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Abstract The development of novel antituberculosis ther-
apeutic molecules is a global health concern. Complex
gene expression in Mycobacterium tuberculosis is mediated
mainly by various sigma factors. The SigK protein binds to
RNA polymerase, facilitating the expression of genes
encoding the antigenic proteins mpt70 and mpt83. The
anti-SigK protein is a negative regulator of SigK and inhibits
the initiation of transcription. This study focuses on the
interactions between SigK and the N-terminal domain of
anti-SigK. The 3D structures of SigK (187 residues) and the
N-terminal domain of anti-SigK (92 residues) are elucidated,
using the crystal structures of the A and B chains of
sigma E and anti-sigma ChrR of Rhodobacter spheroides
(PDB code: 2Q1Z7) as templates, respectively. Molecular
dynamic simulations were performed for the SigK and
anti-SigK proteins to refine their structures. The predicted
active sites of SigK and anti-SigK and the results of
protein—protein docking studies revealed the residues that
are important for binding. The models generated and the
binding site residues identified in this work throw new
light on the interactions between the sigma K and anti-
sigma K proteins, which should further aid the
modulation of antigenic protein production in Mycobac-
terium tuberculosis.
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Introduction

Mycobacterium tuberculosis (MTB) is the causative agent
of a disease that is major public health problem—
tuberculosis (TB). This disease currently causes three
million deaths annually, although this figure is rapidly
increasing every year. According to the WHO, without a
coordinated effort to control it, TB will infect an estimated
one billion people by 2020, killing 70 million worldwide
[1-4]. Despite advances in chemotherapy and the BCG
(bacillus Calmette—Guérin) vaccine, TB remains a significant
contagious disease. The development of multi-drug-resistant
tuberculosis strains (MDR-TB) and co-infection with human
immunodeficiency virus (HIV) as well as its high capacity to
survive in different host environments present a challenge to
existing therapeutic strategies [5, 6]. The present long-term
goal of drug designers is not just to develop compounds that
kill the Mycobacterium, but rather to design and develop
compounds that can also be used as co-therapies to improve
and preserve the efficacy of traditional TB treatments [7].
Gene expression in response to specific adaptations,
stress stimuli and environmental changes is the main
method that Mycobacterium uses to survive in the host.
Transcription initiation under various conditions is con-
trolled by the RNA polymerase sigma subunit. RNA
polymerase sigma factor aids in the specific promoter
recognition of DNA during transcription initiation [8—10].
Environmental changes in the periplasm are communicated
to the genetic machinery of the cell through one or two
membranes and the cytoplasm. The mechanism of action
associated with sigma factors involves a two-component
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Fig. 1 Conserved domains in the sigma K protein sequence

transmembrane signaling path. Anti-sigma factor inhibits
transcription initiation by interrupting the binding of sigma
to RNA polymerase and is a negative regulator of transcrip-
tion. The Mycobacterium tuberculosis genome contains 13
sigma factors, ten of which belong to the ECF subfamily [11,
12]. Sigma factor K (SigK) belongs to the ECF subfamily
and regulates the expression of genes encoding the antigenic
proteins mpt70 and mpt83. Anti-sigma K is the negative
regulator of these antigenic proteins. mpt70 and mpt83 are
expressed at different levels in different species: low in
Mycobacterium tuberculosis and high in the bacille
Calmette—Guérin (BCG) strain of Mycobacterium bovine.
This variation is due to the lack of the functional SigK
repressor anti-sigma K in Mycobacterium bovine, meaning
that the expression of mpb70 and mpb83 is high [13, 14].
Studying the interactions between the SigK and the anti-SigK
proteins in Mycobacterium tuberculosis, homology modeling,
and docking studies will all aid the development of novel
targets that could improve the treatment of TB.

Materials and methods
Homology modeling

FASTA sequences of Mycobacterium tuberculosis sigma K
and anti-sigma K protein sequences with accession codes of
053730 and 053729 were retrieved from the Expert Protein
Analysis System (ExPASy Swiss-Prot/TrTEMBL) server.
Transmembrane secondary structure topology was predicted
using the SPLIT 4.0 server [15] and was also taken from
ExPASy. The sequences were subjected to the Basic Local
Alignment Search Tool (BLAST) [16], the PHYRE server
[17] and the PSI-BLAST module of the JPred3 server [18] by

Sigma/0_r4
SigmaZ0_r4 superfamily

setting each server to search the Protein Data Bank. Sequence
identity, E-value (a statistical measure) and secondary
structure similarity were used as constraints during the
selection of templates. Pairwise alignment was carried out
with ClustalW, using the GONNET matrix [19, 20] to
define the conserved regions: identities, similarities and
differences between the target and the template. The
automated alignment was inspected manually to ensure
the presence of conserved motifs and to minimize the
number of gaps and insertions. The initial homology models
were generated using MODELLER 9v2 [21], and the model
with the lowest value of the Modeller objective function was
retrieved to further refine structurally variable regions
(SVRs). The loop regions were modeled with the aid of
“Build Loop” and “Scan Loop” in Swiss-PdbViewer
[22], which counts the clashes (bad contacts and H-
bonds), provides energy information by performing a
partial implementation of the GROMOS96 43bl force
field in vacuo, and computes the mean force potential PP.

Molecular dynamics

Molecular dynamics simulation was performed under
periodic boundary conditions using NAMD2.7b2 [23] at
constant molecular number, pressure and temperature
(NPT). The CHARMM?27 [24, 25] force field was applied
to the proteins and solvated with a 10 A layer of water in all
directions. The all-atom model of the SigK protein
consisted of 2934 atoms and had a net charge of +1; one
chloride counterion was added to make the system
electrically neutral. The anti-SigK protein had four negative
charges and was neutralized by adding four sodium ions.
The sodium and chloride ions were placed 8 A from the
protein at a physiological concentration of 0.15 moll™". The

Table 1 Comparison of the template search results (E-values and PDB codes) obtained from various servers for the SigK protein

Search no. Name of the protein database search server  Parameter(s) considered for template selection E-value PDB code of
protein
1. BLAST Sequence position specificity 3% 1072 2qlz A
7x107" 2225 A
2. JPred3 Secondary structure prediction, solvent accessibility 9 x 107° 2qlz A

and coiled-coil region prediction

9x107° 2225 A
3. PHYRE Protein fold recognition (threading) 51x10% 2qlzA
43 %107 lor7 A
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protein simulation was performed at 300 K, as the proteins
are stable at this temperature [26]. The pressure was held at
1 bar using a Langevin piston coupling algorithm [27]. The
integrated time step for the simulation was set to 2 fs and
the DCD frequency to 100. Nonbonded van der Waals
interactions were treated with a switching function of 10 A
and reached zero at a distance of 12 A. Long-range
electrostatic forces between the atoms were treated with a
Particle mesh Ewald (PME) algorithm, as PME is an
efficient full electrostatics method with periodic boundary
conditions [28, 29]. Initially 1500 equilibration steps and
25,000 production steps were performed in the simulation.

VMD 1.8.7 was used to prepare the input files and analyze
the results of the simulation [30].

The stereochemical quality of the resulting protein 3D
model was validated using the PROCHECK suite [31]. The
native fold, pairwise energy, surface energy and Z-score of
the modeled structure were calculated using the ProSA 11
server [32].

Protein—protein docking

Cavities in the proteins that could act as active sites for
binding were located using the CASTp [33] and Q-Site [34]

Fig. 3 Plot of MD simulation 25
time step versus RMSD for the
SigK and anti-SigK proteins.
Each time step in the graph 2
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Legend : Ramachandran plot statistics (Summary) for Sig k protein
Residues in most favoured regions [A, B, L] 154 89.5%
Residues in additional allowed regions [a, b, 1, p] 17 9.9%
Residues in generously allowed regions [~a, ~b, ~I, ~p] 1 00.6%
Residues in disallowed regions 00.0%
Number of non-glycine and non-proline residues 172 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 10
Number of proline residues 3
Total number of residues 187
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Fig. 4 a 3D structure of the SigK protein (after molecular dynamics &
simulation). Conserved regions of the group 4 sigma factor subfamily
(extracytoplasmic function, ECF) are shown in different colors:
orange, N terminal; magenta, Sig70 12 domain; cyan, Sig70 r4 ===
domain; green, the loop connecting these two regions; yellow, C === _I_I_
terminal. b 3D structure of the anti-SigK protein cytoplasmic domain Iz b II"_‘I y ’_r 5 |
before (yellow) and after molecular dynamics (MD) simulation. Four -1357 | | p|
conserved helices of the group 4 anti-sigma domain after MD I | | i | ~b
simulation are shown in different colors: green, H1; magenta, H2; r T — T 1 '
cyan, H3; purple, H4 -180 -135  -90 -45 0 45 90 135 180
o4 purp Phi (degrees)
Legend : Ramachandran plot statistics (Summary) for Anti sig k protein
Residues in most favoured regions [A, B, L] 74 88.1%
Residues in additional allowed regions [a, b, 1, p] 8 9.5%
Residues in generously allowed regions [~a, ~b, ~1, ~p] 1 1.2%
Residues in disallowed regions 1 1.2%
Number of non-glycine and non-proline residues 84 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 0
Fig. 5 Conformational analyses of a the SigK protein and b the anti- p» Number of proline residues 6
SigK protein using PROCHECK Total number of residues 92
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Fig. 6 a SigK protein energy profile obtained using ProSA II
analysis, with a calculated Z-score value of —3.95. b Anti-SigK
protein energy profile obtained using ProSA II analysis, with a
calculated Z-score value of —1.25

servers, and the conserved domains in the protein family
were taken into account. The residues identified in the
active site were blocked by applying block.pl in ZDOCK
2.3 [35]. The ZDOCK scoring function considers pairwise
shape complementarity with desolvation and electrostatics
(PSC + DE + ELEC) at a 6° rotational sampling interval.
Initial protein—protein docking studies were carried out

using ZDOCK 2.3. Docked poses were created using
create.pl, and the 2000 docked complexes generated were
ranked using the Z-score. The top-ranked docked com-
plexes were then re-ranked according to energy-based
potential using ZRANK [36]. The solvent-accessible
surface area (SASA) was calculated, setting the probe
radius to 1.40 A and using 240 grid points per atom, with
Accelrys DS Visualizer [37]. The hydrogen bonds in the
complexes were generated, visualized and analyzed using
Accelrys DS Visualizer and PyMOL [38].

Results and discussion

This section is divided up into discussions of the results
from homology modeling, active site prediction, and
protein—protein docking studies of SigK and anti-SigK,
respectively.

SigK of Mycobacterium tuberculosis is a transcription
initiation protein that belongs to the sigma 70 family and
the ECF subfamily, and has 187 amino-acid residues. Two
conserved domains of the SigK protein identified from
BLAST are given in Fig. 1. The first domain, the sigma
70 _r2 superfamily, ranges from Ser26 to Cys94, while the
second, the sigma 70 _r4 superfamily, lies between Argl27
and Argl8l1.

SigK protein sequence homologs in the Protein Data Bank
were obtained from the BLAST, PHYRE and Jpred servers,
and their corresponding E-values are given in Table 1. A low
E-value indicates a high protein sequence identity [16]. The

Table 2 Summary of helices present in the modeled anti-SigK and
SigK proteins

Start End No. of  Length Amino-acid sequence
residues
Anti-SigK protein
Thr14 Glu25 12 19.74  TPYALNAVSDDE
Asp28  Ala35s 8 11.94  DIDRRVAA
Ser38 Glu47 10 15.84 SPVAAAFNDE
Thr54  Ala6l 8 1273 TMAVVSAA
SigK protein
Leull Vall8 11.77 LDALLRRV
GIln23  Tyr30 12.47  QAAFAEFY
Lys34  Arg43 10 16.15 KSRVYGLVMR
Thr48 Arg64 17 25.57  TGYSEETTQEIYLEVWR
Ala76  Met83 8 12.01 ALAWLLTM
Aspll9 Lys135 17 25.87  DLAIAGDERRRVTECLK
Aspl39 Argl42 4 6.15 DTQR
Ile145  Alal48 4 6.01 IELA
Vall58  Arglel 4 7.17 VSRR
Serl67 Cysl83 17 26.70  STIKSRMRDALRSLRNC
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Fig. 7 Secondary structure prediction for the transmembrane protein preference (BET index); gray line, modified hydrophobic moment
anti-SigK of Mycobacterium tuberculosis, obtained using the method index (INDA index); violet boxes (below abscissa), predicted
of preference functions for proteins in the SPLIT 4.0 server. Red line, transmembrane helix position (DIG index). Residue numbers with
transmembrane helix preference (THM index); blue line, beta single-letter amino-acid codes are marked below the plot

Table 3 Binding pockets in the SigK and anti-SigK proteins, with the corresponding cavity volumes in A®, as defined by the CASTp and Q-Site
servers

Cavity SigK CASTp volume SigK Q-Site volume anti-SigK CASTp volume anti-SigK Q-Site volume
1 1622.6 285 1368.6 171

2 341.6 177 496.3 120

3 312.6 160 98.6 145

4 242.0 145 87.3 155

5 143.5 145 26.7 107

6 130.2 142 325 95

Table 4 Intermolecular

interactions in the docked Bond Residue name and atom name Bond distance in A

complex of the SigK and

anti-SigK proteins Hydrogen bond 1 ARGI101:HHI1 - GLU3:0E2 2213
Hydrogen bond 2 ARGI160:HHI1 - GLU8:OEI 2.091
Hydrogen bond 3 ARG160:HH21 - GLUS:OE1 2.476
Hydrogen bond 4 SER187:0T1 - ARG87:HH22 2.403
Salt bridge 1 SER185:0D2 - ARG87:NHI 3.534
Salt bridge 2 GLU3:0E2 - ARGI01:NHI 2.825
Salt bridge 3 GLU3:0E2 - ARG101:NH2 3.613
Salt bridge 4 ASP6:0D2 - ARG174:NHI 3.927
Salt bridge 5 ASP6:0D2 - ARG174:NH2 3914
Salt bridge 6 GLUS8:OE1 - ARG160:NH1 3.002
Salt bridge 7 GLUS:OE1 - ARG160:NH2 3.292
Salt bridge 8 GLUS:OE2 - ARG160:NH1 3.894
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Fig. 8 Anti-SigK (gray) docked
with SigK (green). The figure
shows a molecular surface
representation of the binding
region based on electrostatic
potential distributions

A chain of the sigma E protein of Rhodobacter spheroides
(PDB code: 2Q1Z; 2.4 A resolution) was chosen as the
template protein based on E-values and the maximum
sequence alignment. Alignment of the SigK protein with
the template protein gives a sequence identity of 32% and a
sequence similarity of 52%, as shown in Fig. 2a. Twenty-five
initial models were generated using MODELLER 9v2, and
the model with the lowest value of the Modeller objective
function (719.28) was considered for further refinement. MD
simulation of the SigK protein resulted in an average RMSD
per residue of 1.85 A, which is <2 A. This shows that the

Fig. 9 Close-up of the binding
site of the docked complex;
amino-acid residues are
represented by balls and sticks;
the SigK protein is shown in
blue and anti-SigK in yellow

Arg160
Arg6 gug :

Glu3 prg101

Arg87 Ser187

resulting structure is that of the native structure of the protein
[39, 40]. The RMSDs of the SigK protein structure at various
time steps with respect to the initial structure are shown in
Fig. 3. The 3D model obtained after refinement, loop
building and molecular dynamic simulations is shown in
Fig. 4a. A Ramachandran contour plot of phi versus psi
(backbone dihedral angles) for the SigK protein, along with
plot statistics, is shown in Fig. 5a. Among the 187 amino-
acid residues, 154 are in the most favored region, 17 residues
are in the additionally allowed region, one residue is in the
generously allowed region, and none are in the disallowed
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region. Five bond angles deviated from their formal values.
This shows that the model generated is stereochemically
valid. The ProSA II server gave pairwise energy and surface
energy values based on the mean force potential (a distance-
based pair potential) as a function of amino-acid sequence.
The results of the ProSA II analysis of the SigK protein are
given in Fig. 6a. Amino-acid residues with negative ProSA
energies are more reliable, and most of the amino-acid
residues in the SigK protein have negative energies. The
overall Z-score was —3.95 for the SigK protein. The 3D

Fig. 10 a & b Hydrogen bonds
in the SigK and anti-SigK
docked complexes are
represented by red dashed lines;
salt bridges of 4 A or less are
represented by green lines that
are labeled with the bridge
distances

@ Springer

model of the SigK protein consisted of 10 helices, 20 helix—
helix interactions, 15 beta turns and one gamma turn
(Table 2). The nonbonded Il-cation interaction between the
Tyr50 and Arg46:NH2 residues added stability to the
structure.

Anti-SigK factor, a negative regulator of transcription
initiation, is a transmembrane protein with 232 amino-acid
residues. The membrane topology obtained from the SPLIT
4.0 server is shown in Fig. 7, and this suggests that the
amino-acid residues Metl to Ala92 are present in the
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cytoplasmic region, Phe93 to Thr112 fall in the transmembrane
region, and the residues Argll3 to GIn232 reside in the
extracytoplasmic region. The N-terminal cytoplasmic domain
of anti-SigK plays an important role in interactions with the
SigK protein. Alignment between the first 92 residues of anti-
SigK and the first 110 residues of the cognate anti-sigma ChrR
protein of Rhodobacter sphaeroides (PDB code: 2Q1Z, B
chain) gave a sequence identity of about 23.91%. The model
with the lowest value of the Modeller objective function
(445.40) was considered for further refinement. The
average RMSD of the anti-SigK protein was 1.79 A,
and an RMSD plot for the MD simulation is shown in
Fig. 3. The backbone dihedral angle distribution of the
anti-SigK cytoplasmic domain after MD simulation, along
with plot statistics, is given in Fig. 5b. The energy profile
from ProSA II for the modeled anti-SigK protein is
presented in Fig. 6b, and the calculated Z-score was
—1.25. The predicted anti-SigK protein structure contains
four helices, four helix—helix interactions, four beta turns
and one gamma turn. The four helices are conserved in the
group 4 anti-sigma domain of the N-terminal region, as
listed in Table 2 and illustrated in Fig. 4b. The anti-SigK
protein contains a single II—cation interaction between the
His4 and Metl:N residues, which add to the stability of
the protein. The amino-acid residues His4, Leu9, LeulO,
Leul8, Ala56, Val 58 and Ala60 in the anti-SigK protein
are conserved [41]. The specific FecR iron-binding motif
(TrpX3AspX2His) and the ZAS Zn*"-binding motif (Cys/
His X23-26HisX3CysX2Cys) are absent in the anti-SigK
protein as neither iron nor zinc are required for the binding
of the anti-SigK protein to SigK.

The active sites of the SigK and anti-SigK proteins
were predicted using cavity prediction servers and the
characteristics of the template. The cavity volumes
predicted for SigK and anti-SigK were obtained from
CASTp and Q-Site predictions and are listed in Table 3.
The cavities 1, 2, 4, 5 and 6 predicted using Q-Site share
the amino acids from Aspl2 to Leul20. The sites 1, 2, 4
and 5 predicted by the CASTp server all contain Leu7 to
Glul57 amino-acid residues. Cavity 6 from the CASTp
server and cavity 5 from the Q-Site server contained
Val4l, Argd6, Tyr50, Thr54, Arg87, Ala88, Val89, and
Asp90 in common, while Ser51 and Glu53 were also reported
by the Q-Site server; these two cavities had nearly the same
volumes of 143.5 and 142 A, respectively. The predicted
SigK protein cavities lie in the region of amino-acid residues
10-95. The active site for the crystallized template protein
2Q1Z (A and B chains) has been identified experimentally
[41]. The active site contains 26 hydrogen bonds and 320
nonbonding interactions. The amino-acid region ranging
from 13 to 95 was taken to be the active site in the SigK
protein, based on the predicted cavities and the binding site
of the template. In the anti-SigK protein, the N-terminal
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Fig. 11 Solvent-accessible surface area (SASA) in the SigK protein
before and after docking

cytoplasmic domain was considered to be the active site for
binding.

The protein—protein docking results between the SigK
and anti-SigK N-terminal proteins, obtained using ZDOCK
2.3, reveal that four sets of amino acids are involved in the
formation of the complex. The main interactions that orient
both of the proteins into the complementary regions of the
binding pockets are four hydrogen bonds and eight salt
bridges, as listed in Table 4. The electrostatic potential
surfaces of the docked complex, as presented in Fig. 8§,
show the complementary positive and negative charge
distributions. The docked complex and the interactions
between SigK and anti-SigK are depicted in Figs. 9 and 10.
The residues Glu3, Asp6, Glu8, and Arg87 of anti-SigK
bind to ArglO1, Argl74, Argl60 and Serl87 of Sigk,
respectively. The results of an analysis of the solvent-
accessible surface area (SASA) before and after the
docking of the SigK and anti-SigK proteins are given in
Fig. 11 and Fig. 12. These plots show that the residues
Thr2, Glu3, Asp6, Phe7, Glu8, Tyrl6, Arg84, and Arg87
in the anti-SigK protein and Argl01, Argl60, Argl74,
Argl78, and Ser187 in SigK have lower SASA values
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Fig. 12 Solvent-accessible surface area (SASA) in the anti-SigK
protein before and after docking
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after docking than before docking. All of the residues
highlighted in the SASA analysis are either in close
proximity to the binding site or involved in bond
formation. Further studies aimed at designing new
chemical entities based on these interacting residues are
underway; the ultimate objective is to use these entities to
inhibit the anti-SigK protein and thus facilitate the
participation of the SigK protein in transcription, allowing
the production of antigenic proteins in Mycobacterium
tuberculosis.
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