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Introduction

Periplasm is a semi-liquid gel matrix filling the space 
between outer cell wall and cell membrane of the bacteria. 
The periplasm is similar to the cytoplasm in composition 
but it may contain different types of proteins according to 
its functional requirements. The environment of periplas-
mic space is dynamic as its composition varies constantly 
in different growth conditions and with changing external 
environment due to its close proximity with the bacterial 
outer membrane. For maintaining the shape of bacterium, 
the periplasm also contains some amount of peptidogly-
cans (murein) and other maintenance-related proteins 
(Vollmer and Seligman 2010). Other periplasmic proteins 
may be hydrolytic enzymes, chemoreceptors, detoxify-
ing enzymes, and periplasmic binding proteins (PBP) (Ho 
et al. 2007). Periplasmic transporter proteins are termed 
as PBP in Gram-negative bacteria and substrate-binding 
proteins (SBP) in Gram-positive bacteria but, both type 
of proteins share structural similarity and perform simi-
lar functions (Berntsson et al. 2010). The main function 
of these proteins is to transport solutes or variety of sub-
strates across inner and outer membranes. The PBPs of 
Gram-positive bacteria have diacylglycerol lipid anchor 
at the amino terminal with the help of which they remain 
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attached to the outer leaflet of the cytoplasmic membrane 
(Chu and Vogel 2011).

PBPs work in association with the transmembrane pro-
teins to carry out the transport process. The PBP-depend-
ent transport systems typically consist of a hydrophobic 
integral membrane protein, hydrophilic peripheral mem-
brane protein, a periplasmic SBP (Chaudhary et al. 2016; 
Higgins 2001; Sandhu and Akhter 2015). ATP-binding 
cassette (ABC) permeases superfamily has been reported 
to contain many well-studied PBP-dependent transport-
ers (Saurin and Dassa 1994). In addition to this, PBPs are 
also associated with tripartite ATP-independent periplas-
mic (TRAP)-transporters, many ligand-gated ion chan-
nels, G-protein-coupled receptors (GPCRs) and guanylate 
cyclase-atrial natriuretic peptide receptors which exhibit 
their functional diversity (Mulligan et al. 2011; Tasneem 
et al. 2004).

PBPs help in scavenging and sensing the nutrients and 
aiding in their transport from and toward the nutrient source 
and thus instigate the chemotaxis (Felder et al. 1999). PBPs 
structurally have three classes. Class I and II of PBPs have 
two or three inter-domain connections. The third class of 
PBPs contains two globular domains connected by a helix 
and includes proteins such as siderophore-binding PBPs 
and metal ions-binding PBPs such as ChuT (heme binding) 
and TroA (zinc and manganese binding) (Chu and Vogel 
2011).

Mtb is a leading opportunistic human pathogen and is a 
causative agent of tuberculosis (TB). TB has high death 
toll irrespective of effective treatment strategies and have 
high risk of infection in the case of immuno-compromised 
patients suffering from human immuno deficiency virus 
(WHO 2015). The unique cell envelope of Mtb has a lipid-
rich cell wall consisting of peptidoglycans, arabinogalactans, 
and mycolic acid-ligated arabinan chains forming a thick 
waxy characteristic outer coat. Cell wall surrounds the phos-
pholipid-rich cell membrane and the space between the two 
envelopes is occupied by the periplasm (Kieser and Rubin 
2014). The periplasmic space of Mtb is home to several 
PBPs specific to various physiological conditions; however, 
only few of them have been characterized till date. PBPs in 
Mtb have been documented to carry out versatile functions 
and serving to retain the viability of the organism under the 
stressed environmental conditions. The first reported PBP 
from mycobacterial genera was a maltose uptake carrying 
protein Mla; gene encoding this protein has been cloned and 
sequenced in the M. bovis and, sequence similarity searches 
has revealed its conservation and unique genetic arrangement 
across the species of Mtb complex. One homolog of this pro-
tein LpqY from Mtb has been reported to be a part of ABC 
transporter system LpqY-SugA-SugB-SugC and reported to 
facilitate the recycling of trehalose during the TB infection 
(Borich et al. 1999; Kalscheuer et al. 2010). PBPs have also 

been shown to regulate the phosphate-limiting environment 
in Mtb. EPstS-1 (PDB ID: 1PC3) PBP from Mtb has been 
reported to have high affinity for phosphate binding and ena-
bling the pathogen to survive under the phosphate-limiting 
conditions. This protein was shown to work in association 
with the transmembrane permease assembly of ABC trans-
porter proteins, PstA and PstC (Peirs et al. 2005; Vyas et al. 
2003). Mtb also possesses heme-binding PBP Rv0203 (PDB 
ID: 3MAY), which has been reported to bind heme and 
transfer it to transmembrane proteins MmpL3 and MmpL11 
for its further transport into the cytoplasm (Tullius et al. 
2011). PBPs in Mtb has also been reported to regulate tran-
scription levels as periplasmic anti-sigma factor RsdA (PDB 
ID: 3VEP) has been reported and well characterized (Jaiswal 
et al. 2013). UgpB, another ABC transporters-related PBP, 
has also been identified and characterized from the periplasm 
of Mtb. This protein along with the UgpAEC proteins forms 
an ABC importer system for sn-glycerol 3-phosphate (G3P) 
uptake (Jiang et al. 2014). PBPs have also been reported to 
constitute the non-classical secretion system such as ESX-1 
secretion, MtbEccB1 (PDB ID: 4KK7), a single transmem-
brane helix containing PBP has been characterized. It was 
reported to be an essential part of the ESX-1 secretion sys-
tem and also show ATPase activity as evident from the ATP 
docking studies (Wagner et al. 2016; Zhang et al. 2015). 
Recently, a sugar-binding periplasmic protein UspC (PDB 
ID: 5K2X) from Mtb has been characterized. It was also 
revealed that UspC forms an essential component of the tri-
meric assembly of ABC permeases transmembrane proteins 
involved in amino-sugar transport. This UspABC assembly 
serves to cope with the scarcity of carbohydrate by import-
ing them from the carbohydrate-limited environment of 
phagosomes (Fullam et al. 2016). One more PBP (PDB ID: 
4BEG) was characterized from Mtb and has been reported 
to share homology with the lipid-binding proteins; how-
ever, the molecular function of the protein is still unknown 
(Eulenburg et al. 2013). These reported PBPs from Mtb with 
diverse physiological functions and crucial for the survival 
of the pathogen in the host cells encouraged us to mine more 
PBPs from its proteome and which may be further character-
ized and could be targeted for drug discovery programs.

In the last few decades, the evolution of multidrug resist-
ant and extensively drug-resistant strains has posed a new 
challenge to the eradication of TB infection (Cohen et al. 
2016). Therefore, it is the need of the hour to explore fur-
ther for novel drugs against Mtb. In the present study, we 
have performed a genome-wide identification of putative 
PBPs of Mtb which may serve as potential future drug tar-
gets against TB. We have screened the PBPs on the basis 
of presence of signatures like signal peptides, lipopeptide 
signal peptides, single N-terminal transmembrane helices, 
and their periplasmic localization (Fig. 1). All the puta-
tive PBPs have been annotated into different classes on the 
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basis of functional domains and motifs commonly found in 
well-known PBPs.

Results

Classically secreted proteins of Mtb

The PBPs are localized in periplasm and hence they must 
be targeted to periplasm from cytoplasm after being syn-
thesized. To identify the whole secreted proteome, the 

complete proteome dataset of the Mtb H37Rv was sub-
jected to signal peptides prediction using SignalP program 
(Nielsen et al. 1997). Out of 4027 protein sequences, we 
have obtained 256 proteins (Supplementary Table 1) with 
signal peptides and 3771 proteins were identified which 
were not containing any classical signal peptides.

Non‑classically secreted proteins of Mtb

3771 proteins from Mtb proteome were lacking classi-
cal signal peptides and these may include some secretory 

Functional annotation of putative 
periplasmic binding proteins

Mycobacterium tuberculosis H37Rv proteome

Classical secretory proteins

CELLO v.2.5

Sub cellular localization prediction

Phyre2

Tertiary structure modeling

Pfam, InterPro

Lipoprotein signal Without lipoprotein signal

N-terminal TM  helix absent

Signal peptide absent 

SignalP 4.1

N-terminal TM helix present

LipoP 1.0

TMHMM v. 2.0

Non-classical secretory proteins

SecretomeP 2.0

Fig. 1  Methodology for screening of putative periplasmic binding 
proteins across the Mtb proteome: Step-wise screening of putative 
PBPs. Whole proteome sequence was scanned by SignalP (Nielsen 
et al. 1997) program for the identification of classically secreted pro-
teins. Rest of the proteins without classical signal peptides were ana-
lyzed using SecretomeP 2.0 (Bendtsen et al. 2004) for the non-classi-
cally secreted proteins identification. Classically and non-classically 
secreted proteins were analyzed individually for the identification 
of lipoprotein signal peptides using LipoP 1.0 (Juncker et al. 2003) 
and then single N-terminal TM-helix prediction was carried out using 

TMHMM v. 2.0 (Krogh et al. 2001). All the classically and non-
classically secreted proteins were analyzed with or without lipopro-
tein signal and an N-terminal helix for their subcellular localization 
using CELLO v 2.5 (Yu et al. 2004). All periplasm localized proteins 
then subjected to the functional annotation to identify the families of 
PBPs using Pfam (Bateman et al. 2004) and InterPro (Hunter et al. 
2009). Finally the modeled tertiary structures of putative PBPs were 
obtained using Phyre2 (Kelley et al. 2015). All the tools/softwares/
databases used during this study have been listed in Table 2



556 Curr Genet (2017) 63:553–576

1 3

proteins which are transported as folded proteins or with 
the help of some other non-classical mechanism. There-
fore, non-classically secreted proteins were identified using 
SecretomeP program (Bendtsen et al. 2004). 738 proteins 
(Supplementary Table 2) were identified with a threshold 
score >0.5 and were annotated as non-classically secreted 
proteins.

Classically and non‑classically secreted lipoproteins 
as PBPs

Many lipoproteins also work as PBPs in archea and Gram-
positive bacteria (Hutchings et al. 2009), therefore all clas-
sically and non-classically secreted proteins were subjected 
to lipoprotein signal peptides prediction using LipoP 1.0 
program (Juncker et al. 2003). Out of classically secreted 
256 proteins, 51 proteins were found to have lipoprotein 
signal peptides, whereas in the case of 738 non-classically 
secreted proteins, we have obtained only 11 proteins with 
lipoprotein signal peptides.

N‑terminal single transmembrane helix containing 
PBPs

After lipoprotein signal peptides’ prediction, all classically 
and non-classically secreted proteins were subjected to a 
single N-terminal TM helix prediction to identify the pro-
teins which may be potentially anchored to the inner mem-
brane of the bacteria. We have used TMHMM program for 
the prediction of the TM helix (Krogh et al. 2001). In the 
case of 51 classically secreted lipoproteins, we have identi-
fied 10 proteins with an N-terminal TM helix and 41 lipo-
proteins were observed without any N-terminal TM-helix. 
Out of 205 classically secreted proteins without lipoprotein 
signal peptides, 75 proteins were carrying an N-terminal 
helix, whereas rest of the 130 proteins were lacking an 
N-terminal helix.

In the case of non-classically secreted 11 lipoproteins, 
one protein was observed to carry an N-terminal TM helix 
and the rest of the 10 lipoproteins were lacking an N-termi-
nal helix. 70 non-classically secreted proteins without lipo-
protein signal peptides were identified with an N-terminal 
TM helix. Remaining 657 non-classically secreted proteins 
were identified in Mtb proteome, which were devoid of any 
type of membrane anchor.

Subcellular localization of classically 
and non‑classically secreted proteins

We have found PBPs in Mtb proteome and these proteins 
are localized in periplasm. To investigate the subcellular 
localization of the screened proteins with and without sig-
nal peptides, lipoprotein signal peptides, and an N-terminal 

TM helix, we have analyzed all classically and non-classi-
cally secreted proteins using CELLO subcellular localiza-
tion program (Yu et al. 2004). From all classically secreted 
proteins, we have predicted five proteins localized in peri-
plasm carrying lipoprotein signal peptides as well as an 
N-terminal transmembrane helix (Supplementary Table 3). 
22 classically secreted periplasmic proteins were identi-
fied only with lipoprotein signal peptides (Supplementary 
Table 4). 55 proteins with an N-terminal TM-helix were 
found putatively localized in periplasmic space (Supple-
mentary Table 5). 51 putative periplasmic proteins were 
classically secreted and any N-terminal membrane anchor 
was absent in their protein sequences (Supplementary 
Table 6).

Non-classically secreted proteins were containing one 
putative periplasmic protein with lipoprotein signal pep-
tide and an N-terminal TM helix (Supplementary Table 3). 
Seven proteins were containing only lipoprotein signals 
found to be putatively localized in the periplasm (Supple-
mentary Table 7). 39 non-classically secreted proteins with 
only single N-terminal TM helix were observed to be local-
ized in periplasm (Supplementary Table 8). 215 non-classi-
cally secreted proteins were showing periplasmic localiza-
tion and lacking lipoprotein signals or an N-terminal TM 
helix (Supplementary Table 9).

Functional domains and structural features of putative 
PBPs

All the potential classical and non-classically secreted pro-
tein sequences with periplasmic localization, with or with-
out lipoprotein signal peptides and an N-terminal TM helix, 
were analyzed for the presence of functional domains and 
motifs with the help of Inter pro (Hunter et al. 2009) and 
Pfam (Bateman et al. 2004). We have identified 37 puta-
tive PBPs related to 15 different known classes with diver-
gent solute-binding properties (Table 1) (Supplementary 
Fig. 1). These proteins from each family were modeled to 
obtain their tertiary structure using Phyre2 (Supplemen-
tary Tables 10, 11). The description of these families is as 
follows: 

1. MlaD family The members of this protein family are 
involved in Mla pathway. They were named on the 
basis of their functions, i.e., maintenance of lipid asym-
metry. MlaD is one of the reported membrane attached 
PBP with uncleaved signal peptides and involved in 
Mla pathway (Linton and Higgins 1998; Malinverni 
and Silhavy 2009). We have obtained ten putative PBPs 
from Mtb proteome out of which two proteins, Rv1969 
and Rv0592, were classically secreted proteins with 
single N-terminal TM-helix. The rest of the eight pro-
teins (Rv3494c, Rv1966, Rv1968, Rv0591, Rv0594, 



557Curr Genet (2017) 63:553–576 

1 3

Ta
bl

e 
1 

 L
is

t o
f 

th
e 

id
en

tifi
ed

 p
er

ip
la

sm
ic

-b
in

di
ng

 p
ro

te
in

s 
in

 M
tb

 p
ro

te
om

e 
w

ith
 th

ei
r 

an
no

ta
tio

n 
de

sc
ri

pt
or

s

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

C
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
 li

po
pr

ot
ei

n 
pe

pt
id

e 
si

gn
al

 a
nd

 N
-t

er
m

in
al

 h
el

ix

 1
.

R
v3

66
6c

 (
K

B
J2

47
35

.1
)

dp
pA

PF
00

49
6 

(S
B

P 
ba

c 
5)

IP
R

03
06

78
 (

pe
pt

id
e/

ni
ck

el
 b

in
di

ng
 

pr
ot

ei
n)

B
ac

te
ri

al
 e

xt
ra

ce
llu

la
r 

so
lu

te
-

bi
nd

in
g 

pr
ot

ei
ns

, f
am

ily
 5

 
m

id
dl

e

M
T

37
67

 (
M

tb
 C

D
C

15
51

),
 

M
b3

69
0c

 (
M

. b
ov

is
),

 
M

L
22

93
 (

M
. l

ep
ra

e)
, 

M
M

A
R

_5
15

4 
(M

. 
m

ar
in

um
)

D
ip

ep
tid

e 
tr

an
s-

po
rt

er
s

B
ra

ib
an

t 
et

 a
l. 

(2
00

0)

C
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
 li

po
pr

ot
ei

n 
pe

pt
id

e 
si

gn
al

 a
nd

 w
ith

ou
t N

-t
er

m
in

al
 h

el
ix

 2
.

R
v3

04
4 

(K
B

J2
90

88
.1

)
Fe

cB
PF

01
49

7 
(P

er
ip

la
 B

P 
2)

IP
R

00
24

91
  

(A
B

C
 tr

an
sp

or
te

r 
pe

ri
pl

as
m

ic
  

bi
nd

in
g 

pr
ot

ei
n)

Pe
ri

pl
as

m
ic

 b
in

di
ng

 p
ro

te
in

M
T

31
29

 (
M

tb
 C

D
C

15
51

) 
M

b3
07

0 
(M

. b
ov

is
),

 
M

L
17

29
 (

M
. l

ep
ra

e)
, 

M
M

A
R

_1
65

0 
(M

. m
ar

i-
nu

m
),

 M
SM

E
G

_2
31

9 
(M

. 
sm

eg
m

at
is

)

Pr
ob

ab
le

 
FE

II
I-

di
ci

tr
at

e-
bi

nd
in

g 
pe

ri
pl

as
m

ic
 

lip
op

ro
te

in
/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)

, 
Pr

ak
as

h 
et

 a
l. 

(2
00

5)

 3
.

R
v2

86
4c

 (
K

B
J3

02
53

.1
)

R
v2

86
4c

PF
05

22
3 

(M
ec

A
 N

),
 

PF
00

90
5 

(t
ra

ns
pe

pt
i-

da
se

)

IP
R

00
78

87
 (

N
uc

le
ar

 tr
an

sp
or

t)
, 

IP
R

00
14

60
 (

fa
ct

or
 2

-l
ik

e 
N

-t
er

m
in

al
 

tr
an

sp
ep

tid
as

e)

N
T

F2
-l

ik
e 

N
-t

er
m

in
al

 tr
an

s-
pe

pt
id

as
e 

do
m

ai
n.

 P
en

ic
ill

in
 

bi
nd

in
g 

pr
ot

ei
n 

tr
an

sp
ep

tid
as

e 
do

m
ai

n

M
T

29
33

 (
M

tb
 C

D
C

15
51

),
 

M
b2

88
9c

 (
M

. b
ov

is
),

 
M

L
15

77
 (

M
. l

ep
ra

e)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 4
.

R
v1

16
6 

(K
B

J3
64

13
.1

)
R

v1
16

6
PF

00
49

6 
(S

B
P 

ba
c 

5)
IP

R
00

09
14

 (
SB

P 
ba

c 
5)

B
ac

te
ri

al
 e

xt
ra

ce
llu

la
r 

so
lu

te
-

bi
nd

in
g 

pr
ot

ei
ns

, f
am

ily
 5

 
m

id
dl

e

M
T

12
03

 (
M

tb
 C

D
C

15
51

) 
M

b1
19

8 
(M

. b
ov

is
),

 
M

L
14

97
 (

M
. l

ep
ra

e)
, 

M
M

A
R

_4
28

8 
(M

. m
ar

i-
nu

m
) 

M
SM

E
G

_5
13

0 
(M

. 
sm

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)

 5
.

R
v0

93
4 

(K
B

J3
86

96
.1

)
ps

tS
1

PF
12

84
9 

(P
B

P 
lik

e 
2)

IP
R

00
56

73
 (

A
B

C
 tr

an
sp

or
te

r, 
ph

os
ph

at
e-

bi
nd

in
g 

pr
ot

ei
n)

PB
P 

su
pe

rf
am

ily
 d

om
ai

n
M

T
09

61
 (

M
tb

 C
D

C
15

51
),

 
M

b0
95

9 
(M

. b
ov

is
),

 
M

L
07

40
 (

M
. l

ep
ra

e)

E
xp

or
te

d/
PD

B
 

ID
:1

PC
3

M
ål

en
 

et
 a

l. 
(2

00
7)

, 
V

ya
s 

et
 a

l. 
(2

00
3)

C
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
 N

-t
er

m
in

al
 h

el
ix

 6
.

R
v3

68
2 

(K
B

J2
47

53
.1

)
po

nA
2

PF
00

91
2 

(t
ra

ns
gl

y)
, 

PF
00

90
5 

(t
ra

ns
-

pe
pt

id
as

e)
, P

F0
37

93
 

(P
A

ST
A

)

IP
R

02
33

46
 (

ly
so

zy
m

e 
lik

e 
do

m
ai

n)
, 

IP
R

00
12

64
 (

gl
yc

os
yl

 tr
as

fe
ra

se
),

 
IP

R
01

23
38

 (
be

ta
-l

ac
ta

m
as

e/
tr

an
sp

ep
tid

as
e-

lik
e)

, I
PR

00
14

60
 

(p
en

ic
ill

in
-b

in
di

ng
 p

ro
te

in
 a

nd
 s

er
in

e/
th

re
on

in
e 

ki
na

se
 a

ss
oc

ia
te

d 
do

m
ai

n,
 

IP
R

00
55

43
 (

PA
ST

A
 d

om
ai

n)

T
ra

ns
gl

yc
os

yl
as

e.
 P

en
ic

ill
in

 
bi

nd
in

g 
pr

ot
ei

n 
tr

an
sp

ep
tid

as
e 

do
m

ai
n.

 P
A

ST
A

 d
om

ai
n

M
T

37
84

 (
M

tb
 C

D
C

15
51

),
 

M
b3

70
7 

(M
. b

ov
is

),
 

M
L

23
08

 (
M

. l
ep

ra
e)

, 
M

M
A

R
_5

17
1 

(M
. m

ar
i-

nu
m

) 
M

SM
E

G
_6

20
1 

(M
. 

sm
eg

m
at

is
)

Pe
ni

ci
lli

n 
bi

nd
-

in
g 

pr
ot

ei
n/

ex
po

rt
ed

B
ill

m
an

-
Ja

co
be

 
et

 a
l. 

(1
99

9)
, 

M
ål

en
 

et
 a

l. 
(2

00
7)

 7
.

R
v3

19
4c

 (
K

B
J2

82
33

.1
)

R
v3

19
4c

PF
13

18
0 

(P
D

Z
 2

),
 

PF
05

36
2 

(L
on

 C
)

IP
R

02
70

65
 (

L
on

 p
ro

te
as

e 
(S

 1
6 

pe
pt

i-
da

se
),

 I
PR

00
14

78
 (

PD
Z

 d
om

ai
n)

, 
IP

R
02

05
68

 (
ri

bo
so

m
al

 p
ro

te
in

),
 

IP
R

01
47

21
 (

S5
 d

om
ai

n 
2-

ty
pe

 f
ol

d)
, 

IP
R

00
82

69
 (

pe
pt

id
as

e 
S1

6)

PD
Z

 d
om

ai
n.

 L
on

 p
ro

te
as

e 
(S

16
) 

C
-t

er
m

in
al

 p
ro

te
ol

yt
ic

 
do

m
ai

n

M
T

32
86

 (
M

tb
 C

D
C

15
51

) 
M

b3
21

6c
 (

M
. b

ov
is

) 
M

L
06

43
 (

M
. l

ep
ra

e)
 

M
M

A
R

_1
37

0 
(M

. m
ar

i-
nu

m
) 

M
SM

E
G

_1
95

8 
(M

. 
sm

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)

 8
.

R
v1

96
9 

(K
B

J3
31

09
.1

)
m

ce
3D

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
la

D
 p

ro
te

in
 f

ro
m

 
ac

tin
om

yc
oc

et
es

)

M
la

D
 p

ro
te

in
M

T
20

21
 (

M
tb

 C
D

C
15

51
) 

M
M

A
R

_2
88

5 
(M

. m
ar

i-
nu

m
) 

M
SM

E
G

_0
34

9 
(M

. 
sm

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y



558 Curr Genet (2017) 63:553–576

1 3

Ta
bl

e 
1 

 c
on

tin
ue

d

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

 9
.

R
v0

59
2 

(K
B

J3
92

14
.1

)
m

ce
2D

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

  
pr

ot
ei

n)
, I

PR
00

33
99

 (
M

la
D

  
pr

ot
ei

n 
fr

om
 a

ct
in

om
yc

oc
et

es
)

M
la

D
 p

ro
te

in
M

T
06

22
 (

M
tb

 C
D

C
15

51
),

 
M

b0
60

7,
 M

b0
60

8 
(M

. 
bo

vi
s)

, M
SM

E
G

_0
13

7 
(M

. 
sm

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 1
0.

R
v0

01
6c

 (
K

B
J4

11
19

.1
)

pb
pA

PF
00

90
5 

(t
ra

ns
pe

pt
i-

da
se

)
IP

R
01

23
38

 (
be

ta
-l

ac
ta

m
as

e/
 

tr
an

sp
ep

tid
as

e-
lik

e)
, I

PR
00

14
60

 
(p

en
ic

ill
in

-b
in

di
ng

 p
ro

te
in

,  
tr

an
sp

ep
tid

as
e)

Pe
ni

ci
lli

n 
bi

nd
in

g 
pr

ot
ei

n 
tr

an
s-

pe
pt

id
as

e 
do

m
ai

n
M

T
00

19
 (

M
tb

 C
D

C
15

51
),

 
M

b0
01

6c
 (

M
. b

ov
is

) 
M

L
00

18
 (

M
. l

ep
ra

e)
 

M
M

A
R

_0
01

8 
(M

. m
ar

i-
nu

m
),

 M
SM

E
G

_0
03

1 
(M

. 
sm

eg
m

at
is

)

Pr
ob

ab
le

 p
en

ic
il-

lin
 b

in
di

ng
 

pr
ot

ei
n/

PD
B

 
ID

: 3
L

O
7

Fe
da

ro
vi

ch
 

et
 a

l. 
(2

01
0)

 1
1.

R
v0

20
3 

(K
B

J4
13

12
.1

)
R

v0
20

3
PF

16
52

5 
(M

H
B

)
IP

R
03

09
37

 (
ha

em
op

ho
re

 R
v0

20
3)

, 
IP

R
03

24
07

 (
ha

em
po

ph
or

e,
 h

ae
m

 
bi

nd
in

g)

H
ae

m
op

ho
re

, h
ae

m
-b

in
di

ng
. 

ha
em

op
ho

re
 R

v0
20

3
M

T
02

13
 (

M
tb

 C
D

C
15

51
) 

M
b0

20
9 

(M
. b

ov
is

) 
M

M
A

R
_0

44
3 

(M
. m

ar
i-

nu
m

),
 M

SM
E

G
_0

24
2 

(M
. 

sm
eg

m
at

is
)

E
xp

or
te

d/
PD

B
 

ID
: 3

M
A

Y
M

ål
en

 
et

 a
l. 

(2
00

7)
, 

T
ul

liu
s 

et
 a

l. 
(2

01
1)

C
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
ou

t l
ip

op
ro

te
in

 s
ig

na
l p

ep
tid

es
 a

nd
 N

-t
er

m
in

al
 h

el
ix

 1
2.

R
v2

04
1c

 (
K

B
J3

31
86

.1
)

R
v2

04
1c

PF
01

54
7 

(S
B

P 
ba

c 
1)

IP
R

00
60

59
 (

so
lu

te
-b

in
di

ng
 f

am
ily

-1
),

 
IP

R
00

63
11

 (
tw

in
-a

rg
in

in
e 

 
tr

an
sl

oc
at

io
n 

pa
th

w
ay

)

B
ac

te
ri

al
 e

xt
ra

ce
llu

la
r 

so
lu

te
-

bi
nd

in
g 

pr
ot

ei
n

M
T

21
01

 (
M

tb
 C

D
C

15
51

) 
M

b2
06

7c
 (

M
. b

ov
is

) 
M

L
14

27
 (

M
. l

ep
ra

e)
 

M
M

A
R

_3
01

4 
(M

. 
m

ar
in

um
)

Pr
ob

ab
le

 s
ug

ar
 

bi
nd

in
g 

lip
o-

pr
ot

ei
n

T
itg

em
ey

er
 

et
 a

l. 
(2

00
7)

 1
3.

R
v1

23
5 

(K
B

J3
62

48
.1

)
lp

qY
PF

01
54

7 
(S

B
P 

ba
c 

1)
IP

R
00

60
59

 (
so

lu
te

-b
in

di
ng

 f
am

ily
 1

)
B

ac
te

ri
al

 e
xt

ra
ce

llu
la

r 
so

lu
te

-
bi

nd
in

g 
pr

ot
ei

n
M

T
12

73
 (

M
tb

 C
D

C
15

51
) 

M
b1

26
7 

(M
. b

ov
is

),
 

M
L

10
86

 (
M

. l
ep

ra
e)

 
M

M
A

R
_4

20
6 

(M
. m

ar
i-

nu
m

),
 M

SM
E

G
_5

06
1 

(M
. 

sm
eg

m
at

is
)

Pr
ob

ab
le

 s
ug

ar
 

bi
nd

in
g 

lip
o-

pr
ot

ei
n

T
itg

em
ey

er
 

et
 a

l. 
(2

00
7)

N
on

-c
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
 li

po
pr

ot
ei

n 
si

gn
al

 p
ep

tid
e

 1
4.

R
v1

91
1c

 (
K

B
J3

41
45

.1
)

lp
pC

PF
01

16
1 

(P
E

B
P)

IP
R

00
89

14
 (

ph
os

ph
at

id
yl

et
ha

no
la

m
in

e-
bi

nd
in

g 
pr

ot
ei

n)
, I

PR
00

52
47

 (
Y

bh
B

/
Y

bc
L

)

Ph
os

ph
at

id
yl

et
ha

no
la

m
in

e-
bi

nd
in

g 
pr

ot
ei

n
M

T
19

62
 (

M
tb

 
C

D
C

15
51

) 
M

b1
94

6c
 

(M
. b

ov
is

) 
M

SM
E

G
_6

85
1 

(M
. s

m
eg

m
at

is
)

Pr
ob

ab
le

 
lip

op
ro

te
in

/
ex

po
rt

ed

M
ål

en
 

et
 a

l. 
(2

00
7)

N
on

-c
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
 N

-t
er

m
in

al
 h

el
ix

 1
5.

R
v1

91
0c

 (
K

B
J3

41
44

.1
)

R
v1

91
0c

PF
01

16
1 

(P
E

B
P)

IP
R

00
89

14
 (

ph
os

ph
at

id
yl

et
ha

no
la

m
in

e-
bi

nd
in

g 
pr

ot
ei

n)
Ph

os
ph

at
id

yl
et

ha
no

la
m

in
e-

bi
nd

in
g 

pr
ot

ei
n

M
T

19
61

 (
M

tb
 

C
D

C
15

51
) 

M
b1

94
5c

 
(M

. b
ov

is
) 

M
SM

E
G

_6
85

1 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)



559Curr Genet (2017) 63:553–576 

1 3

Ta
bl

e 
1 

 c
on

tin
ue

d

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

 1
6.

R
v2

16
3c

 (
K

B
J3

27
32

.1
)

pb
pB

PF
03

71
7 

(P
B

P_
di

m
er

),
 

PF
00

90
5 

(t
ra

ns
pe

pt
i-

da
se

)

IP
R

00
53

11
 (

pe
ni

ci
lli

n-
bi

nd
in

g 
pr

ot
ei

n,
 

di
m

er
is

at
io

n 
do

m
ai

n)
, I

PR
01

23
38

 
(b

et
a-

la
ct

am
as

e/
tr

an
sp

ep
tid

as
e-

lik
e)

Pe
ni

ci
lli

n-
bi

nd
in

g 
pr

ot
ei

n 
di

m
er

is
at

io
n 

do
m

ai
n.

 P
en

ic
ill

in
 b

in
di

ng
 p

ro
te

in
 tr

an
s-

pe
pt

id
as

e 
do

m
ai

n

M
T

22
21

 (
M

tb
 

C
D

C
15

51
) 

M
b2

18
7c

 (
M

. 
bo

vi
s)

 M
L

09
08

 
(M

. l
ep

ra
e)

 
M

M
A

R
_3

20
0 

(M
. m

ar
in

um
) 

M
SM

E
G

_4
23

3 
(M

. s
m

eg
m

at
is

)

Pr
ob

ab
le

 p
en

i-
ci

lli
n-

bi
nd

in
g 

m
em

br
an

e 
pr

ot
ei

n

D
at

ta
 e

t a
l. 

(2
00

6)

 1
7.

R
v2

31
8 

(K
B

J3
24

35
.1

)
U

sp
C

PF
01

54
7 

(S
B

P 
ba

c 
1)

IP
R

00
60

59
 (

so
lu

te
-b

in
di

ng
 f

am
ily

 1
)

B
ac

te
ri

al
 e

xt
ra

ce
llu

la
r 

so
lu

te
-b

in
di

ng
 

pr
ot

ei
n

M
T

23
81

 (
M

tb
 

C
D

C
15

51
) 

M
b2

34
5 

(M
. 

bo
vi

s)
 M

L
17

70
 

(M
. l

ep
ra

e)
 

M
M

A
R

_3
61

9 
(M

. m
ar

in
um

),
 

M
SM

E
G

_4
46

8 
(M

. s
m

eg
m

at
is

)

Pr
ob

ab
le

 
pe

ri
pl

as
m

ic
 

su
ga

r-
bi

nd
in

g 
lip

op
ro

te
in

 
U

sp
C

/P
D

B
 I

D
: 

5K
2X

Fu
lla

m
 

et
 a

l. 
(2

01
6)

 1
8.

R
v3

49
4c

 (
K

B
J2

66
34

.1
)

m
ce

4F
PF

02
47

0 
(M

la
D

)
IP

R
00

56
93

 (
vi

ru
le

nc
e 

fa
ct

or
)

M
la

D
 p

ro
te

in
M

T
35

98
 (

M
tb

 
C

D
C

15
51

) 
M

b3
52

4c
 

(M
. b

ov
is

) 
M

M
A

R
_4

98
2 

(M
. m

ar
in

um
) 

M
SM

E
G

_5
89

5 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 1
9.

R
v1

96
6 

(K
B

J3
31

06
.1

)
m

ce
3A

PF
02

47
0 

(M
la

D
),

 
PF

11
88

7 
(M

ce
4 

C
U

P1
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
. C

ho
le

st
er

ol
 u

pt
ak

e 
po

rt
er

 
C

U
P1

 o
f 

M
ce

4,
 p

ut
at

iv
e

M
T

20
18

 (
M

tb
 

C
D

C
15

51
) 

M
M

A
R

_2
88

2 
(M

. m
ar

in
um

) 
M

SM
E

G
_0

34
6 

(M
. s

m
eg

m
at

is
)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 2
0.

R
v1

96
8 

(K
B

J3
31

08
.1

)
m

ce
3C

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
M

T
20

20
 (

M
tb

 
C

D
C

15
51

) 
M

SM
E

G
_0

34
8 

(M
. s

m
eg

m
at

is
)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 2
1.

R
v0

59
1 

(K
B

J3
92

13
.1

)
m

ce
2c

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
M

T
06

21
 (

M
tb

 
C

D
C

15
51

) 
M

b0
60

6 
(M

. 
bo

vi
s)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 2
2.

R
v0

59
4 

(K
B

J3
92

16
.1

)
m

ce
2F

PF
02

47
0 

(M
la

D
),

 
PF

11
88

7 
(M

ce
4 

C
U

P1
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
. C

ho
le

st
er

ol
 u

pt
ak

e 
po

rt
er

 
C

U
P1

 o
f 

M
ce

4,
 p

ut
at

iv
e

M
T

06
24

 (
M

tb
 

C
D

C
15

51
) 

M
b0

61
0 

(M
. 

bo
vi

s)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y



560 Curr Genet (2017) 63:553–576

1 3

Ta
bl

e 
1 

 c
on

tin
ue

d

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

 2
3.

R
v0

17
1 

(K
B

J4
12

78
.1

)
m

ce
1C

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
M

T
01

80
 (

M
tb

 
C

D
C

15
51

) 
M

b0
17

7 
(M

. 
bo

vi
s)

, M
L

25
91

 
(M

. l
ep

ra
e)

 
M

M
A

R
_0

41
4 

(M
. m

ar
in

um
) 

M
SM

E
G

_0
13

6 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 2
4.

R
v0

17
2 

(K
B

J4
12

79
.1

)
m

ce
1D

PF
02

47
0 

(M
la

D
),

 
PF

11
88

7 
(M

ce
4 

C
U

P1
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 
pr

ot
ei

n)
, I

PR
02

45
16

 (
m

am
m

al
ia

n 
ce

ll 
en

tr
y,

 C
-t

er
m

in
al

)

M
la

D
 p

ro
te

in
. C

ho
le

st
er

ol
 u

pt
ak

e 
po

rt
er

 
C

U
P1

 o
f 

M
ce

4,
 p

ut
at

iv
e

M
T

01
81

 (
M

tb
 

C
D

C
15

51
) 

M
b0

17
8 

(M
. 

bo
vi

s)
, M

L
25

92
 

(M
. l

ep
ra

e)
 

M
M

A
R

_0
41

5 
(M

. m
ar

in
um

),
 

M
SM

E
G

_0
13

7 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)

 2
5.

R
v0

17
4 

(K
B

J4
12

81
.1

)
m

ce
1F

PF
02

47
0 

(M
la

D
)

IP
R

00
56

93
 (

vi
ru

le
nc

e 
fa

ct
or

 M
ce

 p
ro

-
te

in
),

 I
PR

00
33

99
 (

M
ce

/M
la

D
)

M
la

D
 p

ro
te

in
M

T
01

83
 (

M
tb

 
C

D
C

15
51

) 
M

b0
18

0 
(M

. 
bo

vi
s)

 M
L

25
94

 
(M

. l
ep

ra
e)

 
M

M
A

R
_0

41
7 

(M
. m

ar
in

um
) 

M
SM

E
G

_0
13

9 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n/

ex
po

rt
ed

M
ål

en
 

et
 a

l. 
(2

00
7)

 2
6.

R
v1

78
2 

(K
B

J3
40

15
.1

)
ec

cB
5

PF
05

10
8 

(T
7S

S 
E

SX
1 

E
cc

B
)

IP
R

00
77

95
 (

ty
pe

 V
II

 s
ec

re
tio

n 
sy

st
em

 
E

cc
B

)
Ty

pe
 V

II
 s

ec
re

tio
n 

sy
st

em
 E

SX
-1

,  
tr

an
sp

or
t T

M
 d

om
ai

n 
B

M
T

18
32

 (
M

tb
 

C
D

C
15

51
) 

M
b1

81
1 

(M
. 

bo
vi

s)
 M

L
15

44
c 

(M
. l

ep
ra

e)
 

M
M

A
R

_2
66

4 
(M

. m
ar

in
um

)

Ty
pe

 V
II

 s
ec

re
-

tio
n 

sy
st

em
 

pr
ot

ei
n

G
ey

 V
an

 
Pi

tti
us

 
et

 a
l. 

(2
00

1)

 2
7.

R
v3

86
9 

(K
B

J2
49

47
.1

)
ec

cB
1

PF
05

10
8 

(T
7S

S 
E

SX
1 

E
cc

B
)

IP
R

00
77

95
 (

ty
pe

 V
II

 s
ec

re
tio

n 
sy

st
em

 
E

cc
B

)
Ty

pe
 V

II
 s

ec
re

tio
n 

sy
st

em
 E

SX
-1

, t
ra

ns
-

po
rt

 T
M

 d
om

ai
n 

B
M

T
39

82
 (

M
tb

 
C

D
C

15
51

) 
M

b3
89

9 
(M

. 
bo

vi
s)

 M
L

00
54

c 
(M

. l
ep

ra
e)

 
M

M
A

R
_5

44
4 

(M
. m

ar
in

um
) 

M
SM

E
G

_0
06

0 
(M

. s
m

eg
m

at
is

)

Ty
pe

 V
II

 s
ec

re
-

tio
n 

sy
st

em
 

pr
ot

ei
n/

PD
B

: 
4K

K
7

G
ey

 V
an

 
Pi

tti
us

 
et

 a
l. 

(2
00

1)
, 

Z
ha

ng
 

et
 a

l. 
(2

01
5)



561Curr Genet (2017) 63:553–576 

1 3

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

N
on

-c
la

ss
ic

al
ly

 s
ec

re
te

d 
PB

Ps
 w

ith
ou

t l
ip

op
ro

te
in

 s
ig

na
l p

ep
tid

es
 a

nd
 N

-t
er

m
in

al
 h

el
ic

es

 2
8.

R
v2

40
0c

 (
K

B
J3

07
24

.1
)

su
bI

PF
13

53
1 

(S
B

P 
ba

c 
11

)
IP

R
00

56
69

 (
th

io
su

lp
ha

te
/S

ul
fa

te
-

bi
nd

in
g 

pr
ot

ei
n)

B
ac

te
ri

al
 e

xt
ra

ce
llu

la
r 

so
lu

te
-b

in
di

ng
 

pr
ot

ei
n

M
T

24
71

 (
M

tb
 

C
D

C
15

51
) 

M
b2

42
2c

 (
M

. 
bo

vi
s)

 M
L

06
15

 
(M

. l
ep

ra
e)

 
M

M
A

R
_3

71
8 

(M
. m

ar
in

um
),

 
M

SM
E

G
_4

53
3 

(M
. s

m
eg

m
at

is
)

Pr
ob

ab
le

 
su

lf
at

e-
bi

nd
in

g 
lip

op
ro

te
in

W
oo

ff
 e

t a
l. 

(2
00

2)

 2
9.

R
v2

14
0c

 (
K

B
J3

27
08

.1
)

T
B

18
.6

PF
01

16
1 

(P
E

B
P)

IP
R

00
89

14
 (

PE
B

P)
, I

PR
00

52
47

  
(Y

bh
B

/Y
bc

)
Ph

os
ph

at
id

yl
et

ha
no

la
m

in
e-

bi
nd

in
g 

pr
ot

ei
n

M
T

21
98

 (
M

tb
 

C
D

C
15

51
) 

M
b2

16
4c

 (
M

. 
bo

vi
s)

 M
L

12
89

 
(M

. l
ep

ra
e)

, 
M

M
A

R
_3

12
2 

(M
. m

ar
in

um
),

 
M

SM
E

G
_4

19
9 

(M
. s

m
eg

m
at

is
)

E
xp

or
te

d/
PD

B
: 

4B
E

G
E

ul
en

bu
rg

 
et

 a
l. 

(2
01

3)
, 

M
ål

en
 

et
 a

l. 
(2

00
7)

 3
0.

R
v0

05
0 

(K
B

J4
11

53
.1

)
po

nA
1

PF
00

91
2 

(t
ra

ns
gl

y)
, 

PF
00

90
5 

(t
ra

ns
pe

pt
i-

da
se

)

IP
R

02
33

46
 (

ly
so

zy
m

e-
lik

e 
do

m
ai

n)
, 

IP
R

00
12

64
 (

gl
yc

os
yl

 tr
an

sf
er

as
e,

 
fa

m
ily

 5
1)

, I
PR

01
23

38
 (

be
ta

-l
ac

ta
-

m
as

e/
tr

an
sp

ep
tid

as
e-

lik
e)

, I
PR

00
14

60
 

(p
en

ic
ill

in
-b

in
di

ng
 p

ro
te

in
s)

T
ra

ns
gl

yc
os

yl
as

e.
 P

en
ic

ill
in

 b
in

di
ng

 
pr

ot
ei

n 
tr

an
sp

ep
tid

as
e 

do
m

ai
n

M
T

00
56

 (
M

tb
 

C
D

C
15

51
) 

M
b0

05
1 

(M
. 

bo
vi

s)
 M

L
26

88
 

(M
. l

ep
ra

e)
 

M
M

A
R

_0
06

9 
(M

. m
ar

in
um

),
 

M
SM

E
G

_6
90

0 
(M

. s
m

eg
m

at
is

)

Pr
ob

ab
le

 
bi

fu
nc

tio
na

l 
pe

ni
ci

lli
n-

bi
nd

in
g 

pr
ot

ei
n

B
ha

kt
a 

an
d 

B
as

u 
(2

00
2)

 3
1.

R
v0

05
4 

(K
B

J4
11

57
.1

)
ss

b
PF

00
43

6 
(S

SB
)

IP
R

00
04

24
 (

pr
im

os
om

e 
Pr

iB
/s

in
gl

e 
st

ra
nd

 D
N

A
-b

in
di

ng
),

 I
PR

01
23

40
 

(n
uc

le
ic

 a
ci

d-
bi

nd
in

g,
 O

B
-f

ol
d)

Si
ng

le
-s

tr
an

d 
bi

nd
in

g 
pr

ot
ei

n 
fa

m
ily

M
T

00
60

 (
M

tb
 

C
D

C
15

51
) 

M
b0

05
5 

(M
. 

bo
vi

s)
 M

L
26

84
 

(M
. l

ep
ra

e)
, 

M
M

A
R

_0
07

3 
(M

. m
ar

in
um

),
 

M
SM

E
G

_6
89

6 
(M

. s
m

eg
m

at
is

)

E
xp

or
te

d/
PD

B
 

ID
: 1

U
E

1
M

ål
en

 
et

 a
l. 

(2
00

7)
, 

Sa
i-

kr
is

hn
an

 
et

 a
l. 

(2
00

3)

 3
2.

R
v3

53
7 

(K
B

J2
46

05
.1

)
ks

tD
PF

00
89

0 
(F

A
D

 b
in

d-
in

g 
2)

IP
R

02
37

53
 (

FA
D

/N
A

D
(P

)-
bi

nd
in

g 
do

m
ai

n)
, I

PR
00

39
53

 (
FA

D
 b

in
di

ng
 

do
m

ai
n)

, I
PR

02
74

77
 (

su
cc

in
at

e 
de

hy
-

dr
og

en
as

e 
ca

ta
ly

tic
 d

om
ai

n)

FA
D

 d
ep

en
de

nt
 o

xi
do

re
du

ct
as

e 
2

M
T

36
41

 (
M

tb
 

C
D

C
15

51
) 

M
b3

56
7 

(M
. b

ov
is

),
 

M
SM

E
G

_5
94

1 
(M

. s
m

eg
m

at
is

)

Pr
ob

ab
le

 d
eh

y-
dr

og
en

as
e

K
en

da
ll 

et
 a

l. 
(2

00
7)

Ta
bl

e 
1 

 c
on

tin
ue

d



562 Curr Genet (2017) 63:553–576

1 3

S.
 n

o.
G

en
B

an
k 

se
qu

en
ce

 I
D

/R
v 

nu
m

be
r

G
en

e 
na

m
e

Pf
am

 (
do

m
ai

n 
ID

/
do

m
ai

n 
na

m
e)

In
te

rp
ro

 (
do

m
ai

n 
ID

/d
om

ai
n 

na
m

e)
D

es
cr

ip
tio

n
M

yc
ob

ac
te

ri
al

 o
rt

ho
lo

gu
es

Fu
nc

tio
na

l a
nn

o-
ta

tio
ns

/lo
ca

liz
a-

tio
n/

PD
B

 I
D

R
ef

er
en

ce
s

 3
3.

R
v1

81
7 

(K
B

J3
40

50
.1

)
R

v1
81

7
PF

00
89

0 
(F

A
D

 b
in

d-
in

g 
2)

IP
R

02
37

53
 (

FA
D

/N
A

D
(P

)-
bi

nd
in

g 
do

m
ai

n)
, I

PR
00

39
53

 (
FA

D
 b

in
di

ng
 

do
m

ai
n)

, I
PR

02
74

77
 (

su
cc

in
at

e 
de

hd
ro

ge
na

se
 c

at
al

yt
ic

 d
om

ai
n)

FA
D

 b
in

di
ng

 d
om

ai
n

M
T

18
65

 (
M

tb
 

C
D

C
15

51
) 

M
b1

84
8 

(M
. 

bo
vi

s)
, M

L
09

34
 

(M
. l

ep
ra

e)
, 

M
M

A
R

_2
69

4 
(M

. m
ar

in
um

),
 

M
SM

E
G

_3
65

7 
(M

. s
m

eg
m

at
is

)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

 3
4.

R
v3

71
6c

 (
K

B
J2

47
89

.1
)

R
v3

71
6c

PF
02

57
5 

(Y
ba

B
 D

N
A

 
bd

)
IP

R
00

44
01

 (
nu

cl
eo

id
-a

ss
oc

ia
te

d 
pr

ot
ei

n 
Y

ba
/E

bf
C

 f
am

ily
)

Y
ba

B
/E

bf
C

 D
N

A
-b

in
di

ng
 f

am
ily

M
T

38
19

 (
M

tb
 

C
D

C
15

51
) 

M
b3

74
3c

 (
M

. 
bo

vi
s)

 M
L

23
30

 
(M

. l
ep

ra
e)

 
M

M
A

R
_5

23
2 

(M
. m

ar
in

um
),

 
M

SM
E

G
_6

28
0 

(M
. s

m
eg

m
at

is
)

U
nk

no
w

n 
fu

nc
-

tio
n

Id
en

tifi
ed

 
in

 th
is

 
st

ud
y

35
.

R
v3

50
5*

 (
K

B
J2

66
46

.1
)

fa
dE

27
PF

00
50

1 
(A

M
P 

bi
nd

-
in

g)
IP

R
03

03
10

 (
lo

ng
-c

ha
in

-f
at

ty
-a

ci
d-

C
oA

 
lig

as
e 

Fa
dD

17
),

 I
PR

02
08

45
 (

A
M

P 
bi

nd
in

g,
 c

on
se

rv
ed

 s
ite

)

A
M

P-
bi

nd
in

g 
en

zy
m

e.
 L

on
g-

ch
ai

n-
fa

tty
-

ac
id

—
co

A
 li

ga
se

 F
aD

17
M

T
36

09
 (

M
tb

 
C

D
C

15
51

) 
M

b3
53

5 
(M

. 
bo

vi
s)

 M
L

03
56

 
(M

. l
ep

ra
e)

 
M

M
A

R
_4

99
3 

(M
. m

ar
in

um
),

 
M

SM
E

G
_5

90
7 

(M
. s

m
eg

m
at

is
)

Pr
ob

ab
le

 li
pi

d 
m

et
ab

ol
is

m
 

as
so

ci
at

ed
 

pr
ot

ei
n

K
en

da
ll 

et
 a

l. 
(2

00
7)

 3
6.

R
v3

40
9c

 (
K

B
J2

69
50

.1
)

ch
oD

PF
13

45
0 

(N
A

D
 b

in
d-

in
g 

8)
IP

R
02

37
53

 (
FA

D
/N

A
D

(P
)-

bi
nd

in
g 

do
m

ai
n,

 g
lu

co
se

-m
et

ha
no

l-
ch

ol
in

e 
ox

id
or

ed
uc

ta
se

)

N
A

D
(P

)-
bi

nd
in

g 
R

os
sm

an
n-

lik
e 

do
m

ai
n

M
T

35
17

 (
M

tb
 

C
D

C
15

51
) 

M
b3

44
3c

 (
M

. 
bo

vi
s)

 M
L

03
89

 
(M

. l
ep

ra
e)

 
M

M
A

R
_1

14
0 

(M
. m

ar
in

um
),

 
M

SM
E

G
_1

60
4 

(M
. s

m
eg

m
at

is
)

C
ho

le
st

er
ol

-O
2 

ox
id

or
ed

uc
ta

se
B

rz
os

te
k 

et
 a

l. 
(2

00
7)

 3
7.

R
v3

41
3c

 (
K

B
J2

69
54

.1
)

R
v3

41
3c

PF
16

75
1 

(R
sd

A
 S

ig
D

 
bd

)
IP

R
03

19
28

 (
an

ti-
si

gm
a-

D
 f

ac
to

r 
R

sd
A

, 
si

gm
a 

fa
ct

or
-b

in
di

ng
 r

eg
io

n)
A

nt
i-

si
gm

a-
D

 f
ac

to
r 

R
sd

A
 to

 s
ig

m
a 

fa
ct

or
 

bi
nd

in
g 

re
gi

on
M

T
35

22
 (

M
tb

 
C

D
C

15
51

) 
M

b3
44

7c
 (

M
. 

bo
vi

s)
 M

L
03

85
 

(M
. l

ep
ra

e)
 

M
M

A
R

_1
13

5 
(M

. m
ar

in
um

),
 

M
SM

E
G

_1
60

0 
(M

. s
m

eg
m

at
is

)

E
xp

or
te

d/
PD

B
 

ID
: 3

V
E

P
Ja

is
w

al
 

et
 a

l. 
(2

01
3)

, 
M

ål
en

 
et

 a
l. 

(2
00

7)

Ta
bl

e 
1 

 c
on

tin
ue

d

* 
K

B
J2

66
46

.1
 (

R
v3

50
5)

 (
fa

dE
27

) 
sh

ar
e 

ho
m

ol
og

y 
w

ith
 th

e 
ve

ry
 lo

ng
 c

ha
in

 a
cy

l-
C

oA
 s

yn
th

et
as

e 
pr

ot
ei

n 
(G

I:
 B

A
A

23
64

4)
 o

f 
hu

m
an

s 
(H

om
o 

sa
pi

en
s)

 w
ith

 a
n 

ex
pe

ct
-v

al
ue

 o
f 

(3
e-

37
)



563Curr Genet (2017) 63:553–576 

1 3

Rv0171, Rv0172, and Rv0174) were non-classically 
secreted with N-terminal TM-helices. These proteins 
were homology modeled on the basis of the templates, 
namely coiled coil methyl accepting chemotaxis pro-
tein (PDB ID: 3G67) from Thermotoga maritime (Pol-
lard et al. 2009) and serine chemotaxis receptor from 
E. coli (Kim et al. 1999) (Supplementary Tables 10, 
11).

2. Mce4 CUP1 family We have identified three non-clas-
sically secreted putative PBPs (Rv1966, Rv0594 and 
Rv0172) with single N-terminal helices in Mtb pro-
teome. These three proteins were the members of Mce4 
CUP1 family and were also carrying MlaD domain 
(PF11887). These proteins were also homology mod-
eled and have similar structural fold as that of MlaD 
family proteins (Supplementary Tables 10, 11).

3. Solute-binding proteins family We have obtained total 
six putative PBPs of solute-binding family. Three 
proteins (Rv2041c, Rv1235, and Rv2318) have SBP 
bac 1 (PF01547) domain. Two proteins, Rv1166 and 

Rv3666c, have SBP bac 5 (PF00496) and one protein, 
Rv2400c, has SBP bac 11 (PF13531) domain.

One of the identified SBP bac 1 protein, Rv2318, is a 
well-studied and characterized solute-binding protein, 
UspC (PDB ID: 5K2X) of Mtb (Fullam et al. 2016). Rest 
of the two proteins, Rv1166 and Rv3666c, of SBP bac 1 
family (Fig. 2a) is shown to have homology with the ABC 
transporter solute-binding protein (PDB ID: 5CI5) (Payne 
et al. 2016) and maltose binding protein (PDB ID: 1EU8) 
(Diez et al. 2001) (Supplementary Tables 10, 11).

One SBP bac 5 protein has an N-terminal TM-helix 
along with the classical signal and lipoprotein signal pep-
tides and another possesses only lipoprotein signal pep-
tide. SBP bac 5 proteins were modeled using template 
proteins, periplasmic murein tripeptide binding protein, 
mppA (PDB ID: 3O9P) of E. coli (Maqbool et al. 2011) 
(Fig. 2b) and LpqW (PDB ID: 2GRV) (Marland et al. 
2006) lipoprotein from M. smegmatis (Supplementary 
Tables 10, 11).

Rv3666c  
(SBP bac 5) 

Rv0934 
(PBP Like 2) 

Rv3044  
(PBP BP 2)

Rv2864c 
(Transpeptidase) 

Rv3194c 
 (Lon C) 

Rv2041c 
(SBP bac 1) 

Rv0203 
(Heme binding)

(a) (b) (c) 

(d) (e) (f) (g) 

Fig. 2  Representative tertiary structures of classically secreted puta-
tive PBPs of Mtb: modeled tertiary and available PDB structures of 
classically secreted putative PBPs shown in figure. All the proteins 
are shown with cartoon model and colored according to the second-
ary structural elements. a Rv2041c protein of SBP bac 1 family, b 

Rv3666c protein of family SBP bac 5, c Rv3044 protein of PBP 2 
family, d Rv2864c of transpeptidase family, e Rv0934 protein of PBP 
like 2 protein family, f Rv3194c of Lon C protease family, g Rv0203 
protein of periplasmic heme-binding protein family (PDB ID: 3MAY)
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One protein contained SBP bac 11 functional domain. 
This protein was non-classically secreted and both lipo-
protein signal and N-terminal helix were absent in its 
sequence. This putative solute-binding protein was mod-
eled using sulfate-binding protein (PDB ID: 1SBP) from 
Salmonella enterica (He and Quiocho 1993) (Supplemen-
tary Table 11).

 4. PBP 2 family This family contains type III PBPs 
and SBPs. Type III PBPs include periplasmic ferric 
(Fe+3)-dicitrate transporter, FecB from E. coli and 
form substrate-binding part of the ABC transport-
ers involved in Fe+3 uptake (Banerjee et al. 2016, 
Staudenmaier et al. 1989). We have identified one 
classically secreted putative PBP, Rv3044 of this fam-
ily. The predicted protein has classical signal peptide 
along with the lipoprotein signal like all other known 
members of the PBP 2 family. The proteins share 
functional domain PF01497 homologous to ABC 
transporter PBPs (Table 1). The tertiary structure of 
the protein (Fig. 2c) was modeled using HtsA (PDB 
ID: 3EIW) lipoprotein of E.coli (Beasley et al. 2009) 
as template (Supplementary Table 10).

 5. Penicillin-binding protein or transpeptidase family 
and PBP dimer family This family has proteins con-
taining penicillin-binding domain, hence referred 
to as penicillin-binding proteins. The topological 
arrangement of periplasmic-binding proteins shows a 
cytoplasmic tail, a transmembrane helix with the help 
of which these proteins remain anchored in the mem-
brane, and the two domains are joined by a linker and 
are exposed into the periplasm (Sauvage et al. 2008). 
These proteins have been reported to carry a lipopro-
tein signal along with a signal peptide which forms a 
water soluble form of this enzyme (Bowler and Spratt 
1989). We have obtained three classically secreted 
proteins (Rv2864c, Rv3682, and Rv0016c) and 
two non-classically secreted proteins, Rv0050 and 
Rv2163c, of this family. These proteins have N-ter-
minal transmembrane helix and possess PBP dimer 
(PF03717) and transpeptidase (PF00905) domains. 
Rv0016c protein is characterized by a penicillin-
binding protein of the Mtb (PDB ID: 3LO7) (Fedar-
ovich et al. 2010). The remaining four proteins were 
modeled using homology modeling. Tertiary struc-
ture of these (Fig. 2d) indicated the homology with 

(a) 

Rv1911c  
(PEBP) 

Rv0054 
(SSB) 

Rv3869  
(ESX1_EccB) 

(b) (c) 

(d) (e) (f) 
(g) 

Rv1817 
(FAD binding)

Rv3409c 
(NAD binding)

Rv3505  
(AMP binding )

Rv3413c  
 (Sigma factor binding) 

Fig. 3  Representative tertiary structures of non-classically secreted 
putative PBPs of Mtb: modeled tertiary and available PDB struc-
tures of non-classically secreted putative PBPs are shown in figure. 
All the proteins are shown with cartoon model and colored accord-
ing to secondary structural elements. a Rv3869 protein ESX1_EccB 

(PDB ID: 4KK7) of ESX1 family, b Rv1911c protein of PEBP fam-
ily, c Rv0054 protein of SSB family, d Rv1817 of FAD binding fam-
ily, e Rv3409c of NAD-binding family, f Rv3413c (PDB ID: 3VEP), 
anti-sigma factor-binding protein RsdA (g) Rv3505 protein of AMP-
binding protein family
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the methicillin acyl-penicillin-binding protein (PDB 
ID: 1MWU) from Staphylococcus aureus (Lim and 
Strynadka 2002), bifunctional peptidoglycans trans-
ferase (PDB ID: 3DWK) from Staphylococcus aureus 
(Lovering et al. 2008) and penicillin-binding protein 
(PDB ID: from Pseudomonas aeruginosa (Sainsbury 
et al. 2011) (Supplementary Tables 10, 11).

 6. PBP like 2 family Proteins of this family possess 
functional domain PF12849 which is designated for 
proteins which have PBPs like structural and func-
tional features. In Mtb proteome, we have identified 
one classical secretory protein, Rv0934, of this family 

(Fig. 2e) which also carries a lipoprotein signal pep-
tide. This protein is a characterized PBP, PstS-1 from 
Mtb (PDB ID: 1PC3) (Supplementary Table 10).

 7. Lon C family Lon C domain-containing proteins pos-
sess functional domain similar to protein-degrading 
enzyme Lon protease. We have identified one puta-
tive PBP, Rv3194c, with the Lon protease domain 
(PF05362) in Mtb proteome. This was identified as 
classically secreted with an N-terminal TM helix. The 
protein was modeled (Fig. 2f) using template protein 
Lon-like protease (PDB ID: 4FW9), an MtaLonC of 
Meiothermus taiwanensis (Supplementary Tables 10, 
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Fig. 4  Proteome-wide distribution of PBPs in Mtb: a classically 
secreted 256 proteins, non-classically secreted 738 proteins make the 
total secretome of Mtb. b 13 putative classically secreted PBPs were 
identified in classically secreted periplasmic proteins with 8 differ-
ent classes. Transpeptidase or penicillin binding proteins have largest 
share with three members, while SBP bac 5, SBP bac 2 and MlaD 
families have two members each. PBP like 2, Periplasmic BP 2, Lon 
C, heme-binding proteins have one member each. c 24 Proteins were 
identified as periplasmic proteins without classical secretory signal 

peptides. Proteins were distributed among 12 different families of 
PBPs. MlaD proteins were identified related to mammalian cell entry 
and virulence followed by phosphatidylethanolamine (lipid) binding 
protein with three members. Type-VII secretion system (T7S), DNA-
binding proteins and FAD binding proteins had two members each. 
Solute binding protein families (SBP bac 11, SBP bac 1), PBP dimer, 
Lon C, extracellular sigma factor-binding protein and NAD-binding 
protein families have one member each identified in Mtb proteome



566 Curr Genet (2017) 63:553–576

1 3

11). These proteins also possess PDZ_2 domain 
(PF13180) (Table 1).

 8. Heme-binding PBP family Heme is one of the major 
iron sources for bacterial pathogens. There are many 
proteins involved in heme acquisition machinery 
of the bacteria: hemophores, heme receptors, heme 
importers, and cytoplasmic heme-utilizing proteins. 
The hemophore receptor proteins bind to the avail-
able heme from the host cell and transport it to the 
periplasm. In periplasm, periplasmic heme-binding 
proteins capture heme and transfer it to membrane 
spanned heme transporters which further transfer it to 
the bacterial cytoplasm for making it available to cyto-
plasmic heme utilizing proteins (Kaur et al. 2009). We 
have found one putative classically secreted periplas-
mic heme-binding protein, Rv0203, (Fig. 2f) with an 
N-terminal transmembrane helix in Mtb proteome. 
This protein possesses PF16525 domain which is a 

characteristic feature of mycobacteria heme-binding 
protein.

 9. T7SS ESX1 EccB family Type-VII secretion system 
(T7SS) is an important non-classical secretory path-
way. This pathway has been reported to transport viru-
lence factors and folded proteins across the membrane 
(Serafini et al. 2013). We have identified two non-
classically secreted putative PBPs with an N-terminal 
TM helix and possessing T7SS ESX1 EccB domain 
(PF05108). One of the proteins, Rv3869, has been 
already reported as membrane-spanned periplasmic 
protein, EccB1 of Mtb (PDB ID: 4KK7). The other 
protein, Rv1782, of this family was modeled using 
EccB1 protein of type-VII secretion system (Fig. 3a) 
(Supplementary Table 11) (Wagner et al. 2016; Zhang 
et al. 2015).

 10. Phosphatidylethanolamine-binding protein (PEBP) 
family These proteins bind lipid headgroups of 

N’

(a) (b) (c) (d) 

Signal Peptide
Lipoprotein Signal
N-terminal trans-membrane helix

Fig. 5  Different possible modes of membrane anchoring in periplas-
mic binding proteins: PBPs remain anchored to the cell membrane 
to prevent their extracellular secretion from periplasm, therefore 
these proteins use different modes to remain attached to the plasma 
membrane. a PBPs attached to cell membrane via uncleaved signal 

peptides. b PBPs (lipoproteins) attached to membrane with the help 
of lipoprotein signal peptides. c PBPs attached to membrane via an 
N-terminal TM helices. d Proteins residing in periplasm without any 
membrane anchors
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the membrane lipid molecules. We have identified 
three non-classically secreted putative PBPs related 
to PEBP family. One of the identified PEPB fam-
ily proteins out of three has lipoprotein signals, one 
protein has an N-terminal TM-helix and another one 
was lacking any lipoprotein signals or an N-terminal 
helix. All the three proteins have PF01161 functional 
domain homologous to PEBP proteins. One identi-
fied member of this family in Mtb, Rv2140c, has been 
documented as a PEBP (PDB ID: 4BEG) (Fig. 3b) 
(Eulenburg et al. 2013). Rest two proteins were homo-
logues of the Rv2140c protein as observed from their 
modeled tertiary structures (Supplementary Table 11).

 11. Single strand and double strand DNA-binding protein 
family We have identified two non-classically secreted 
putative PBPs with DNA-binding domains, PF00436 
and PF02575. In both these proteins, lipoprotein sig-
nal peptides as well as N-terminal helix are absent. 
One protein out of the two, Rv0054, is a periplas-
mic single strand binding protein (PDB ID: 1UE1) 
(Fig. 3c) of Mtb (Saikrishnan et al. 2003). The sec-
ond protein Rv3716 was modeled using DNA-binding 
protein HP_0035 (PDB ID: 3F42) of Helicobacter 
pylori (Park et al. 2012) (Supplementary Table 11).

 12. FAD (flavin adenine nucleotide) binding protein fam-
ily In Mtb proteome, we have identified two non-clas-
sically secreted FAD-binding putative PBPs, Rv3537 
and Rv1817. These proteins have FAD-binding 
domains (PF00890) and they lack lipoprotein signals 
as well as an N-terminal TM-helix. These putative 
FAD-binding proteins were modeled (Fig. 3d) using 
soluble flavocytochrome C3 fumarate reductase pro-
tein (PDB ID: 1QO8) from Shewanella frigidimarina 
(Bamford et al. 1999) as template protein structure 
(Supplementary Table 11).

 13. NAD-binding protein family Periplasmic NAD(P)-
binding proteins have been reported in some patho-
genic bacteria and are required to fulfill NAD require-
ments of pathogens which lack NAD biosynthetic 
pathway. In Mtb proteome, we have identified one 
non-classically secreted protein with NAD-binding 
domain (PF13450) and without membrane anchor. 
This putative NAD-binding protein Rv3409c was 
modeled using alcohol oxidase, AOX1 (PDB ID: 
5HSA) of Pichia pastoris (Supplementary Table 11) 
(Fig. 3e) (Koch et al. 2016).

 14. RsdA SigD binding family We have identified one pro-
tein from RsdA SigD binding family Rv3413c, which 
is potentially a non-classically secreted protein with-
out any secretory signals or TM-helix. This protein 
has a sigma factor (transcription regulatory proteins) 
binding domain similar to the known anti-sigma fac-
tor or sigma factor antagonist proteins (PF16751). 

This putative PBP (Fig. 3f) is a well characterized 
membrane spanning anti-sigma factor RsdA (PDB 
ID: 3VEP) (Supplementary Table 11).

 15. AMP-binding family We have identified one non-
classically secreted putative AMP-binding protein 
Rv3505 in Mtb proteome. Proteins of this family pos-
sess functional domain PF00501 from known AMP-
binding enzymes. This protein in Mtb lacks any lipo-
protein signals and an N-terminal helix anchor. The 
protein was modeled (Fig. 3g) using non-ribosomal 
peptide synthetase LgrA (PDB ID: 5ES8) from Brev-
iabacillus parabrevis (Reimer et al. 2016) and ATP-
binding acetyl-coA synthetase (PDB ID: 1PG4) from 
Salmonella enterica (Gulick et al. 2003) as template 
structures (Supplementary Table 11).

Conservation of putative PBPs among the 
mycobacterial genera and non‑homology  
with the human host

The orthologues search for the putative PBPs has shown 
that all identified putative PBPs of Mtb show conservation 
across the species of mycobacterial genera. The candida-
ture of these proteins as drug targets was further tested by 
looking for their non-homology with the human host. The 
BLASTP searches have resulted in “no hits” or no homolo-
gous sequence for any of the putative PBPs except for the 
one, Rv3505 protein which share homology with the very 
long chain acyl-CoA synthetase protein (GI: BAA23644) 
of humans (Table 1).

Discussion

The PBPs or SBPs capture and bind ions, solutes, and vari-
ous other substrates from the periplasm and transfer them 
to related membrane transporters for their export/import. 
Sometimes substrate binding by periplasmic proteins is 
related to signaling mechanism of the bacteria and in few 
cases with the virulence of the bacteria when these proteins 
are associated with the peptide transport system (Tam and 
Saier 1993). With the help of these proteins periplasm act 
as selective check point for the transfer of material inside 
and outside the bacterial cells.

In the present study, we have identified putative PBPs in 
the Mtb proteome. Out of 4027 proteins we have obtained 
256 classical secretory and 738 non-classical secretory 
proteins (Fig. 4a). Further, we have shortlisted 133 classi-
cally secreted periplasmic proteins and 262 non-classically 
secreted periplasmic proteins on the basis of their peri-
plasmic localization. Out of 133 classically secreted puta-
tive periplasmic proteins, we have screened 13 putative 
PBPs. From these proteins, one protein was identified to be 
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carrying both lipoprotein signal peptides and an N-terminal 
helix, four proteins with lipoprotein signal peptides, six 
proteins with the single N-terminal helix and two proteins 
were completely lacking any N-terminal anchor sequences 
(Fig. 4b).

From 262 non-classically secreted proteins, we have 
identified 24 putative PBPs. This set of proteins comprises 
one protein with the lipoprotein signal, 14 proteins with 
the single N-terminal helix, and 10 proteins were com-
pletely lacking any kind of lipoprotein signal peptides or 
an N-terminal helix, and therefore are devoid of any mem-
brane anchors (Fig. 4c). All of these proteins were catego-
rized into 15 different families on the basis of functional 
domains. These families include proteins involved in cell 
signaling, solute binding, and membrane transport by serv-
ing as periplasmic piece of ABC transporters, heme-bind-
ing and lipid-binding activities (Table 1).

Most of the PBPs or SBPs have requirements to stay at 
the interface between plasma membrane and the cell wall, 
so to restrict their secretion into outside environment, these 
proteins require a kind of anchoring attachment in the form 
of retained uncleaved classical signal peptides, lipoprotein 
signal peptides or a membrane spanning N-terminal helix 
(Fig. 5) (Tjalsma et al. 2000). Mycobacteria are surrounded 
by double membranous structure comprising plasma mem-
brane, periplasmic space, and an outer membrane similar 
to Gram-negative bacteria (Daffé and Reyrat 2008). While 
phylogenetically based on 16s ribosomal RNA sequence 
analysis, these were reported to be closer to Gram-positive 
bacteria (Hett and Rubin 2008). To identify the membrane 
anchored PBPs classical signal peptides, lipoprotein signal 
peptides, and N-terminal TM helices were predicted. For 
the prediction of lipoproteins from both the Gram-positive 
as well as Gram-negative bacteria, LipoP program report-
edly has a high accuracy of above 95% (Juncker et al. 
2003; Rahman et al. 2008); hence this program was used 
during the present study.

Substrates across the cell membrane are transported 
by means of inner-membrane transporters and channels 
(Chaudhary et al. 2016; Sandhu and Akhter 2016), while the 
transport across the outer membrane is mediated by outer 
membrane proteins. There is one more part of transporter 
proteins involved in periplasmic translocation of various 
molecules known as adaptor protein or periplasmic efflux 
proteins. We have identified 8 classically secreted and 12 
non-classically secreted PBPs related to ABC transport 
systems. Ten proteins were related to MlaD/Mce4 CUP1 
family (Table 1) (Berks et al. 2000; Kumar et al. 2003). 
The MlaD domain containing proteins have been reported 
to constitute the periplasmic part of ABC importer system 
which carries out the function of phospholipids asymmetry 
maintenance at the outer membrane (OM) of Gram-negative 
bacteria by importing surface exposed phospholipids during 

the stressed conditions and thereby restoring the membrane 
impermeability (Linton and Higgins 1998; Malinverni and 
Silhavy 2009). Mammalian cell entry (Mce) CUP1 domain 
containing proteins constitute parts of ABC transporter sys-
tems involved mainly in the steroid uptake as reported in the 
case of Rhodococcus jostii (Mohn et al. 2008). Mce proteins 
have been reported to facilitate entry of pathogen inside 
the host cells and are important from virulence perspec-
tive. They are encoded by four mce operons in Mtb, mce1-
mce4. mce4 is mostly observed to express at the later stage 
of Mtb infection. They were reported to have a possible role 
in long-term persistence of Mtb pathogen inside the host tis-
sues as reported for the infected mice (Kumar et al. 2003; 
Zhang and Xie 2011).

Two other putative PBPs from PBP 2 and PBP like 2 
families have ABC transporter periplasmic-binding pro-
teins like domain and may act as periplasmic part of ABC 
transporter system (Table 1). An identified PBP like 2 pro-
tein Rv0934 or PstS-1 has been reported to work as extra-
cellular phosphate receptor of ABC transporter assem-
bly and activate the ESX-5 secretion system in repose to 
phosphate limiting conditions (Elliott and Tischler 2016). 
Earlier this protein has been designated as secreted protein 
antigen-B of Mtb and used for the delayed type hypersensi-
tivity test of TB (Vyas et al. 2003).

Six proteins were reported to be related to three differ-
ent periplasmic solute-binding protein families (SBP bac 
1, SBP bac 5, and SBP bac 11) (Table 1). We have iden-
tified two classically secreted proteins out of which one 
protein contains lipoprotein signal peptide and another con-
tains N-terminal TM helix. Both of these are members of 
SBP bac 5 family. SBP bac 5 proteins have been reported 
to form periplasmic solute-binding part of the ABC trans-
port systems in many Gram-negative bacteria or reported as 
membrane-anchored lipoproteins (Saurin and Dassa 1994; 
Singh and Röhm 2008), therefore we assume that they may 
be playing similar roles in the case of Mtb. These bacterial 
extracellular solute-binding proteins were reported to be 
involved in the transport of solutes in periplasm. They were 
reported to act as the chemoreceptors or recognition com-
ponents of many ABC transporter systems involved in sol-
ute transport across the cellular membrane. These proteins 
may serve as a trigger to translocation of solutes through 
the membrane by binding to the outer leaflet of membrane 
and also perform an important role in the sensory transduc-
tion pathways. In the case of Gram-negative bacteria, these 
proteins are periplasmic soluble proteins but in the case 
of archea and Gram-positive bacteria, where periplasm is 
absent in most of the cases, some of the cell membrane-
anchored lipoproteins are designated as solute-binding pro-
teins (Saurin and Dassa 1994). These proteins have been 
classified into eight families on the basis of the nature of 
the solute they bind (Tam and Saier 1993).
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Two putative PBPs related to T7S secretion pathway 
(Table 1) were identified in Mtb proteome. Proteins of this 
family are component of a specialized secretion pathway, 
type-VII secretion systems (T7S) and carry out the export 
of virulence factors like ESAT-6 or EsxA (early secreted 
antigen target) proteins, EsxB (CFP-10) and their partners 
in mycobacteria (Brodin et al. 2006; Poulsen et al. 2014; 
Zhang et al. 2015). This secretions system is localized in 
the RD1 region of M. tuberculosis and is absent in avirulent 
candidate vaccine strains, M. bovis BCG and M. microti. 
These proteins constitute a multi-component secretion 
system and provide a speedy transport of virulence factors 
across the complex cell envelope of mycobacteria during 
the infection (Houben et al. 2012).

Six transpeptidase domain containing proteins or pen-
icillin-binding proteins were identified in Mtb proteome 
(Table 1). These proteins play an important role in pepti-
doglycan polymerization, a principal component of bac-
terial cell wall, and its insertion into the pre-existing cell 
wall (Yoshida et al. 2012). Penicillin-binding proteins are 
important from the virulence prospective of the pathogen 
as they resist against the β-lactam antibiotics and play an 
important role in maintaining cell morphology (Guinane 
et al. 2006). One known penicillin-binding protein PbpA 
(PDB ID: 3LO7) from Mtb was also identified among the 
putative PBPs. This protein has been reported to be impor-
tant for the cell division in M. smegmatis (Fedarovich et al. 
2010).

Two putative periplasmic DNA-binding proteins were 
identified in the Mtb proteome (Table 1). DNA uptake 
is involved in natural transformation process and is an 

important part of horizontal gene transfer. Different pro-
teins involved in various steps of DNA uptake in extracel-
lular environment, periplasm, membrane, and cytoplasm 
have been reported in Bacillus subtilis, Streptococcus pneu-
monia, and Hemophilus influenzeae. Periplasmic DNA 
receptor protein has also been reported in Nisseria gonor-
rhoeae, which is involved in DNA transformation process 
(Jeon and Zhang 2007). However, the DNA transformation 
process is difficult in Mycobacterium genus but, Mycobc-
terium smegmatis has been reported to be capable of plas-
mid transformation and support their intracellular replica-
tion which makes it a model organism to study the DNA 
transformation process in this genus (Panas et al. 2014). 
These two PBPs may have a role in DNA transformation 
and uptake process of the Mtb.

Three putative PBPs of PEBP family and one lipid-
binding protein were identified in Mtb proteome (Table 1). 
This family has proteins with PEBP (PF01161) domain. 
The name indicates their affinity for binding lipids (Hengst 
et al. 2001). The crystal structure of one of the character-
ized protein of this family from humans (hpEBP) showed 
a ligand-binding site which has the capability to accommo-
date the phosphate head group of phospholipids, with the 
help of which they bind to inner membrane rich in phos-
phatidylethanolamine. It is assumed that this kind of bind-
ing conformation makes it helpful to relay signal across 
the cytoplasm from the membrane (Serre et al. 1998). 
These proteins exhibit a wide-range of biological activities 
including lipid binding, interaction with the cell-signaling 
machinery, and odorant effectors (Banfield et al. 1998; 
Książkiewicz et al. 2016). The putative PBP proteins of 

Table 2  List of program/servers/databases used for the genome-wide identification of putative PBPs in Mtb proteome

S. no. Program Web link Algorithm Function References

1. SignalP 4.1 http://www.cbs.dtu.dk/services/
TMHMM/

HMM Prediction of classical secretory 
proteins

Nielsen et al. (1997)

2. SecretomeP 
2.0

http://www.cbs.dtu.dk/services/
SecretomeP/

Neural network Prediction of non-classical secretory 
proteins

Bendtsen et al. (2004)

3. LipoP http://www.cbs.dtu.dk/services/
LipoP/

HMM Prediction of Lipoproteins Juncker et al. (2003)

4. TMHMM2.0 http://www.cbs.dtu.dk/services/
TMHMM/

HMM Prediction of single N-terminal TM-
helix containing proteins

Krogh et al. (2001)

5. CELLO v.2.5 http://cello.life.nctu.edu.tw/ SVM Subcellular localization prediction Yu et al. (2004)

6. InterPro https://www.ebi.ac.uk/interpro/ Prediction of functional domains 
and families

Hunter et al. (2009)

7. Pfam http://pfam.xfam.org/ HMM and ADDA Prediction of protein domain 
families

Bateman et al. (2004)

8. PHYRE2 http://www.sbg.bio.ic.ac.uk/phyre2/
html/page.cgi?id=index

HMM Tertiary structure Modeling Kelley et al. (2015)

9. NCBI http://www.ncbi.nlm.nih.gov/ – Retrieval of proteome data set NCBI (2013)

10. PDB http://www.rcsb.org/ – Retrieval of crystal structure of 
characterized PBPs

Bernstein et al. (1977)

http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/SecretomeP/
http://www.cbs.dtu.dk/services/SecretomeP/
http://www.cbs.dtu.dk/services/LipoP/
http://www.cbs.dtu.dk/services/LipoP/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://cello.life.nctu.edu.tw/
https://www.ebi.ac.uk/interpro/
http://pfam.xfam.org/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.ncbi.nlm.nih.gov/
http://www.rcsb.org/
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PEBP may have cell membrane remodeling-related func-
tion in Mtb.

RsdA sigma factor-binding PBPs were also identified in 
Mtb (Table 1). Anti-sigma proteins are membrane-spanning 
proteins with the soluble extracytoplasmic and extraperi-
plasmic part. These proteins bind the sigma factors to regu-
late extra cytoplasmic functions which in turn modulate the 
intracellular transcription in response to diverse environ-
mental signals from outside the bacteria cells (Mettrick and 
Lamont 2009). These extracytoplasmic sigma factors were 
reported to be important for bacterial virulence and patho-
genesis (Bashyam and Hasnain 2004). The identified PBP 
of RsdA sigma factor-binding protein (PDB ID: 3VEP) 
has been reported to play an important role in regulation of 
the expression profile of Mtb in response to external envi-
ronmental stimuli (Jaiswal et al. 2013). This protein has 
also been reported to bind periplasmic sigma factors and 
thereby regulate intracellular transcription (Miot and Bet-
ton 2004).

One putative PBP with Lon C domain was also identi-
fied (Table 1). Lon C domain-containing proteins are ATP-
dependent proteases and utilize serine in their catalytic 
activity. They are mainly functioning in the selective degra-
dation of abnormal and mutant proteins thus playing a cru-
cial role in cellular cleansing. These proteins are required 
in certain pathogenic bacteria for rendering pathogenicity 
and host infectivity (Lee et al. 2006). In E. coli, many peri-
plasmic proteases have been reported related to degradation 
of misfolded proteins in periplasm and thus helping in qual-
ity control of bacterial periplasm (Miot and Betton 2004). 
The Mtb putative Lon proteases may be serving the similar 
function of misfolded protein degradation in periplasmic 
space. This protein also has PDZ_2 domain (PF13180), 
which have been reported to anchor receptor proteins to the 
cytoskeleton of eukaryotic cells (Brakeman et al. 1997).

One AMP-binding protein was also identified in puta-
tive PBP (Table 1). The function of this protein in Mtb 
could not be predicted due to unavailability of any AMP-
binding periplasmic protein yet, but the AMP-binding 
domain is shared by many other nucleotide-binding peri-
plasmic proteins. These proteins act as receptors and have 
been reported to be involved in cell signaling (Devi and 
McCurdy 1984).

PBPs of Mtb also had two non-classically secreted FAD-
binding proteins (Table 1). FAD-binding proteins carry 
out mainly cellular functions and involve in the transfer of 
electrons to the acceptor molecules. Most of the FAD-bind-
ing proteins are membrane-associated cytoplasmic proteins 
like tricarballylate dehydrogenase (TcuA) and transmem-
brane proteins like succinate dehydrogenase, but bacterial 
periplasm was also reported to contain some FAD-binding 
proteins which are meant to prevent the membrane trans-
location of substrates before the reduction. Some of these 

proteins are fumarate reductase enzyme from Wolinella 
succinogenes, methaycrylate reductase from Geobacter 
sulfurreducens, periplasmic aldehyde oxidoreductase YagS 
in E. coli, and membrane-associated FAD-binding peri-
plasmic protein ApbE from Salmonella enteric (Boyd et al. 
2011; Neumann et al. 2009).

One NAD-binding putative PBP was also identified in 
Mtb proteome (Table 1). Periplasmic NAD(P) binding and 
degrading protein NadN has been reported in human patho-
gen Hemeophilus influenzae. This protein is specialized 
in exploiting host NAD(P) by capturing it and then subse-
quently degrading it into adenosine and NR (nicotinamide 
riboside). NR is reported to be then transported into cyto-
plasmic space by specific membrane transporters. NAD is 
then synthesized in the cytoplasm using this recycled NR 
(Garavaglia et al. 2012) and in this way the intracellular 
requirement of NAD(P) can be accomplished by the patho-
gens at the expense of the host resources.

Classically secreted characterized heme-binding protein 
Rv0203 (PDB ID: 3MAY) was also identified among Mtb 
putative PBPs (Table 1). These proteins possess a unique 
heme-binding fold. In mycobacteria, a specialized heme 
acquisition system has been reported involving secreted 
Rv0203 (heme carrier protein) protein along with MmpL11 
and MmpL3 as transmembrane proteins associated with 
transport of heme across the inner membrane. Cytoplasmic 
protein, MhuD (PDB ID: 3HX9), was reported to release 
iron by breaking down heme in the cytoplasm of Mtb. This 
periplasmic heme-binding protein was reported to cap-
ture periplasmic heme in Mtb (Tullius et al. 2011). Iron is 
reported to be crucial for the pathogenesis of Mtb, therefore 
this protein could be essential for the survival of Mtb in the 
host cell (Banerjee et al. 2011).

Bacterial species have reported with diverse kind of 
heme-binding proteins; but in the present study, we have 
attempted to identify the substrate-binding proteins in Mtb 
which are potentially localized in the periplasm. The Mtb 
proteome contains approximately 256 classically secreted 
and 738 non-classically secreted proteins. Out of these pro-
teins, many are inner and outer membrane associated or 
may be secreted to the extracellular environment. We have 
obtained 395 potentially periplasm-localized proteins out of 
all the secreted proteome. This number makes about 10% 
of the total proteome of the Mtb. These periplasm localized 
proteins may or may not have some substrate-binding role. 
From this small number of proteins, it is justified to obtain 
only one or two protein from a particular family of PBPs. 
In addition to this, presence of high number conserved 
hypothetical and species-specific proteins is also a draw-
back for functional annotation of proteins in Mtb (Cole 
1999). This may be further due to the availability of only 
few characterized periplasmic heme-binding proteins in the 
PDB and lack of divergent known structural folds.



571Curr Genet (2017) 63:553–576 

1 3

All the identified PBPs of Mtb share sequence conserva-
tion across the species of Mycobacterium genera. From the 
evolutionary studies of drug targets, it has been observed 
that changing evolutionary rates of drug targets is low in 
higher percentage of orthologous genes than the non-tar-
get genes (Lv et al. 2016). 36 of these 37 identified puta-
tive PBPs were found to be non-homologous and unique 
when compared with human proteome as observed from 
the BLASTP searches. Thus, the sequence conservation 
of these PBPs among the mycobacterial species and non-
homology with the human proteins is evidence of their 
eligibility as suitable potential drug targets for designing 
novel drugs against TB (Melak and Gakkhar 2014).

Out of 37 classically and non-classically secreted puta-
tive PBPs identified in the present manuscript, 13 proteins 
have been already identified as exported proteins by the 
experimental analysis (Table 1). Four proteins (Rv3044, 
Rv0934, Rv3682, Rv0054) out of these exported pro-
teins were already annotated as substrate-binding proteins 
(Målen et al. 2007; Wiker et al. 2000). The identified puta-
tive PBPs include seven proteins which have been already 
well characterized and reported to bind with different sub-
strates in the periplasm (Table 1). Our in silico approach-
based genome-wide screening has added 11 new proteins 
in the list of periplasmic binding proteome with unknown 
function and potential cellular localization (Table 1). 
Fourteen proteins with probable functions or experimen-
tally verified exported proteins were reassigned functional 
classes on the basis of domain identification. Inclusion of 
all characterized PBPs in the list of identified PBPs vali-
dates the accuracy of our in silico approach.

All of the identified putative PBPs have a variety of 
physiologically important functions as indicated by the 
domain information and have tertiary structures similar to 
known PBPs. These proteins form an essential substrate 
capturing part of many ABC transporters which may be 
involved in ion-import, heme-import, and may putatively 
transport many of the biologically important substrates. As 
many of the PBPs are non-homologous to proteins from the 
humans, they could be used as potential drug targets (Cou-
nago et al. 2012). Some of these proteins are also involved 
in the sensory system, regulation of the cell wall symmetry 
or contributing to the virulence of the bacteria (Felder et al. 
1999, Rana et al. 2015). These functions can be altered or 
inhibited by targeting the specific PBPs and may be aimed 
to target against the Mtb in integrative drugs. Lipid-rich 
thick cellular envelope of Mtb makes it difficult to isolate, 
purify, and crystallize mycobacterial membrane-associated 
proteins. Due to harsh chemical treatment required to lyse 
bacterial cell wall and membrane, possibilities of mixing 
of cell wall components is also a major hurdle in charac-
terizing bacterial cell membrane-associated proteins. It is 

further to state that recombinant expression and purification 
for the membrane-associated proteins is technically chal-
lenging using the current state-of-the-art technologies. The 
bioinformatics analyses like presented here may cut down 
the costly and time consuming hit and trial assays involved 
in the experimental characterization of these proteins. This 
study provides a blue print overview of the putative PBPs 
of Mtb and may prove to be an initial step for the in vitro 
analyses to check the substrate specificity and their roles in 
the viability of pathogenic mycobacteria.

Materials and methods

Annotated proteome data set of Mtb H37Rv

The latest release of complete proteome of Mtb H37Rv in 
the form of a FASTA file (GCA_000667805.1) containing 
4027 protein sequences was retrieved from the ftp reposi-
tory of National Centre for Biotechnology Information 
(Table 2) (NCBI 2013).

Signal peptide prediction

The signal peptides containing sequences were identi-
fied using SignalP 4.1 (Nielsen et al. 1997) (Table 2). We 
have analyzed the whole proteome of Mtb H37Rv using 
SignalP program which provides batch search for multiple 
sequences. It is one of the most used signal peptides predic-
tion server currently and predicts signal peptidase I cleav-
age site in bacterial and eukaryotic protein sequences. The 
prediction is carried out using different predictors based 
on neural network. The tool has been trained on positive 
and negative signal peptides data set from Gram-negative, 
Gram-positive bacteria, and eukaryotes (Nielsen et al. 
1997).

Prediction of non‑classical secretory proteins

All the proteins which were not carrying any signal pep-
tide sequence were subjected to SecretomeP 2.0 (Table 2) 
for the identification of non-classically secreted proteins. 
These non-classically secreted proteins lack the classi-
cal signal peptides which is required for the proteins to 
be transported across the cell membrane by major Sec 
transport pathway. Many non-classical transport pathways 
have been reported for the transport of these proteins. 
SecretomeP uses artificial neural network constructed 
on the basis of features present in known non-classically 
secreted proteins and different from classically secreted 
proteins. It can distinguish between the two classes 
(Bendtsen et al. 2004).
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Prediction of lipoprotein signal containing sequences

All signal peptides containing and non-containing proteins 
were subjected to the prediction of lipoprotein signal pep-
tides. LipoP (Table 2) was used for the screening of lipo-
protein signal peptides containing sequences. LipoP is 
based upon hidden Markov model (HMM) based predic-
tor and is able to distinguish between signal peptidase I 
cleavable and signal peptidase II cleavable proteins. LipoP 
was reported to identify lipoproteins with over 95% accu-
racy in Gram-positive as well as in Gram-negative bacteria 
(Juncker et al. 2003; Rahman et al. 2008).

N‑terminal transmembrane helix prediction

All the protein sequences with or without signal pepti-
dase I and signal peptidase II cleavage site were subjected 
to the N-terminal single transmembrane helix prediction. 
TMHMM2.0 (Table 2) was used for the prediction of trans-
membrane helices using HMM (hidden Markov model) 
algorithm. HMM incorporate hydrophobicity, helix length, 
and electrical charge into a single model which efficiently 
results in transmembrane helix prediction. The program 
efficiently differentiates between soluble and membrane-
embedded proteins. The transmembrane helix predictions 
by TMHMM are reported to have 97–98% accuracy (Krogh 
et al. 2001).

Subcellular localization prediction

To predict the subcellular localization of targeted proteins, 
we have used the CELLO v.2.5 subcellular localization pre-
diction server (Table 2). CELLO uses multi class Simple 
Vector Machine (SVM) based classification system for the 
prediction of putative periplasmic localization of proteins. 
The tool takes less computational time and the prediction 
is carried out on the basis of amino acid composition, the 
di-peptide composition, the partitioned amino acid compo-
sition and the sequence composition based on the physico-
chemical properties of individual amino acids. The accu-
racy of the tool is better than all other available tools for the 
subcellular localization prediction (Yu et al. 2004).

Functional domain prediction

We have predicted the functional domains in the putative 
periplasmic proteins. Two programs were used for the func-
tional domain predictions, InterPro (Hunter et al. 2009) and 
Pfam (Bateman et al. 2004) (Table 2). InterPro is a data-
base of signatures related to protein domains, families, and 
functional sites (Hunter et al. 2009), whereas Pfam is a 
consortium of protein domains and families (Bateman et al. 
2004).

Pathogenic specificity and drug target suitability 
identification

Orthologues of all putative PBPs were searched across the 
genomes of species from mycobacterial genera using the 
tuberculist database (Lew et al. 2011). To predict the suit-
ability of putative PBPs as drug target, the identified 37 
putative PBPs were scanned for the homologs in human 
(Homo sapiens) proteome (taxid: 9606). The proteins were 
subjected individually to BLASTP (Mahram and Herbordt 
2010) search using a cut-off value of 0.0001. The criteria of 
“no hits found” was set to consider the proteins as potential 
drug targets (Vetrivel et al. 2011).

Tertiary structure modeling

The tertiary structure modeling of putative PBPs from 
Mtb was carried out using homology modeling pro-
gram PHYRE2 (Protein Homology/Analogy Recogni-
tion Engine) (Table 2). It is a homology modeling method 
which compares the query sequences using multiple align-
ments with the protein sequences of already known ter-
tiary structures. The program is able to model the protein 
sequences with remote homology and sequence identity 
>15% with the known sequences from database (Kelley 
et al. 2015).
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