in-
teractions between its constituent proteins. Inside each protein as-
sembly the intermolecular collisions, are not only restricted to a
small set of possibilities, but are also controlled in a cascade (Alberts,
1998, 1984). However, these interactions have serious implications
on the coevolution of interacting proteins as they govern major bio-
chemical pathways. That is because, if one partner's binding surface
undergoes any divergent changes then it needs to be complemented
by the interacting partner at the interface (Goh et al., 2000; Atwell
et al., 1997; Jespers et al., 1999; Moyle et al., 1994; Pazos et al.,
1997). If co-evolution does not take place, interaction between the
proteins will be lost, and consequently so would their function.

The conventional standard for judging the co-evolution of inter-
acting proteins is by comparison of their phylogenetic trees. Initial ob-
servations of qualitative similarities between phylogenetic trees have
been made in the case of interacting protein families of insulin and its
receptors (Fryxell, 1996), dockerins/cohexins (Pages et al., 1997) and
vasopressin/vasopressin receptors (van Kesteren et al., 1996). Such
qualitative assessment was substantiated later by a quantification of
the relationship between phylogenetic trees and protein interactions
in large data sets (Goh et al., 2000; Pazos and Valencia, 2008).
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Table 1
Candidate organisms from actinobacterial phylum used for initial phylogenetic
analysis.

Mycobacteria Corynebacteria Streptomyces Other

Mycobacterium
tuberculosis

Corynebacterium
aurimucosum

Streptomyces
coelicolor

Nocardia farcinica

Mycobacterium
smegmatis

Corynebacterium
diphtheriae

Streptomyces
avermitilis

Rhodococcus
opacus

Mycobacterium
leprae

Corynebacterium
urealyticum

Streptomyces
lividans

Rhodococcus
erythropolis

Mycobacterium
bovis

Corynebacterium
pseudogenitalium

Streptomyces
sviceus

Frankia alni

Corynebacterium
striatum

Tsukamurella
paurometabola

Corynebacterium
tuberculostearicum

Actinosynnema
mirum

Corynebacterium
pseudogenitalium

Gordinia
bronchialis

Corynebacterium
accolens

Segniliparus
rotundus

Corynebacterium
glutamicum

Saccharomonospora
viridis

Corynebacterium
matruchotii

Saccharopolyspora
erythrea

Corynebacterium
glucurunolyticum

Geodermitophilus
obscures

Corynebacterium
lipophiloflavum

Thermobispora
bispora

Corynebacterium
jeikium

Thermobifida fusca

Sanguibacter
keddieii
Stackerbrandita
nassauensis
Rhodococcus equi
Streptosporangium
roseum
Micromonospora
aurantica
Nocardiopsis
dassonvillie

10 A. Dey et al. / Applied & Translational Genomics 1 (2012) 9–20
Our work on the interaction between MsRbpA and mycobacterial
RNA polymerase has shown that one of the functional implications
of this interaction, is the rescue of rifampicin-mediated inhibition of
RNA polymerase activity (Dey et al., 2010, 2011). Subsequently, we
probed for a similar effect of MsRbpA on E. coli RNA polymerase.
The results showed an indifferent behavior of MsRbpA towards a heter-
ologous system of E. coli when evaluated in the backdrop of rifampicin
tolerance.

Thus, loss of function of actinobacterial MsRbpA on proteobacterial
RNA polymerase (from E. coli) hint towards a lack of interaction across
these species. This led us to a hypothesis on the existence of a co-
evolutionary link between exclusivity of RbpA in Actinobacteria and
the unique evolution of RNA polymerase in this phylum. In the work
presented here, we intend to validate this hypothesis by employing a
combination of experimental and bioinformatics based approaches.

2. Materials and methods

2.1. Bacterial strains and plasmids

M. smegmatis mc2155 is the wild type strain. SM07 is a recombi-
nant strain derived from mc2155, harboring a chromosomal hexa-
histidine tag on the rpoC gene (Mukherjee and Chatterji, 2008). RNA
polymerase from E. coli was purified from strain RL916 (gift from
Prof. Robert Landick, University of Wisconsin) (Brar et al., 2005).
Jmc2155 and JRmc2155, are the plasmid transformed versions of
mc2155, carrying the plasmids pJAM2 (Triccas et al., 1998) and
pJAM2MsRbpA (Dey et al., 2010), respectively. All M. smegmatis
strains were grown on MB7H9 media (supplemented with bacto-
agar, whenever required) along with 2% glucose and 0.05% Tween
80 (in case of liquid cultures). Jmc2155 and JRmc2155 were grown
with 25 μg/ml Kanamycin. The concentrations of rifampicin varied
from 2.5 μg/ml to 400 μg/ml. Escherichia coli strain BL21 (DE3) was
used for gene expression experiments. The protein expression and
purification experiments were carried out using E. coli strain BL21
(DE3). M. smegmatis strains Jmc2155 and JRmc2155 were induced
by adding 2% acetamide to cultures. E. coli BL21 (DE3) cells were
transformed with pETMsRbpA and induced with 1 mM IPTG in the
presence of 100 μg/ml ampicillin.

2.2. Protein purification

RNA polymerase was purified from M. smegmatis strain SM07 and
E. coli strain RL916 using protocols mentioned previously (Mukherjee
and Chatterji, 2008; Brar et al., 2005). MsRbpA was purified using Ni-
NTA affinity chromatography (Dey et al., 2010).

2.3. Transcription assays

IC50 was determined for RNA polymerase purified fromM. smegmatis
strain SM07usingmultiple-round transcription assay describedprevious-
ly (Lowe et al., 1979). For judging the effect of MsRbpA on the RNA po-
lymerase at the IC50 concentration of rifampicin, the assay buffer
comprised of 40 mM Tris HCl pH 7.8, 200 mM NaCl, 10 mM MgCl2,
0.1 mM EDTA, 14 mM β-mercaptoethanol, 200 μM each of ATP, GTP,
CTP, 50 μM of UTP, and 2 μCi of 3H-UTP (Perkin Elmer). The concentra-
tion of DMSO was maintained at 5% in all transcription reactions as a
solvent for rifampicin. The assay mix comprising of the template DNA,
enzymes and assay buffer, with/without rifampicin and with/without
MsRbpA was incubated at 37 °C for 30 min and spotted on DE81
paper (Whatman) presoaked in 5 mM EDTA to stop the reaction. The
DE81 papers were dried and washed with 5% Na2HPO4 (twice, 15 min
each) followed by autoclaved double distilled water (thrice, 10 min
each), and eventually with absolute ethanol and dried. Subsequently,
the filters were placed into scintillation vials containing toluene-based
scintillation fluid and counted by scintillation spectrometry. The
concentration of rifampicin was varied depending upon the IC50 values,
keeping the concentration of DMSO constant at 5%. The concentration of
MsRbpA in the transcription assays was varied from 2-fold to 8-fold the
concentration of RNA polymerase.

The purified MsRbpA was added to E. coli RNA polymerase in vary-
ing molar ratios at the IC50 of rifampicin (0.10 μg/ml) (Fujii et al.,
1995). The assay was carried out by the same method as mentioned
previously in case of M. smegmatis on calf-thymus DNA.

2.4. Construction of phylogenetic trees

The amino acid sequences of RbpA, β, β' subunits of RNA polymerase
and 11 other proteins were retrieved from genome sequences of organ-
isms belonging to the actinomycete phylum. The other proteins included:
α-subunit of RNA polymerase, ω-subunit of RNA polymerase, GroEL1,
GroEL2, S12 (30S ribosomal protein), Hsp70 (Heat shock proteins),
HisA (phosphoribosyl isomerase A), PyrD (di-hydro-orotate dehydroge-
nase), EF-G (elongation factor-G), IF-2 (initiation factor-2), glucose-
6-phosphate dehydrogenase. The candidate organisms from the acti-
nomycetes have been enumerated in Table 1. Multiple sequence
alignment and phylogenetic tree construction were carried out
using the software MEGA 4.0.2 (Kumar et al., 2008).

2.5. Computation of pairwise distance matrix from pairwise distances
between amino acid sequences

After qualitatitive analysis of the similarity between the phylogenetic
trees obtained from the list of species mentioned in Table 1, the quanti-
tative analyses required the computation of pairwise distances between
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pairs of amino acid sequences. The evolutionary distance between a pair
of sequences is usuallymeasured by the number of nucleotide (or amino
acid) substitutions occurring between them. Evolutionary distances are
fundamental for the study of molecular evolution and are useful for phy-
logenetic reconstructions and the estimation of divergence times. Dis-
tancematrices are further used for the calculation of correlationmatrices.

The distance matrices were calculated only for those genes that
were common among all the species mentioned in Table 1. Therefore,
the phylogenetic trees of 16S rRNA, pyruvate dehydrogenase α/β
subunits and polyketide synthase were excluded from the exercise
of distance calculation. Also, species that did not contain all the
genes were omitted to maintain uniformity. The final list of organisms
whose sequences were used for subsequent calculations are shown in
Table 2. The distance matrices were constructed using the same soft-
ware MEGA 4.0.2, which was used for the construction of the phylo-
genetic tree.

2.6. Calculation of the Pearson's coefficients of correlation among the
distance matrices

Co-evolution of genes can be quantitatively followed by measuring
the similarity scores between the sets of values. A similarity score is
obtained by calculating the Pearson's linear correlation coefficient be-
tween the two distance matrices (taking two matrices at a time). The
matrices should have the same dimensions so as to be comparable.
Therefore, as mentioned in the previous section, species that contained
all the genes in common were considered and the remaining species
were excluded. The distance matrices for the 25 species were con-
structed. The order of the pairwise distances of the 25 species was uni-
formly and stringently maintained in each matrix.

The desired pairwise combinations of the matrices were tabulated
for which correlation coefficient was to be determined. Calculations
of the Pearson's correlation were carried out using Microsoft Excel
(MSOffice 2003 edition).

2.7. Testing the significance of the Pearson's coefficients of correlation

The value of the correlation coefficients must be tested for their
statistical significance. For this we made use of the Student's t-test. A
Student's t-test is a statistical hypothesis test that follows the Student's
t distribution for validating the differences between the two sets of
values. We exploit this information to validate the correlation coeffi-
cients obtained between the various pairs of matrices.

3. Results

3.1. Effect of MsRbpA on the activities of M. smegmatis and E. coli RNA
polymerases in the presence of rifampicin at the IC50

The RNA polymerase purified from E. coli RL916 was assayed to
have a specific activity of 70 nmoles of 3H-UTP/mg/30 min, while
Table 2
List of organisms from Actinobacteria used for the quantitative analyses of phylogenetic
distances.

Mycobacterium tuberculosis Tsukamurella paurometabola

Mycobacterium smegmatis Actinosynnema mirum
Mycobacterium leprae Gordinia bronchialis
Mycobacterium bovis Segniliparus rotundus
Corynebacterium diphtheriae Saccharomonospora viridis
Corynebacterium aurimucosum Saccharopolyspora erythrea
Streptomyces coelicolor Geodermitophilus obscures
Streptomyces avermitilis Thermobispora bispora
Nocardia farcinia Thermomonospora curvata
Rhodococcus opacus Nakamurella multipartite
Rhodococcus erythropolis Salinispora arenicola
Frankia alni Thermobifida fusca
that of M. smegmatis RNA polymerase from SM07 was 64 nmoles of
3H-UTP/mg/30 min. The IC50 of E. coli RNA polymerase for rifampicin
has been previously reported as 0.10 μg/ml (Fujii et al., 1995) and that
of M. smegmatis RNA polymerase is 0.05 μg/ml (Mukherjee and
Chatterji, 2008). We tested the role of MsRbpA on E. coli RNA poly-
merase in vitro by enriching the transcription assay mixture with in-
creasing ratios of MsRbpA:RNA polymerase. The same set of assays
was carried out for M. smegmatis RNA polymerase. As can be seen in
Fig. 1, 0.10 μg/ml of rifampicin inhibited the activity of E. coli RNA po-
lymerase by 50%. WhenMsRbpAwas added in increasing molar ratios
to E. coli RNA polymerase, no recovery of activity took place (Fig. 1).
On the contrary, MsRbpA was able to rescue M. smegmatis RNA poly-
merase at the IC50 concentrations of rifampicin (Fig. 1). Since the calf
thymus DNA-based transcription assay is a non-specific method to
judge the activity, it was important to look into the in vivo role of
MsRbpA in E. coli and compare the same with M. smegmatis. This
would also give a clearer picture of any promoter-specific activity of
MsRbpA in increasing the rifampicin-tolerance levels of E. coli.

3.2. Effect of overexpression of MsRbpA on the rifampicin-tolerance of M.
smegmatis and E. coli

We chose the acetamidase promoter in order to have sufficient
overexpression to allow expression of detectable amount of protein
frommycobacterial cells. We cloned MsRbpA under acetamidase pro-
moter in pJAM2 and electroporated the construct pJAM2MsRbpA into
competent mc2155 cells. As a control, only pJAM2 vector was also
electroporated into competent mc2155 cells (Dey et al., 2010). The vec-
tor pJAM2 has a kanamycin resistance marker. The resulting strains
Jmc2155 (carrying pJAM2) and JRmc2155 (carrying pJAM2MsRbpA)
were screened for the overexpression of MsRbpA in the presence of
acetamide. The strainswere then tested at different levels of rifampicin.
The strain overexpressing MsRbpA, JRmc2155, in the inducing condi-
tions of 2% acetamide grew at rifampicin concentrations of 20 μg/ml,
40 μg/ml and 80 μg/ml, while the strain carrying pJAM2, Jmc2155, was
incapable of growing at these concentrations (Fig. 2). Thus, we found
that overexpression ofMsRbpA leads to increase in the rifampicin toler-
ance level in an otherwise rifampicin-sensitive strain carrying the vec-
tor alone.
Fig. 1. Assessment of the role of MsRbpA on transcription activity of E. coli RNA Poly-
merase (RNAP) from RL916 (light shade) and M. smegmatis RNAP from SM07 (dark
shade), at IC50 concentration of rifampicin (0.10 μg/ml for E. coli RNAP and 0.05 μg/ml
for M. smegmatis RNAP). The bar-graph has been annotated with respect to the condi-
tions of the assay. It can be seen that MsRbpA rescues the transcription activity of RNAP
from M. smegmatis in presence of rifampicin, but is indifferent towards E. coli RNAP
under similar conditions.



Fig. 2.MB 7H9 broth cultures of Jmc2155 and JRmc2155 cells were grown in presence of
rifampicin (0, 10, 20, 40 and 80 μg/ml; shown in white) under inducing conditions of
2% acetamide. The surviving cells were pelleted, resuspended in 5 μl of LB and patched
onto LB agar plates supplemented with 25 μg/ml of kanamycin and 2% glucose. The
plates were scanned after 24 h of incubation at 37 °C. The M. smegmatis strain over-
expressing MsRbpA (JRmc2155) showed increase in MIC value for rifampicin as com-
pared to the strain housing the vector backbone (Jmc2155) only.

Fig. 3. A: Broth cultures of E. coli BL21 (DE3) cells, transformed with pETMsRbpA, were
grown in LB (with IPTG) to OD600=0.3. One set was not induced with IPTG (upper
panel) and one set was induced with 1 mM IPTG (lower panel). Serial, ten-fold dilu-
tions were spotted (5 μl) onto LB agar plates supplemented with 100 μg/ml of ampicil-
lin. Two series of plates for each set of broth cultures were made, one supplemented
with 1 mM IPTG and the other without IPTG. A gradient of rifampicin was maintained
(0 μg/ml, 4 μg/ml, 8 μg/ml, 16 μg/ml, 32 μg/ml and 64 μg/ml). The plates were scanned
after 16 h of incubation at 37 °C. None of the tested series (under inducing conditions)
showed any increase in MIC values for rifampicin.B: The expression state of MsRbpA in
E. coli BL21 (DE3) transformed with pETMsRbpA. The results show the 15% SDS-PAGE
expression analyses of MsRbpA for the series of experiments shown in the lower
panel of Fig. 3A. Lane 1 = protein marker (kDa); Lane 2 = broth culture induced
with 1 mM IPTG; Lanes 3, 5, and 7 = culture from LB agar with 1 mM IPTG; Lanes 4,
6, and 8 = culture from LB Agar with no IPTG.
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The expression of MsRbpA in pETMsRbpA is under the control of
T7-promoter fused with lac operator, therefore, it can act as a genetic
switch to direct the expression of MsRbpA in E. coli BL21 (DE3). For
this purpose, we transformed E. coli BL21 (DE3) cells with pET-
MsRbpA. Subsequently, we grew the transformed E. coli BL21 cells
under inducing conditions (1 mM IPTG). The cells from these two
sets were plated onto LB agar plates (with 100 μg/ml ampicillin).
The plates contained a gradient of rifampicin (0 μg/ml, 4 μg/ml, 8 μg/
ml, 16 μg/ml, 32 μg/ml and 64 μg/ml). However, as can be seen from
Fig. 3A that overexpression of MsRbpA does not result in an increase
in the MIC value of rifampicin for E. coli. At this point of time, it can be
questioned as to whether any expression of MsRbpA actually took
place in E. coli when the growth was taking place in IPTG. In parallel,
it needs to be shown that there was a switch-off in the expression of
MsRbpA in the absence of IPTG. Therefore, the growing colonies
(shown in Fig. 3A) were picked, lysed and analyzed on a 15% SDS-
PAGE. Fig. 3B depicts the results of MsRbpA in a switched-on or
switched-off state. Lanes 4, 6, and 8 show the expression of MsRbpA
in a switched-off state, while lanes 3, 5 and 7 show its expression in
a switched-on state.

The probable reasons for this indifference on the part of MsRbpA
could be:

a) Exclusivity of RbpA in actinobacteria or absence of RbpA-like pro-
teins in E. coli (Paget et al., 2001; Newell et al., 2006).

b) Proteobacterial RNA polymerases show divergence from actino-
bacterial RNA polymerases in their phylogenetic trees (Lane and
Darst, 2010).

Thus, loss of function of actinobacterial MsRbpA on proteo-
bacterial RNA polymerase (from E. coli) hint towards a lack of interac-
tion across these species. Additionally, we have proof that RbpA
interacts with RNA polymerase in Streptomyces coelicolor (Newell
et al., 2006) and MsRbpA interacts with RNA polymerase in M.
smegmatis (Dey et al., 2010, 2011). Also MtbRbpA had a partial effect
on increasing the MIC of rifampicin for a ΔrbpA strain of S. coelicolor,
indicating a limited conservation of interaction among actinomycetes
(Newell et al., 2006).
3.3. Co-evolution of RNA polymerase and RbpA in Actinobacteria

Co-evolution is prevalent in species at the organismic andmolecular
levels. It stands as an important function in the evolution of species and
manifests itself in the host–parasite and predator–prey interactions.
Proteins and their interacting partners also form important pairs that
must co-evolve to maintain their specificity. The sequence changes in
one partner must be complemented by corresponding changes in the
other partner so as to maintain its functionality. Otherwise the interac-
tion between the proteins is lost along with its function. Evolutionary
studies on interacting proteins have also revealed the co-evolution of
binding partners (Goh et al., 2000). The same approach was extrap-
olated in our study of the co-evolution of RbpA with actinobacterial
RNA polymerase using bioinformatics approaches. As a control, phy-
logenetic trees of 9 other genes (apart from RbpA and the subunits of
actinobacterial RNA polymerase) were constructed. These genes

image of Fig.�2
image of Fig.�3
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included, glucose-6-phosphate dehydrogenase, GroEL1, GroEL2 and
the six other anciently conserved proteins (Lake et al., 2009).

Phylogenetic analysis has shown that the trees of RbpA, RNA po-
lymerase β and RNA polymerase β' subunits (Fig. 4A, B, and C) share
Fig. 4. A. Phylogenetic tree of RbpA in Actinobacteria.B: Phylogenetic tree of RNA polyme
Actinobacteria.D: Phylogenetic tree of RNA polymerase α-subunit.E: Phylogenetic tree of RNA
phosphate dehydrogenase in Actinobacteria.
a similarity in their appearance. As a control, the phylogenetic tree
for the gene glucose-6-phosphate dehydrogenase (from same set
of species) did not show a similar appearance (Fig. 4G). We have
also analyzed the phylogenetic trees of RNA polymerase subunits α
rase β-subunit in Actinobacteria.C: Phylogenetic tree of RNA polymerase β'-subunit in
polymerase ω-subunit.F: Phylogenetic tree of GroEL1.G: Phylogenetic tree of glucose-6-

image of Fig.�4


Fig. 4 (continued).
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andω, GroEL1 (Fig. 4D, E and F) as well as other genes (as mentioned
in the Materials andmethods; see Supplementary material). In order
to ascertain that the observed similarity was not anecdotal, it was
important to calculate the statistical relationship between tree
similarities. For this purpose, we computed the pairwise distances
between the members of each phylogenetic tree (for the same set
of species; the values of the phylogenetic distances have been enlist-
ed in Table 3A to D). Similar data analyses were carried out for

image of Fig.�4


Table 3
A to G. Distance matrices for phylogenetic trees of RbpA, RNA polymerase β-subunit, RNA polymerase β'-subunit RNA polymeraseα-subunit, RNA polymeraseω-subunit, GroEL1 and glucose-6-phosphate dehydrogenase from the selected actinobacterial
species (the numbers in the matrices represent the following species: 1.Mycobacterium tuberculosis; 2.Mycobacterium smegmatis; 3.Mycobacterium leprae; 4.Mycobacterium bovis; 5. Corynebacterium diphtheria; 6. Corynebacterium aurimucosum; 7. Strep-
tomyces coelicolor; 8. Streptomyces avermitilis; 9. Nocardia farcinica; 10. Rhodococcus opacus; 11. Rhodococcus erythropolis; 12. Frankia alni, 13. Tsukamurella paurometabola; 14. Actinosynnema mirum; 15. Gordinia bronchialis; 16. Segniliparus rotundus; 17.
Saccharomonospora viridis; 18. Saccharopolyspora erythrea; 19. Geodermitophilus obscures; 20. Thermobispora bispora; 21. Thermonospora curvata; 22. Nakamurella multipartite; 23. Salinospora arenicola; 24. Thermobifida fusca).

A: Pairwise phylogenetic distances for RbpA in Actinobacteria

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.089
[2] 0.032 0.101
[3] 0 0.089 0.032
[4] 0.339 0.384 0.369 0.339
[5] 0.416 0.432 0.449 0.416 0.213
[6] 0.536 0.592 0.573 0.536 0.518 0.536
[7] 0.536 0.592 0.573 0.536 0.518 0.536 0
[8] 0.174 0.174 0.213 0.174 0.309 0.384 0.592 0.592
[9] 0.213 0.149 0.226 0.213 0.324 0.416 0.573 0.573 0.149
[10] 0.267 0.187 0.281 0.267 0.339 0.369 0.554 0.554 0.213 0.077
[11] 0.592 0.611 0.631 0.592 0.672 0.693 0.416 0.416 0.611 0.592 0.592
[12] 0.174 0.124 0.187 0.174 0.354 0.432 0.573 0.573 0.161 0.137 0.187 0.592
[13] 0.354 0.384 0.4 0.354 0.483 0.554 0.5 0.5 0.369 0.384 0.4 0.536 0.369
[14] 0.295 0.281 0.309 0.295 0.369 0.4 0.592 0.592 0.267 0.267 0.281 0.573 0.213 0.432
[15] 0.267 0.239 0.281 0.267 0.324 0.416 0.5 0.5 0.213 0.239 0.239 0.554 0.253 0.449 0.309
[16] 0.369 0.432 0.384 0.369 0.483 0.611 0.449 0.449 0.432 0.432 0.466 0.536 0.416 0.226 0.536 0.483
[17] 0.354 0.416 0.4 0.354 0.449 0.573 0.432 0.432 0.369 0.416 0.449 0.536 0.4 0.137 0.449 0.432 0.187
[18] 0.466 0.483 0.518 0.466 0.611 0.672 0.536 0.536 0.5 0.5 0.536 0.432 0.536 0.483 0.592 0.554 0.536 0.483
[19] 0.518 0.573 0.554 0.518 0.672 0.693 0.432 0.432 0.611 0.611 0.592 0.416 0.631 0.518 0.592 0.573 0.432 0.5 0.554
[20] 0.631 0.651 0.651 0.631 0.693 0.759 0.466 0.466 0.693 0.631 0.631 0.416 0.693 0.592 0.693 0.651 0.466 0.536 0.536 0.281
[21] 0.449 0.4 0.466 0.449 0.536 0.672 0.573 0.573 0.449 0.4 0.466 0.518 0.416 0.384 0.483 0.483 0.339 0.339 0.554 0.518 0.5
[22] 0.483 0.536 0.518 0.483 0.573 0.651 0.466 0.466 0.554 0.554 0.592 0.483 0.536 0.432 0.573 0.573 0.416 0.384 0.432 0.5 0.536 0.466
[23] 0.483 0.536 0.518 0.483 0.573 0.651 0.466 0.466 0.554 0.554 0.592 0.483 0.536 0.432 0.573 0.573 0.416 0.384 0.432 0.5 0.518 0.466 0.011
[24] 0.573 0.592 0.631 0.573 0.611 0.611 0.466 0.466 0.592 0.573 0.573 0.466 0.651 0.536 0.631 0.611 0.518 0.536 0.466 0.339 0.295 0.536 0.518 0.518

B: Pairwise phylogenetic distances for RNA polymerase β-subunit in Actinobacteria
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.074
[2] 0.041 0.069
[3] 0 0.074 0.041
[4] 0.248 0.239 0.249 0.248
[5] 0.248 0.227 0.24 0.248 0.154
[6] 0.248 0.247 0.25 0.248 0.313 0.316
[7] 0.244 0.242 0.247 0.244 0.31 0.307 0.042
[8] 0.113 0.106 0.108 0.113 0.226 0.225 0.232 0.224
[9] 0.121 0.091 0.116 0.121 0.239 0.229 0.243 0.236 0.086
[10] 0.124 0.102 0.116 0.124 0.236 0.229 0.247 0.235 0.099 0.035
[11] 0.215 0.213 0.219 0.215 0.299 0.305 0.174 0.174 0.212 0.216 0.231
[12] 0.136 0.108 0.126 0.136 0.237 0.229 0.25 0.25 0.13 0.113 0.121 0.235
[13] 0.171 0.153 0.164 0.171 0.265 0.259 0.224 0.224 0.15 0.148 0.149 0.196 0.178
[14] 0.143 0.108 0.123 0.143 0.241 0.233 0.265 0.259 0.123 0.104 0.115 0.234 0.112 0.162
[15] 0.141 0.124 0.134 0.141 0.251 0.239 0.251 0.25 0.13 0.119 0.13 0.225 0.147 0.173 0.146
[16] 0.174 0.171 0.179 0.174 0.27 0.269 0.243 0.249 0.166 0.177 0.177 0.215 0.186 0.14 0.193 0.186
[17] 0.159 0.143 0.151 0.159 0.26 0.251 0.222 0.223 0.139 0.147 0.153 0.178 0.169 0.095 0.162 0.179 0.126
[18] 0.202 0.195 0.197 0.202 0.294 0.282 0.202 0.194 0.195 0.204 0.213 0.173 0.218 0.166 0.22 0.205 0.21 0.178
[19] 0.222 0.228 0.218 0.222 0.308 0.291 0.162 0.166 0.216 0.234 0.232 0.146 0.237 0.199 0.247 0.242 0.224 0.19 0.195
[20] 0.229 0.234 0.231 0.229 0.308 0.308 0.167 0.164 0.222 0.241 0.236 0.134 0.245 0.2 0.243 0.241 0.22 0.199 0.172 0.111
[21] 0.197 0.192 0.197 0.197 0.291 0.288 0.255 0.245 0.194 0.186 0.194 0.212 0.2 0.179 0.202 0.206 0.193 0.177 0.19 0.225 0.216
[22] 0.236 0.235 0.24 0.236 0.3 0.299 0.218 0.217 0.223 0.231 0.234 0.177 0.243 0.2 0.258 0.231 0.227 0.192 0.186 0.207 0.193 0.231
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Table 3 (continued)

A: Pairwise phylogenetic distances for RbpA in Actinobacteria

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[23] 0.227 0.228 0.233 0.227 0.295 0.288 0.214 0.213 0.219 0.225 0.231 0.165 0.236 0.195 0.243 0.219 0.22 0.186 0.18 0.2 0.18 0.22 0.025
[24] 0.24 0.248 0.243 0.24 0.305 0.308 0.19 0.187 0.228 0.241 0.239 0.176 0.249 0.241 0.26 0.247 0.235 0.236 0.218 0.139 0.121 0.255 0.217 0.213

C: Pairwise phylogenetic distances for RNA polymerase β'-subunit from Actinobacteria
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.08
[2] 0.038 0.096
[3] 0 0.08 0.038
[4] 0.275 0.275 0.286 0.275
[5] 0.273 0.275 0.285 0.273 0.19
[6] 0.312 0.311 0.322 0.312 0.406 0.403
[7] 0.314 0.314 0.326 0.314 0.412 0.405 0.029
[8] 0.102 0.091 0.112 0.102 0.272 0.286 0.297 0.3
[9] 0.118 0.105 0.123 0.118 0.285 0.294 0.301 0.304 0.071
[10] 0.124 0.109 0.126 0.124 0.288 0.299 0.304 0.305 0.082 0.031
[11] 0.29 0.288 0.295 0.29 0.392 0.402 0.225 0.229 0.282 0.279 0.277
[12] 0.128 0.128 0.142 0.128 0.269 0.282 0.305 0.308 0.11 0.12 0.128 0.292
[13] 0.218 0.204 0.22 0.218 0.305 0.329 0.295 0.299 0.192 0.178 0.186 0.29 0.218
[14] 0.129 0.133 0.145 0.129 0.286 0.284 0.312 0.311 0.115 0.116 0.121 0.294 0.112 0.219
[15] 0.156 0.158 0.167 0.156 0.281 0.291 0.345 0.346 0.152 0.163 0.17 0.325 0.144 0.246 0.158
[16] 0.204 0.194 0.213 0.204 0.312 0.32 0.291 0.293 0.179 0.181 0.189 0.275 0.212 0.154 0.21 0.232
[17] 0.201 0.194 0.203 0.201 0.319 0.333 0.282 0.281 0.175 0.17 0.179 0.273 0.195 0.157 0.203 0.226 0.158
[18] 0.276 0.267 0.28 0.276 0.382 0.378 0.228 0.234 0.269 0.269 0.269 0.24 0.279 0.255 0.285 0.312 0.26 0.243
[19] 0.323 0.318 0.332 0.323 0.389 0.398 0.205 0.212 0.308 0.318 0.325 0.246 0.319 0.304 0.322 0.339 0.293 0.298 0.267
[20] 0.31 0.304 0.318 0.31 0.396 0.396 0.206 0.213 0.303 0.31 0.31 0.229 0.312 0.301 0.311 0.33 0.288 0.288 0.25 0.133
[21] 0.253 0.247 0.263 0.253 0.339 0.362 0.319 0.331 0.245 0.255 0.267 0.302 0.258 0.255 0.272 0.279 0.247 0.247 0.292 0.329 0.327
[22] 0.296 0.296 0.309 0.296 0.397 0.39 0.264 0.271 0.296 0.305 0.304 0.276 0.298 0.28 0.315 0.331 0.287 0.285 0.238 0.274 0.264 0.311
[23] 0.296 0.297 0.311 0.296 0.397 0.391 0.261 0.268 0.297 0.306 0.305 0.275 0.3 0.28 0.317 0.333 0.287 0.285 0.239 0.27 0.261 0.309 0.009
[24] 0.337 0.333 0.345 0.337 0.419 0.422 0.234 0.242 0.335 0.339 0.341 0.26 0.34 0.332 0.343 0.361 0.316 0.314 0.282 0.173 0.162 0.356 0.281 0.279

D: Pairwise distances for RNA polymerase α subunit
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.053
[2] 0.497 0.487
[3] 0 0.053 0.497
[4] 0.604 0.582 0.48 0.604
[5] 0.56 0.546 0.48 0.56 0.231
[6] 0.361 0.352 0.477 0.361 0.497 0.497
[7] 0.37 0.361 0.457 0.37 0.514 0.511 0.049
[8] 0.47 0.467 0.304 0.47 0.391 0.376 0.432 0.425
[9] 0.095 0.093 0.497 0.095 0.571 0.539 0.352 0.346 0.461
[10] 0.097 0.086 0.487 0.097 0.564 0.532 0.344 0.338 0.457 0.027
[11] 0.175 0.175 0.504 0.175 0.582 0.571 0.37 0.352 0.467 0.18 0.173
[12] 0.111 0.097 0.497 0.111 0.571 0.542 0.361 0.361 0.467 0.093 0.097 0.19
[13] 0.125 0.123 0.487 0.125 0.597 0.575 0.367 0.355 0.457 0.139 0.139 0.17 0.139
[14] 0.102 0.088 0.497 0.102 0.578 0.557 0.346 0.349 0.47 0.091 0.088 0.188 0.111 0.149
[15] 0.109 0.113 0.504 0.109 0.586 0.539 0.344 0.338 0.457 0.091 0.093 0.188 0.12 0.166 0.111
[16] 0.132 0.137 0.501 0.132 0.586 0.542 0.37 0.37 0.464 0.166 0.156 0.175 0.153 0.1 0.168 0.178
[17] 0.142 0.144 0.497 0.142 0.589 0.578 0.338 0.344 0.477 0.156 0.156 0.175 0.163 0.111 0.156 0.178 0.118
[18] 0.144 0.137 0.477 0.144 0.575 0.567 0.332 0.323 0.464 0.142 0.139 0.151 0.142 0.12 0.146 0.158 0.139 0.12
[19] 0.361 0.361 0.497 0.361 0.525 0.525 0.26 0.257 0.464 0.358 0.358 0.361 0.358 0.37 0.352 0.346 0.358 0.358 0.364
[20] 0.391 0.379 0.507 0.391 0.532 0.539 0.252 0.247 0.454 0.376 0.376 0.373 0.364 0.376 0.364 0.361 0.367 0.355 0.358 0.19
[21] 0.134 0.125 0.48 0.134 0.567 0.549 0.341 0.332 0.444 0.134 0.132 0.173 0.139 0.102 0.144 0.168 0.116 0.137 0.12 0.344 0.364
[22] 0.188 0.18 0.48 0.188 0.567 0.567 0.341 0.338 0.477 0.188 0.188 0.163 0.18 0.158 0.183 0.213 0.18 0.178 0.134 0.352 0.361 0.163
[23] 0.19 0.183 0.484 0.19 0.564 0.567 0.344 0.341 0.474 0.19 0.19 0.163 0.183 0.161 0.185 0.215 0.183 0.18 0.137 0.355 0.364 0.166 0.004
[24] 0.388 0.385 0.487 0.388 0.511 0.532 0.252 0.241 0.444 0.379 0.373 0.379 0.394 0.394 0.382 0.367 0.388 0.376 0.394 0.255 0.244 0.388 0.388 0.385
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Table 3 (continued)

A: Pairwise phylogenetic distances for RbpA in Actinobacteria

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

E: Pairwise distances for RNA polymerase ω subunit
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.053
[2] 0.026 0.08
[3] 0 0.053 0.026
[4] 0.331 0.386 0.368 0.331
[5] 0.296 0.349 0.296 0.296 0.137
[6] 0.331 0.368 0.368 0.331 0.445 0.425
[7] 0.331 0.368 0.368 0.331 0.445 0.425 0.026
[8] 0.094 0.094 0.123 0.094 0.405 0.368 0.349 0.349
[9] 0.053 0.039 0.08 0.053 0.386 0.349 0.349 0.349 0.08
[10] 0.053 0.053 0.08 0.053 0.386 0.349 0.331 0.331 0.066 0.039
[11] 0.262 0.296 0.296 0.262 0.405 0.349 0.094 0.108 0.279 0.279 0.262
[12] 0.094 0.094 0.094 0.094 0.405 0.368 0.386 0.386 0.137 0.08 0.094 0.349
[13] 0.137 0.182 0.167 0.137 0.296 0.331 0.296 0.296 0.198 0.182 0.167 0.246 0.23
[14] 0.08 0.053 0.08 0.08 0.425 0.349 0.386 0.386 0.108 0.053 0.066 0.314 0.094 0.167
[15] 0.182 0.214 0.214 0.182 0.386 0.331 0.368 0.368 0.23 0.214 0.198 0.279 0.262 0.198 0.23
[16] 0.137 0.182 0.167 0.137 0.296 0.331 0.296 0.296 0.198 0.182 0.167 0.246 0.23 0.053 0.198 0.198
[17] 0.152 0.198 0.182 0.152 0.349 0.349 0.314 0.314 0.214 0.198 0.152 0.262 0.246 0.039 0.182 0.198 0.08
[18] 0.262 0.279 0.296 0.262 0.368 0.349 0.182 0.198 0.296 0.262 0.262 0.152 0.279 0.246 0.296 0.314 0.246 0.262
[19] 0.331 0.386 0.368 0.331 0.465 0.425 0.246 0.23 0.425 0.386 0.405 0.182 0.425 0.314 0.405 0.349 0.331 0.349 0.279
[20] 0.368 0.405 0.405 0.368 0.486 0.465 0.262 0.262 0.425 0.405 0.405 0.246 0.465 0.314 0.425 0.368 0.314 0.349 0.279 0.198
[21] 0.214 0.246 0.246 0.214 0.331 0.368 0.296 0.296 0.262 0.23 0.23 0.246 0.279 0.167 0.279 0.314 0.182 0.214 0.214 0.386 0.368
[22] 0.349 0.349 0.349 0.349 0.405 0.386 0.23 0.214 0.368 0.349 0.349 0.182 0.386 0.296 0.349 0.368 0.279 0.331 0.198 0.246 0.262 0.314
[23] 0.349 0.349 0.349 0.349 0.405 0.386 0.23 0.214 0.368 0.349 0.349 0.182 0.386 0.296 0.349 0.368 0.279 0.331 0.198 0.246 0.262 0.314 0
[24] 0.331 0.368 0.368 0.331 0.425 0.425 0.23 0.23 0.386 0.368 0.368 0.182 0.425 0.262 0.386 0.331 0.262 0.296 0.23 0.152 0.108 0.314 0.214 0.214

F: Pairwise distances for GroEL1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.053
[2] 0.497 0.487
[3] 0 0.053 0.497
[4] 0.604 0.582 0.48 0.604
[5] 0.56 0.546 0.48 0.56 0.231
[6] 0.361 0.352 0.477 0.361 0.497 0.497
[7] 0.37 0.361 0.457 0.37 0.514 0.511 0.049
[8] 0.47 0.467 0.304 0.47 0.391 0.376 0.432 0.425
[9] 0.095 0.093 0.497 0.095 0.571 0.539 0.352 0.346 0.461
[10] 0.097 0.086 0.487 0.097 0.564 0.532 0.344 0.338 0.457 0.027
[11] 0.175 0.175 0.504 0.175 0.582 0.571 0.37 0.352 0.467 0.18 0.173
[12] 0.111 0.097 0.497 0.111 0.571 0.542 0.361 0.361 0.467 0.093 0.097 0.19
[13] 0.125 0.123 0.487 0.125 0.597 0.575 0.367 0.355 0.457 0.139 0.139 0.17 0.139
[14] 0.102 0.088 0.497 0.102 0.578 0.557 0.346 0.349 0.47 0.091 0.088 0.188 0.111 0.149
[15] 0.109 0.113 0.504 0.109 0.586 0.539 0.344 0.338 0.457 0.091 0.093 0.188 0.12 0.166 0.111
[16] 0.132 0.137 0.501 0.132 0.586 0.542 0.37 0.37 0.464 0.166 0.156 0.175 0.153 0.1 0.168 0.178
[17] 0.142 0.144 0.497 0.142 0.589 0.578 0.338 0.344 0.477 0.156 0.156 0.175 0.163 0.111 0.156 0.178 0.118
[18] 0.144 0.137 0.477 0.144 0.575 0.567 0.332 0.323 0.464 0.142 0.139 0.151 0.142 0.12 0.146 0.158 0.139 0.12
[19] 0.361 0.361 0.497 0.361 0.525 0.525 0.26 0.257 0.464 0.358 0.358 0.361 0.358 0.37 0.352 0.346 0.358 0.358 0.364
[20] 0.391 0.379 0.507 0.391 0.532 0.539 0.252 0.247 0.454 0.376 0.376 0.373 0.364 0.376 0.364 0.361 0.367 0.355 0.358 0.19
[21] 0.134 0.125 0.48 0.134 0.567 0.549 0.341 0.332 0.444 0.134 0.132 0.173 0.139 0.102 0.144 0.168 0.116 0.137 0.12 0.344 0.364
[22] 0.188 0.18 0.48 0.188 0.567 0.567 0.341 0.338 0.477 0.188 0.188 0.163 0.18 0.158 0.183 0.213 0.18 0.178 0.134 0.352 0.361 0.163
[23] 0.19 0.183 0.484 0.19 0.564 0.567 0.344 0.341 0.474 0.19 0.19 0.163 0.183 0.161 0.185 0.215 0.183 0.18 0.137 0.355 0.364 0.166 0.004
[24] 0.388 0.385 0.487 0.388 0.511 0.532 0.252 0.241 0.444 0.379 0.373 0.379 0.394 0.394 0.382 0.367 0.388 0.376 0.394 0.255 0.244 0.388 0.388 0.385

G: Pairwise phylogenetic distances for glucose-6-phosphate dehydrogenase from Actinobacteria
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

[1] 0.098
[2] 0.114 0.142

(continued on next page)
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the remaining set of trees obtained from the phylogenetic analyses
of the other genes (mentioned in Materials and methods; see
Supplementary material).

The distance matrices were then arrayed alongside each other and
Pearson's coefficient of correlation was calculated for each pair of
distance matrices. Statistical values were tabulated and analyzed for
their significance using Student's t-test (Tables 4 and 5). Similar
work carried out on the phylogenetic trees of NuoE and NuoF sub-
units of the E. coli NADH dehydrogenase complex displayed a discern-
ible similarity (0.86 in a 0–1 scale). The two subunits interact tightly
as observed in the crystal structure of the complex (PDB id: 2fug). A
similar range of values were observed for the subunits of RNA
polymerase in actinobacteria, when compared with each other
(Table 6). From Table 7, we observed that correlation coefficient
between RbpA and the different subunits of actinobacterial RNA
polymerase are 0.82 (for α and RbpA), 0.85 (for β and RbpA),
0.89 (for β' and RbpA) and 0.81 (for ω and RbpA). So the phyloge-
netic trees of RbpA and RNA polymerase subunits showed a strong
correlation between them. Therefore, co-evolution of these inter-
acting proteins, i.e., RbpA and RNA polymerase, gets strongly em-
phasized here. The important observation to be noted here is that
the phylogenetic trees of EF-G and ribosomal protein S12 share
very low correlation with RbpA (Table 8). This low correlation is
sustained when they are compared with RNA polymerase subunits
also. On the other hand, the phylogenetic trees of Hsp70 and IF-2
show a high degree of correlation with RbpA, but again, it can be
seen that they share a high degree of correlation with the trees of
RNA polymerase subunits also. This relationship appears to be
reflexive in the case of these proteins.

A final validation of correlation coefficients was done to ensure
positive correlation between the trees. Therefore, correlation coeffi-
cients were tested to check their significance.

3.4. Significance of the value of correlation coefficient

The calculated value of ‘t’ is compared with the table value of ‘t’ at
α=0.05 and 298° of freedom i.e. 1.64. Since, the calculated value is
greater than the table t-value, the null hypothesis is rejected. In
other words, the alternate hypothesis is accepted. So the phylogenetic
distance matrices are significantly correlated.

The Pearson's correlation coefficients and the Student's ‘t’ test
values, both approve the hypothesis that the two interacting proteins,
viz. RbpA and RNA polymerase have co-evolved during the course of
evolution in actinobacteria.

4. Discussion

We have reported previously (Dey et al., 2010, 2011) that MsRbpA
rescues mycobacterial RNA polymerase from the transcription inhibi-
tion caused by rifampicin in vitro. As a corroboration of this work, it
was shown previously (Dey et al., 2010) and in the present study,
that the induction of MsRbpA in vivo causes an increase in the
rifampicin-tolerance levels (MIC) of M. smegmatis.

In this manuscript, we report the assessment of MsRbpA for its
role in phenotypic tolerance to rifampicin in a heterologous system
of E. coli. The results both in vitro and in vivo, have shown that the res-
cuing effect from rifampicin is not shown on E. coli RNA polymerase
and on the intrinsic rifampicin-resistance level of E. coli. These results,
in spite of being negative, might have implications on the evolution of
RNA polymerase in M. smegmatis and E. coli. It has recently been
predicted by Lane and Darst (2010) that RNA polymerase has had a
divergent evolution in the bacterial kingdom. Especially, Prote-
obacteria and Actinobacteria have had a diametrically divergent
evolution. Notwithstanding that there have been sporadic occasions
where the opinion about protein–protein interactions (involving
RNA polymerase) not being conserved across species has been



Table 5
Calculated t-values for the correlation coefficients.

α β β' ω RbpA HisA Hsp70 G6pd S12 EF-g If-2 Groel1 Groel2 PyrD

α – 34.832 39.685 28.964 25.105 20.767 21.377 7.422 3.25 2.655 31.353 8.152 9.067 20.635
β – 59.186 34.832 27.391 21.802 24.917 7.714 2.37 4.024 27.277 10.371 10.565 19.222
β' – 36.066 33.695 18.439 23.759 8.34 3.56 2.246 36.724 8.845 9.574 19.515
ω – 23.59 16.142 20.124 7.512 2.708 2.263 22.318 10.127 8.869 18.823
RbpA – 12.614 22.243 8.152 4.879 1.893 28.459 6.014 8.65 16.098
HisA – 14.57 5.851 0.449 5.133 13.749 12.713 8.65 14.417
Hsp70 – 6.345 1.752 4.042 15.707 6.241 9.677 16.733
G6pd – 2.37 0.882 8.919 2.583 3.359 4.533
S12 – −0.207 6.138 −2.59 1.211 3.875
Ef-g – 0.035 2.565 4.821 4.024
If-2 – 5.953 8.387 6.138
Groel1 – 9.574 6.965
Groel2 – 7.005
PyrD –

Table 4
Pearson's coefficients of correlation between the individual pairs of phylogenetic distance matrices.

α β β' ω RbpA HisA Hsp70 G6pd S12 EF-g If-2 Groel1 Groel2 PyrD

α – 0.896 0.917 0.859 0.824 0.769 0.778 0.395 0.185 0.152 0.876 0.427 0.465 0.767
β – 0.960 0.896 0.846 0.784 0.822 0.408 0.136 0.227 0.845 0.515 0.522 0.744
β' – 0.902 0.890 0.730 0.809 0.435 0.202 0.129 0.905 0.456 0.485 0.749
ω – 0.807 0.683 0.759 0.399 0.155 0.130 0.791 0.506 0.457 0.737
RbpA – 0.590 0.790 0.427 0.272 0.109 0.855 0.329 0.448 0.682
HisA – 0.645 0.321 0.026 0.285 0.623 0.593 0.448 0.641
Hsp70 – 0.345 0.101 0.228 0.673 0.340 0.489 0.696
G6pd – 0.136 0.051 0.459 0.148 0.191 0.254
S12 − –0.012 0.335 −0.15 0.07 0.219
Ef-g – 0.002 0.147 0.269 0.277
If-2 – 0.326 0.437 0.702
Groel1 – 0.485 0.335
Groel2 – 0.376
PyrD –
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expressed (Steffen and Ullmann, 1998; Mencía et al., 1998; Lohrke et
al., 1999), RNA polymerase from different species may also have dif-
ferent properties (Artsimovitch et al., 2000). Thus, MsRbpA can
serve as a differential marker for RNA polymerase fromM. smegmatis
and E. coli.

Our bioinformatics-based statistical analyses show high correlation
coefficients and significant Student's t-values for RNA polymerase sub-
units and RbpA from Actinobacteria. This indicates that the
divergent evolution of RNA polymerase among the phylum actino-
mycetes is highly correlated with divergent evolution of RbpA,
existing exclusively in the same phylum. Lower values of correla-
tion coefficients between RNA polymerase subunits and anciently
Table 6
Correlation between the subunits of RNA polymerase.

Pairs of proteins Correlation coefficients Significance scores

α and β 0.896 34.832
α and β' 0.917 39.685
α and ω 0.859 28.964
β and β' 0.96 59.186
β and ω 0.896 34.832
β' and ω 0.902 36.066

Table 7
Correlation between RbpA and subunits of RNA polymerase from actinobacteria.

RNA polymerase subunits Correlation coefficients Significance scores

α 0.824 25.105
β 0.846 27.391
β' 0.890 33.695
ω 0.807 23.59
conserved proteins served as a negative control for our analyses
(Table 8). They suggest that though speciation is an important phe-
nomenon in the course of evolution, the high correlation coefficient
between RNA polymerase and RbpA is due to co-evolution and not
just speciation.

Therefore, it appears that rifampicin being a metabolite from soil
actinomycete may have pre-exposed itself to other soil bacteria in
the course of evolution. This might have led to a phenotypic defense
system comprising of RbpA, co-evolving with the actinobacterial RNA
polymerase.
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Elongation factor G 0.109 1.893
Initiation factor 2 0.855 28.459
pyrD 0.682 16.098
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