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ABSTRACT

Tuberculosis, caused by Mycobacterium tubercu-
losis, remains a leading infectious disease taking
one human life every 15 s globally. The two
well-characterized strains H37Rv and H37Ra,
derived from the same parental strain M. tubercu-
losis H37, show dramatically different pathogenic
phenotypes. PE/PPE gene family, comprising of
176 open reading frames and present exclusively
in genus Mycobacterium, accounts for �10% of
the M. tuberculosis genome. Our comprehensive in
silico analyses of PE/PPE family of H37Ra and
virulent H37Rv strains revealed genetic differences
between these strains in terms of several single nu-
cleotide variations and InDels and these manifested
in changes in physico-chemical properties, phos-
phorylation sites, and protein: protein interacting
domains of the corresponding proteomes. Similar
comparisons using the 13 sigma factor genes,
36 members of the mammalian cell entry family,
13 mycobacterial membrane protein large family
members and 11 two-component signal transduc-
tion systems along with 5 orphaned response regu-
lators and 2 orphaned sensor kinases failed to
reveal very significant difference between H37Rv
and H37Ra, reinforcing the importance of PE/PPE
genes. Many of these changes between H37Rv and
H37Ra can be correlated to differences in pathogen-
esis and virulence of the two strains.

INTRODUCTION

According to the 2011 WHO Report (1), there were 8.8
million incidences of tuberculosis (TB) globally, with 1.1
million deaths among HIV-negative people and an add-
itional 0.35 million deaths from HIV-associated TB,
mostly in the productive age group. Despite the availabil-
ity of effective chemotherapy and BCG vaccine, TB con-
tinues to be the leading infectious bacterial pathogen till
date. The causal organism for TB, Mycobacterium tuber-
culosis (M.tb), is a highly successful intracellular pathogen
that has evolved by successive genomic reduction events
(2). H37Rv and H37Ra are well-characterized laboratory
strains of M.tb, both of which are derived from the same
parental strain, H37 (3), but show dramatically different
pathogenic phenotypes.
Complete genome sequencing of M.tb revealed the ex-

istence of unique family of protein, PE/PPE, found exclu-
sively in the genus Mycobacterium (4). These genes are so
named due to the presence of Pro-Glu (PE) and Pro-Pro-
Glu (PPE) signature motifs near the N-terminus of their
gene products (5). This gene family has �107 PE and �69
PPE proteins. The PE family has been further classified
into two subgroups: PE and PE_PGRS. PE_PGRS has a
conserved PE domain and variable C terminal domain
(PGRS domain). PE/PPE multigene families are usually
organized in a bicistronic manner with a PE gene,
followed by a PPE gene (6). They range in size from
small peptide (Rv3018A–28 amino acids) to large
proteins (Rv0151–588 amino acids) and are highly poly-
morphic within the Mycobacterium complex and even
between different strains of the same species. Most of
these proteins are found to be localized at cell surface
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and/or secreted and have been reported to be antigenic in
nature (7–9). They play a role in regulating pathogenesis
and virulence, in modulating the host immune response
(9–12) and in generating antigenic variations (4),
possibly due to the higher number of single-base substitu-
tion in these genes as compared to the rest of the genome
(13). We therefore, focused on the PE/PPE gene family
and the encoded proteins for our comparative study of
H37Rv and H37Ra. For a meaningful interpretation of
the comparative methodology, we also investigated some
key non-PE/PPE gene families known to be associated
with pathogenesis. These were as follows: (i) mce (mam-
malian cell entry) family, (ii) MmpL (Mycobacterial
membrane protein Large) family, (iii) Sigma factors
family and (iv) two-component signal transduction
systems (TCSSs). The mce proteins play an important
role in entry and survival of the bacteria in the host.
This family consists of 36 members excluding Rv0590A
(a probable continuation of mce2B (14). Mutation
analyses of mce operons had been linked to attenuation
of M.tb virulence (15). MmpL proteins comprising of 13
members (mmpl13a and mmpl13b are the two putative
Open Reading Frame (ORFs) of mmpl13 gene) belong
to RND (resistance, nodulation and cell division
proteins) family of transporter proteins that are mainly
involved in multidrug resistance (16). The association of
mmpL7, mmpL4, mmpL11, mmpL8, mmpL5 and mmpL10
genes in virulence of mycobacteria has been described by a
mutational approach (17). The 13-membered Sigma factor
family (18) allows M. tuberculosis to sustain multiple
stages of host–pathogen interactions, including adhesion,
invasion, intracellular replication and dissemination to
other sites by controlling the temporal expression of
specific regulons (19,20). The TCSSs include a
membrane-localized histidine sensor kinase (SK) that rec-
ognizes external signal and an internal cytoplasmically
localized response regulator (RR). There are 11 TCSSs
along with 5 orphaned RRs and 2 orphaned SKs,
many of which have been found to be associated with
virulence (21).
Our results indicate presence of several differences,

many of which are novel, between H37Rv and H37Ra.
Remarkably, these differences are found only in certain
characteristics specific to the PE/PPE family and do not
exist in any of the other families. These results provide
strong evidence of a key role played by PE/PPE family
in virulence and pathogenesis of M.tb. Furthermore,
these results provide many putative candidates for func-
tional studies related to virulence and pathogenesis of
M.tb.

MATERIALS AND METHODS

Search for corresponding genes of H37Rv in H37Ra

All the PE/PPE genes of M.tb H37Rv analyzed in
our study, listed in Supplementary Table S1, were based
on search of the genes from gene database of National
Center for Biotechnology Information (www.ncbi.nlm
.nih.gov/gene). FASTA sequences of the genes were used
to search for corresponding genes in H37Ra in the

European Nucleotide Archive sequence database
(www.ebi.ac.uk/ena). Nucleotide position number (Base
Range) was used as a reference point to compare the cor-
responding loci in H37Ra using the H37Ra genome
database of EMBL (www.ebi.ac.uk/ena/data/view/
CP000611). Furthermore, BLASTn was used to search
for differences between H37Rv and H37Ra in terms of
single nucleotide variations, insertions and deletions in
the PE/PPE genes and non-PE/PPE gene families
namely, members of the sigma factor family, the mce
family, the MmpL family and genes belonging to the
TCSS family.

Computational analyses of PE/PPE and non-PE/PPE
proteomes of H37Rv and H37Ra

A list of Primary (citable) accession numbers in
UniProtKB (Universal Protein Resource) of PE/PPE
genes and non-PE/PPE genes in H37Rv and the corres-
ponding genes in H37Ra was prepared. T-coffee align
program was used to compare the amino acid sequences
of these genes in both strains. Genes having substitutions,
insertions and deletions in amino acid sequence were
selected for further analysis.

Prediction of protein stability

Comparison of various physical and chemical parameters
of proteins coded by the PE/PPE and non-PE/PPE genes
in both strains was carried out with the help of ProtParam
tool from ExPASy portal (http://web.expasy.org/
protparam/). The computed parameters include the in-
stability index, aliphatic index and grand average of
hydrophobicity (GRAVY).

Prediction of structure in proteins

GlobPlot (http://globplot.embl.de/cgiDict.py) tool was
used to predict globularity in the proteins showing differ-
ence between H37Rv and H37Ra.

Prediction of phosphorylation sites

NetPhosBac (http://www.cbs.dtu.dk/services/NetPhosBac-
1.0/) was used to predict serine and threonine phosphor-
ylation sites in the PE/PPE and non-PE/PPE proteins
displaying difference between H37Rv and H37Ra.

RESULTS

Changes in the PE/PPE and non-PE/PPE genes of
H37Rv and H37Ra

Those PE/PPE genes, as well as non-PE/PPE genes, which
are similar or different between H37Rv and H37Ra, are
listed in Supplementary Table S1. A comparison of all
the PE, PPE and PE_PGRS protein sequences between
H37Rv and H37Ra highlighted remarkable differences in
these proteins (Supplementary Table S2). It can be seen
that for PE/PPE gene family, of the 176 proteins, 109 were
found to have similar amino acid sequence in H37Rv and
H37Ra. There were 21 genes whose T-Coffee alignments of
their protein sequence exhibited differences due to CDS
mismatch of the genes between H37Rv and H37Ra despite
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having 100% nucleotide sequence similarity based on
BLASTn analysis. PE10, PE_PGRS 49, PE_PGRS56,
PE_PGRS60 gene sequences of H37Rv were found to
have 100% sequence similarity with the H37Ra counter-
part. However, corresponding CDS and annotated
proteins were not found in H37Ra. Further it was
noticed that the NCBI gene records of PE21 (Rv2099c)
and PE27a (Rv3018A), PPE (Rvnp03) and PE_PGRS
(Rvnp02) have been discontinued; and PPE47 (Rv3021c)
and PPE48 (Rv3022c) have been merged into single gene
in H37Rv.

The dissimilar ones displayed changes at N-terminal,
some at C-terminal and the rest showed substitutions,
InDels within the protein sequence. Further analyses of
the region of differences in sequence of these proteins in
H37Ra did not reveal any conserved domains.
MRA_1205A has a single nucleotide deletion when
compared to Rv1196, thereby resulting in frame shift
mutation which leads to the loss of conserved
C-terminal domain of Rv1196 producing a truncated
protein. Insertion of a nucleotide in MRA_1102 resulted
in a stop codon leading to a shortened C-terminal end.
Other members like MRA_3548, MRA_3553 were hot
spots for mutations. Multiple nucleotide insertions, dele-
tions and single nucleotide variations were observed in
these genes which are in concordance with the polymorph-
isms earlier reported for these genes (22). Extensive alter-
ations in amino acids sequences were evident upon
comparison of Rv3508 and Rv3514.

PE_PGRS59 gene of H37Rv showed 99% identity with
H37Ra genome sequence with one deletion at nucleotide
position 488 of H37Rv resulting into coding of two
PE_PGRS proteins in H37Ra (MRA_3634 and
MRA_3635). Among these two proteins only
MRA_3635 showed similarity to Rv3595c. Differences in
these three proteins were further followed up by compu-
tational physico-chemical analyses. The protein sequences
of Rv0387c (244aa) and Rv0388c (180aa) matched with
the C-terminal and N-terminal end, respectively of
MRA_0395 (443aa). The corresponding nucleotide
sequence of Rv0388c in H37Ra revealed insertions and
single nucleotide variations, while Rv0387c nucleotide
sequence in H37Ra showed 100% similarity. Differences
in Rv0388c and MRA_0395 were followed up by compu-
tational physico-chemical analyses of the proteins.

Similar analyses were carried out for non-PE/PPE
family of genes known to be associated with virulence in
mycobacteria. All 36 members of the mce family showed
100% nucleotide and amino acid sequence similarity
between H37Rv and H37Ra. In case of MmpL family, of
the 13 members, one gene mmpl13b (Rv1146) exhibited an
N-terminal extension in H37Ra protein (MRA_1156). In
the Sigma factor family, only one of the 13 members,
SigM (Rv3911), had a single nucleotide insertion which
resulted in a frame shift prematurely terminating the
translated protein. In the TCSS family, 10 of the 11
TCSSs along with 5 orphaned RRs and 2 orphaned SKs
exhibited 100% nucleotide and amino acid sequence simi-
larity. phoP (Rv0757), which is the RR of phoP-phoR
TCSS, exhibited a single nucleotide variation, which
resulted in amino acid substitution in H37Ra.

In conclusion, these comprehensive comparative analyses
revealed the presence of several interesting, novel and po-
tentially significant differences between H37Rv and H37Ra
genome in the context of PE/PPE genes. These differences
were then analyzed in terms of changes in physico-
chemical properties of the corresponding protein
sequences.

Analyses of aliphatic index and GRAVY of PE/PPE and
non-PE/PPE proteins in H37Rv and H37Ra

The aliphatic index of a protein signifies the relative
volume occupied by aliphatic side chains. Aliphatic hydro-
phobicity increases with increase in temperature and hence
it is a positive factor for increase in thermal stability of
globular proteins (23). GRAVY is an indication of protein
solubility where a positive value correlates with hydropho-
bicity and negative with hydrophilicity. More hydrophilic
the protein greater will be the extent of hydrogen boding
with water molecules and higher will be the solubility. The
analysis of GRAVY by ProtParam (Figure 1A) shows that
PE24 (Rv2408) is hydrophobic in H37Rv whereas its coun-
terpart in H37Ra (MRA_2433) is hydrophilic, thereby ren-
dering it more soluble. These analyses reveal that
N-terminal extension in MRA_2433 might play a role in
this change. A similar transition from hydrophilic PPE9
(Rv0388c) to hydrophobic MRA_0395 was observed. On
the other hand, the N-terminal extension in PE_PGRS 40
(MRA_2394) renders it less hydrophobic as indicated by
the decreased positive value of GRAVY for the corres-
ponding protein in H37Rv (Rv2371) (Figure 1A). In case
of PE_PGRS59 (Rv3595c), a single-nucleotide deletion
resulted in two different proteins in H37Ra (MRA_3634
and MRA_3635) both are more hydrophobic than
Rv3595c (Supplementary Table S3). Along with
N-terminal extension, C-terminal changes also played a
role in such modifications. This is also evident in
MRA_0885 of H37Ra, where a C-terminal extension in
PPE13 (Rv0878c) renders the H37Ra protein slightly
hydrophilic. Analyses of aliphatic index (Supplementary
Table S3) showed marginal changes: �10% in PE13
(Rv1195/MRA_1205), PE24 (Rv2408/MRA_2433), PPE7
(Rv0354c/MRA_0363), PPE9 (Rv0388c/MRA_0395) and
PPE18 (Rv1196/MRA_1205A), whereas PE_PGRS40
(Rv2371/MRA_2394), wag22 (Rv1759c/MRA_1772) and
PE_PGRS59 (Rv3595c/MRA_3634, Rv3595c/
MRA_3635) exhibited �20% change in aliphatic index
(Supplementary Table S3). No major changes in
GRAVY values and aliphatic index (Supplementary
Table S3) were observed in other proteins. Substitutions
alone were able to affect the indices to negligible degree
only. No significant changes in GRAVY values
(Figure 1B) and aliphatic index (data not shown) were
observed in non-PE/PPE protein, mmpl13b (Rv1146)
and phoP (Rv0757) proteins (Figure 1B). However,
SigM in H37Ra (MRA_3950) showed �GRAVY >50%
and aliphatic index change >10% between H37Rv and
H37Ra (Supplementary Table S3).
Thus, the changes in amino acid composition of

proteins between H37Rv and H37Ra could alter the solu-
bility of these proteins. These results clearly show that the
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molecular sequence variations seen between H37Rv and
H37Ra PE/PPE protein quite often reflected in
physico-chemical changes in the encoded protein.

Analyses of instability index of PE/PPE and
non-PE/PPE proteins in H37Rv and H37Ra

The instability index is indicative of the stability of the
protein under in vitro conditions. Instability index >40 is
a sign of unstable protein and <40 is an indication of
stable protein. The in vivo instability of proteins is
possibly determined by the order of certain amino acids
in its sequence, some dipeptides occurring differently in
unstable and stable proteins. Presence of such dipeptides
helps in analysis of protein stability (24). Examples of in-
stability index analyses of PE/PPE proteins in H37Rv and
their homologs in H37Ra are shown (Figure 2A). A
perusal of the same clearly reveals that a few of the PE/
PPE proteins are stable in H37Rv (Rv2408, Rv1091) but
the corresponding protein in H37Ra are unstable

(MRA_2433 and MRA_1102). Other examples were
found where the proteins are unstable in H37Rv (Rv1195
and Rv1807) but stable in H37Ra (MRA_1205 and
MRA_1819). In yet another case of PE_PGRS59,
Rv3595c and MRA_3635 are stable while MRA_3634 is
unstable (Supplementary Table S3). In few other in-
stances, nucleotide changes between H37Rv and H37Ra
were observed but without any corresponding influence
on instability index (Supplementary Table S3). Proteins
like PPE9 (Rv0388c/MRA_0395), PPE13 (Rv0878c/
MRA_0885) and PE_PGRS40 (Rv2371/MRA_2394),
which were showing significant changes in GRAVY
values, failed to show any significant change in instability
index.

In the case of non-PE/PPE proteins, no change in in-
stability was observed (Figure 2B). These results therefore
suggest that changes in amino acid composition of PE/
PPE proteins between H37Rv and H37Ra can be a cause
for discrete stability of these proteins.

Figure 1. Nucleotide variations between H37Rv and H37Ra manifest in changes in GRAVY values. GRAVY values of PE/PPE proteins in H37Rv
and their homologs in H37Ra were plotted where �GRAVY was >50%. (A) A major transition from hydrophobic to hydrophilic protein is observed
in Rv2408/MRA_2433 and Rv0878c/MRA_0885, whereas Rv2371/MRA_2394 only showed a significant difference in GRAVY value. A hydrophilic
to hydrophobic transition was observed in Rv0388c/MRA_0395. (B) Non-PE/PPE proteins. H37Rv proteins MMPL13b (Rv1146), SigM (Rv3911),
PhoP (Rv0757) and their homologs in H37Ra (MRA_1156, MRA_3950, MRA_0767), respectively. �GRAVY value >50% was observed only in case
of Rv3911/MRA_3950.

Figure 2. Variations in nucleotide sequences between H37Rv and H37Ra affect the stability of PE/PPE proteins but not the non-PE/PPE proteins.
Instability index value >40 is indicative of unstable protein and value <40 means the protein is stable. (A) PE/PPE proteins in H37Rv and their
homologs in H37Ra show a change from stable to unstable (Rv1091/MRA_1102 and Rv2408/MRA_2433) or the reverse (Rv1195/MRA_1205 and
Rv1807/MRA_1819). (B) Non-PE/PPE proteins MMPL13b (Rv1146), SigM (Rv3911), PhoP (Rv0757), and their homologs in H37Ra (MRA_1156,
MRA_3950, MRA_0767), respectively, did not show any transition from stable to unstable or reverse.
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Analyses of globular domains of PE/PPE and
non-PE/PPE proteins in H37Rv and H37Ra

Globular domains in protein molecules confer special
functions to a protein. Thus, addition or deletion of
globular domains in a protein might lead to a loss or
gain of function. In H37Rv, PPE5 (Rv0304c) has four
globular domains, an N-terminal extension in its H37Ra
homologue (MRA_0313) introduces an additional
globular domain (Supplementary Figure S1-A).
Similarly, an N-terminal extension in MRA_2394
(Figure 3A), renders the protein globular when
compared to PE_PGRS40 (Rv2371). Likewise deletion
of a stretch of amino acids in the centre of MRA_3384
compared to PPE54 (Rv3343c) results in deletion of the
globular domain, probably leading to a loss of function in
H37Ra (Figure 3B). InDels and substitutions in Rv2098c
lead to a deletion of the entire globular domain in
MRA_2113 of H37Ra (Supplementary Figure S1-B).
Along with the N-terminal variation, C-terminal end vari-
ation also leads to change in globular domains of the
protein. This is illustrated by acquisition of a globular
domain in MRA_1102 resulting from deletions in
C-terminal end compared to Rv1091 (Supplementary
Figure S1-C).

Along with examples of addition and deletion of
globular domain in proteins there were several proteins
where the globular domain was either shrinking or ex-
panding in the homologous counterpart. For example,
the proteins PE13 (Rv1195/MRA_1205), PE24 (Rv2408/
MRA_2433), PE_PGRS25 (Rv1396c/MRA_1405), PE_
PGRS47 (Rv2741/MRA_2767) and wag22 (Rv1759c/
MRA_1772) have more than 10 amino acids increase in
globular domain, while PPE9 (Rv0388c/MRA_0395) have
more than 10 amino acids decrease in globular domain
(data not shown). In case of PE_PGRS59, MRA_3635
and Rv3595c exhibit similar globular domain, whereas
MRA_3634 has a single globular domain (Supplementary
Figure S1-D and E). In case of non-PE/PPE proteins,
mmpl13b (Supplementary Figure S1-F) and sigM
(Supplementary Figure S1-G) extension in already
existing globular domain was observed while there was
no difference in globular domain in phoP (Supplementary
Figure S1-H) protein when compared between H37Rv and
H37Ra.

These results once again reiterate that the changes in the
sequences of PE/PPE genes of the two strains could con-
sequently impact the likely function of the encoded
proteins as evident from gain/loss of globular domain.

Analyses of protein phosphorylation sites in PE/PPE and
non-PE/PPE proteins in H37Rv and H37Ra

The role of phosphorylation of serine/threonine residues
in regulating cell signaling and host-pathogen interaction
is well documented. Thus, differences in these sites, as a
consequence of variations in nucleotide sequences between
H37Rv and H37Ra, will highlight the likely differences in
protein–protein interactions and binding of different
domains consequently leading to altered downstream
effects. Analysis of potential serine/threonine phosphoryl-
ation sites in PE/PPE proteins, and non-PE/PPE proteins,

revealed a number of differences between H37Rv and
H37Ra. These are summarized in Figure 4A. More than
12% of PE/PPE protein family displayed either gain or
loss of phosphorylation sites. Loss in serine/threonine
phosphorylation sites due to N-terminal shortening
was observed in PPE2 (MRA_0265) (Supplementary
Figure S2-A), PPE4 (MRA_0295) (Supplementary
Figure S2-B) and PE_PGRS11 (MRA_0763)
(Supplementary Figure S2-C). Conversely, gain of
serine/threonine phosphorylation sites was noticed in
PPE5 (MRA_0313) (Supplementary Figure S2-D),
PE_PGRS47 (MRA_2767) (Supplementary Figure S2-
E), PPE25 (MRA_1801, Figure 4B), PE13 (MRA_1205)
(Supplementary Figure S2-F) and PE24 (MRA_2433)
(Figure 4C) due to N-terminal extension or due to substi-
tution (Supplementary Figure S2-J). Substitutions and
InDels introduced both gain and loss of phosphorylation
sites in few proteins namely PE_PGRS22 (MRA_1102)
(Supplementary Figure S2-G) and other ORFs
(Supplementary Figure S2-K, S2-P, S2-Q and S2-R), and
loss of these sites, such as PE_PGRS52 (MRA_3428,
(Supplementary Figure S2-H), PE_PGRS36
(MRA_2113) (Supplementary Figure S2-I) and many
others (Supplementary Figure S2-L, S2-M, S2-N, S2-O).
Gain of phosphorylation sites was observed in
MRA_3634 and MRA_3635. Two additional sites were
present in MRA_3635 (Supplementary Figure S2-S),
whereas MRA_3634 exhibits new seven phosphorylation
sites when compared to Rv3595c (Supplementary Figure
S2-T).
Of the non-PE/PPE proteins, any gain or loss of phos-

phorylation site was not observed but only change in
position of potential phosphorylation sites was noticed
(phoP, Supplementary Figure S2-U). However, in sigM,
there was both loss and gain of phosphorylation sites in
H37Ra (Supplementary Figure S2-V), whereas gain of one
phosphorylation site was observed in Mmpl13b in H37Ra
(Supplementary Figure S2-W).
The results presented earlier clearly highlight the im-

portant consequence of nucleotide sequence changes
between H37Rv and H37Ra in PE/PPE genes. Such
changes manifest in major structural and physico-
chemical alterations in the corresponding proteomes
thereby likely impacting their ability to bring about
protein–protein interactions that are very important for
host pathogen cross talks and consequent virulence and
pathogenesis.

DISCUSSION

TB is still a major cause of mortality and morbidity in the
world. Co-infection with HIV and emergence of drug re-
sistance is further adding to the problem (25,26). The
presence of PE/PPE genes exclusively in genus mycobac-
terium (4) and their role in pathogenesis, virulence and
latency is becoming increasingly evident (9–12,27,28).
Previous studies have pointed to the genetic differences
between M.tb. H37Rv and H37Ra in the context of viru-
lence (27). We carried out genomics and amino acids
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sequence comparison of PE/PPE gene families across the
two strains of M.tb. From our analyses, it appears that
substitutions alone were not very significant but InDels
along with substitutions resulted in remarkable differences
in the properties of these proteins. We also found absence

of five proteins PE10, PE_PGRS49, PE_PGRS56,
PE_PGRS60 in H37Ra even though the nucleotide
sequences were present in the genome, possibly a reflection
of unannotated proteins. We also found difference in
annotation of proteins between the two genomes.

Figure 3. Gain or loss of globular domain is a function of variation between H37Rv and H37Ra. Disorder propensity of the protein stretch was
calculated by GlobPlot analyses to identify the globular domain (shown in pink). Amino acid sequence alignment above the figure illustrates the
differences between H37Rv and H37Ra. (A) N-terminal extension in MRA_2394 (shown in right panel) renders the protein globular. (B) Deletion in
MRA_3384 leads to a loss of globular domain.
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Figure 4. Nucleotide variations between H37Rv and H37Ra result in gain or loss of serine/threonine phosphorylation sites. (A) The relative per-
centage of members of PE/PPE, mce, MmpL, Sigma, TCSS families exhibiting difference in phosphorylation sites between H37Rv and H37Ra is
shown. (B, C) Gain of serine/threonine phosphorylation sites. The predictive phosphorylation site(s) in proteins is represented by blue circle (in the
case of H37Rv) or red dots (in case of H37Ra). Overlap of blue and red circle indicates no gain or loss of phosphorylation sites in H37Rv and H37Ra
proteins. Horizontal line represents the cutoff (threshold) above which it is considered as a putative phosphorylation site. The actual sequence of
amino acids and the potential phosphorylation site (highlighted in red) is shown above the respective figures. N-terminal extension in MRA_1801
(B) or MRA_2433 (C) leads to gain of additional serine/threonine phosphorylation sites.
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Among the PE_PGRS family of proteins, we found
complete similarity at amino acid sequence level of
PE_PGRS14, PE_PGRS24, PE_PGRS30, PE_PGRS33,
PE_PGRS34, PE_PGRS35 and PE_PGRS45 in both the
strains. These genes, constitutively expressed under
various in vitro conditions (29), possibly have housekeep-
ing functions. Interestingly, differences in amino acid
sequence of other genes, many of which have been
linked to pathogenic function of the H37Rv strain were
evident. One such example was wag22 protein in H37Rv
(Rv1759c) which has been shown to have fibronectin-
binding properties and also known to be expressed
during infection (30). In a previous study, it was shown
that inactivation of wag22 homologs in Mycobacterium
marinum resulted in decreased survival in granulomas
due to defective replication in macrophages (28).
C-terminal end of this protein, in H37Rv, has been
found to be antigenic (30); however in H37Ra, a truncation
at C-terminal end in MRA_1772 caused a change in ali-
phatic index, loss of phosphorylation sites and expansion
in globular domain. The role of PGRS domain, present
toward the C-terminal end of PE-PGRS protein, in pro-
tection from ubiquitin–proteasome-dependent (UPD) pro-
teolysis has been reported (31). Using green fluorescence
protein fusion recombinants with PE_PGRS, the import-
ance of the PGRS domain in the stability of PE_PGRS
proteins have been earlier shown (32). Truncation of
C-terminal was found in two PE_PGRS proteins namely
PE_PGRS22 and wag22, which may have altered the
in vivo stability of these proteins in H37Ra. PE_PGRS59
(Rv3595c) exhibited 99% identity with H37Ra but a
single-nucleotide deletion in H37Ra corresponding to the
nucleotide position 488 of H37Rv, resulted in two
PE_PGRS proteins namely MRA_3634 and MRA_3635.
Among these two proteins, only one showed similarity to
Rv3595c. The truncation of Rv3595c protein and forma-
tion of new protein in H37Ra is yet another significant
observation. MRA_3635 and Rv3595c share same
globular domain position and are both stable.
Additionally, both MRA_3635, MRA_3634 are more
hydrophobic and exhibit additional phosphorylation
sites when compared with Rv3595c.
PPE proteins are found to be associated with secretion

of proteins responsible for virulence of M.tb such as
ESAT-6 and CFP-10. These proteins together with PE
family are potent T-cell and B-cell antigens (7,8) and
could help the bacterium evade the host immune
response and misdirect the adaptive immune response
(10). PPE18 is found to be expressed on the surface and
interacts with TLR2 receptor on macrophages modulating
the innate immune balance of the host. It represses pro-
duction of IL-12 and promotes IL-10 production thereby
helping persistence of bacteria in the host (11,12). It also
interacts differentially with PE13 and PE31 to bring about
modulation in host pathogen interactions (33). Expression
of PE13 and PPE18 was repressed in H37Ra in macro-
phages (34). In our study, we observed differences in
amino acids sequences of PPE18 protein between H37Rv
and its H37Ra homologue. Specific InDels brought
about differences in serine/threonine phosphorylation
sites in H37Rv and H37Ra, which might lead to, altered

protein–protein interactions. Also, as evident from the
GlobPlot analysis, the normally conserved N-terminal
globular domain in H37Rv PE13 homologue in H37Ra
appeared to be extended which might play a role in
altering its function. Similarly, N-terminal extension in
MRA_1801 (homologue of Rv1787) resulted in introduc-
tion of new serine/threonine phosphorylation sites, with
possible implications in signaling and host–pathogen
interactions. Strains of M. avium lacking this functional
PPE protein, MAV_2928 (homologue of Rv1787), have
been found to be compromised in virulence by inhibiting
acidification of the vacuole and phagosome-lysosome
fusion (35). It is also known that PPE31 (Rv1807) is
required for the growth of the bacterium in vivo during
infection in mice (36). Interestingly, while this protein has
been found to be stable in H37Ra, our results with H37Rv
are contradictory indicating a decreased stability with
obvious physiological implications.

In addition to PPE gene family, PE_PGRS family has
also been implicated in bacterial pathogenesis. Previous
studies have shown the association of duplication event
of PE_PGRS family with the esx gene cluster region 5
(37). ESX-5, the product of esx gene has been found to
be involved in virulence of pathogenic mycobacterium
(38). PE_PGRS proteins may play a role in pathogenesis
of mycobacterium, by modulating interactions of some of
the cell-wall–associated virulence factors with the host cell
(22). A member of PE_PGRS gene family, Rv3508, has
been found to be involved in hypoxia and nitric oxide
stress response of M.tb (22). In our analyses, we found
insertions, deletions and substitutions in the amino acid
sequence of H37Ra homologue of Rv3508. Further, the
NetPhosBac analyses of this protein showed loss of phos-
phorylation sites in H37Ra. As stated earlier, phosphoryl-
ation plays a role in signaling process therefore, loss of
such sites may render protein insensitive to such stress
responses leading to attenuation.

In our analyses, in addition to the functionally known
PE/PPE proteins described earlier, there were several
other proteins, such as PE24, PPE5, PPE9, PPE13,
PE_PGRS22, PE_PGRS25, PE_PGRS36, PE_PGRS40,
and PE_PGRS47, which have not yet been assigned any
function, that were found to differ significantly between
the two strains. As compared to PPE5 of H37Rv,
MRA_0313 has N-terminal extension in the amino acid
sequence. The consequent acquisition of an additional
globular domain in this protein might impart a supple-
mentary role to the protein. Similarly in MRA_2394,
N-terminal extension rendered the protein globular when
compared to PE_PGRS40 (Rv2371) along with making it
less hydrophobic as indicated by the decreased positive
value of GRAVY in H37Ra. Likewise deletion of a
stretch of amino acids in the central region of
MRA_3384, compared to PPE54 (Rv3343c), resulted in
loss of a globular domain, probably leading to a loss of
function in H37Ra. InDels and substitutions in Rv2098c
resulted in deletion of parts of its globular domain or the
entire globular domain in MRA_2113. Along with the
N-terminal variation, C-terminal variation also resulted
in change in globular domains of the protein. This is
illustrated by acquisition of a globular domain in
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MRA_1102 resulting from deletions in C-terminal end
compared to Rv1091. These examples of likely functional
consequence, however, remain theoretical in the absence
of knowledge about their physiological role.

GRAVY values by ProtParam analysis revealed a
hydrophobic to hydrophilic transition in case of PPE13
(Rv0878c) and PE24 (Rv2408) in H37Ra. This may alter
the solubility of proteins resulting in a change in their
functions. Along with N-terminal extension, C-terminal
changes also play a role in such modifications. This is
illustrated in MRA_0885 of H37Ra, where a C-terminal
extension in PPE13 (Rv0878c) rendered the H37Ra protein
hydrophilic. Thus, changes in amino acid composition of
proteins between H37Rv and H37Ra can alter the solubility
of these proteins. In our analysis, �10% change in ali-
phatic index of PE13, PE24, PE_PGRS40, wag22, PPE7
and PPE18 was also observed while comparing proteins of
H37Rv and H37Ra. No significant changes in aliphatic
index were observed in the other proteins. Substitutions
alone were able to affect the indices to negligible degree
only.

Non-PE/PPE gene families were also used in our
analyses for comparison with PE/PPE gene family. The
mce proteins are required for mycobacterium to enter
and survive in mammalian cells. While many genes be-
longing to this large family of 36 members (14) have no
known function, mutation of mce operons had been linked
to attenuation of M.tb virulence (15). It has been sug-
gested that mce operons in M.tb may not be a direct indi-
cator of pathogenicity due to their wide distribution in
non-pathogenic and pathogenic mycobacterium (39).
Interestingly in our study, we were unable to observe dif-
ferences that could be attributed to the attenuation of the
H37Ra strain. MmpL proteins belong to RND (resistance,
nodulation and cell division proteins) family of trans-
porter proteins that are mainly involved in multidrug re-
sistance (16). Based on mutation analysis, the association
of mmpL7, mmpL4, mmpL11, mmpL8, mmpL5 and
mmpL10 genes in virulence of mycobacteria has been
described (17). We failed to observe any difference in
this gene family between H37Rv and H37Ra except for
one member. The mmpl13 gene of H37Rv and H37Ra
was found to be split into two contiguous putative open
reading frames, mmpL13a and mmpL13b. We detected a
CDS mismatch in mmpl13b gene that resulted in extension
of globular domain and gain of phosphorylation site in
H37Ra. Because of the absence of any designated func-
tional role of mmpl13b in pathogenesis or virulence of
mycobacteria, we are unable to comment on the likely
significance of this observation.

Alternative sigma factors regulate transcription in
mycobacteria in response to specific stimuli (19). This
fact is highlighted by the ratio of alternative sigma
factors to genome size which is highest amongst the
obligate pathogens (18). There are 13 members of this
transcription family namely, sigma A to sigma M. SigA,
SigC, SigE, SigF, SigH and SigL were suggested to be
involved in virulence (20). In our analysis, only SigM
(Rv3911) was found to have an insertion of one nucleotide
which resulted in a frame shift leading to a truncation of
the protein. This resulted in extension of globular domain

and loss of phosphorylation site in H37Ra. It has been
suggested that sigM might be playing a role in long term
in vivo adaptation rather than in virulence (40,41). The
TCSSs consist of a membrane-localized histidine SK
that recognizes external signal and an internal
cytoplasmically localized RR. There are 11 TCSSs along
with 5 orphaned RRs and 2 orphaned SKs (21). In our
study, we found a single-nucleotide polymorphism only in
the case of phoP which is the RR of phoP-phoR TCSS.
This variation resulted in an amino acid substitution in
H37Ra. However, this did not manifest in any significant
change in the physico-chemical property of the protein.
In summary, through a comparative genomic analysis,

we identified several key changes in the nucleotide
sequence between PE/PPE homologs of H37Rv and
H37Ra. These changes mainly included insertions and de-
letions which affected the ORFs of the gene. These alter-
ations in the genes quite often resulted in major
physico-chemical changes in the encoded proteins.
Search of literature established correlation of many such
changes to in vivo function including virulence and patho-
genesis. Further biochemical and functional studies are
required to establish the role of such changes in amino
acid sequence in the attenuation of H37Ra. Such studies
along with combination of clinical sample data will not
only enhance our understanding of the mechanisms of
virulence, pathogenesis and latency of TB caused by
M.tb but could also assist in designing new interventions.
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