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Abstract—Altered drug binding may be an important factor in
isoniazid (INH) resistance, rather than major changes in the enzyme’s
activity as a catalase or peroxidase (KatG). The identification of
structural or functional defects in the mutant KatGs responsible for
INH resistance remains as an area to be explored. In this connection,
the differences in the binding affinity between wild-type (WT) and
mutants of KatG were investigated, through the generation of three
mutants of KatG, Ser315Thr [S315T], Ser315Asn [S315N],
Ser315Arg [S315R] and a WT [S315]) with the help of software-
MODELLER. The mutants were docked with INH using the
software-GOLD. The affinity is lower for WT than mutant,
suggesting the tight binding of INH with the mutant protein
compared to WT type. These models provide the in silico evidence
for the binding interaction of KatG with INH and implicate the basis
for rationalization of INH resistance in naturally occurring KatG
mutant strains of Mycobacterium tuberculosis.

Keywords—Mycobacterium tuberculosis, KatG, INH resistance,
Mutants, Modeling, Docking.

I. INTRODUCTION

ESPITE being a controllable, preventable and curable
disease, Tuberculosis (TB) still remain as a major public
health problem in many parts of the world. The increase in
multi-drug resistant (MDR-TB, strains resistant to at least two
of the first-line TB drugs - INH and rifampicin) [1] and the
recent emergence of extensively drug resistant (XDR-TB, is
MDR-TB that is resistant to any fluoroquinolone, and at least
one of three injectable second-line drugs [capreomycin,
kanamycin, and amikacin]) has further worsened the situation
[2]. Drug resistance in TB is essentially a potential threat to
the TB control programs. Amongst the drugs used for TB
treatment, resistance is reported to all. However, isolates of M.
tuberculosis resistant to Isoniazid (INH) are seen with
increasing frequency (1 in 10°) compared to other drugs [3].
Isonicotinic acid Hydrazide and Pyridine-4-carbohydrazide
are the chemical and IUPAC names of INH respectively. It is
the cornerstone of treatment for drug-susceptible TB and it is
also widely used to treat latent M. tuberculosis infection.
There has been considerable interest to know the origin of
INH resistance in clinical M. tuberculosis isolates at the
molecular level. The molecular basis of INH resistance is less
well characterized, and mutations in several genes have been
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associated with it [4]. Mutation in katG gene coding for
catalase-peroxidase-KatG is a major mechanism of INH
resistance in M. tuberculosis [5]. KatG plays a key role in
activating the prodrug INH - an important drug in the anti-TB
therapy. The Ser to Thr mutation (AGC to ACC) at codon 315
of the katG gene is considered to be the most prevalent
mutation, serving as a reliable marker for the detection of INH
resistance [4] and the appearance was most frequent among
the MDR strains [6]. However, this mutation was also reported
to be associated with intermediate or high levels of resistance
to INH (1 to 10 pg/ml) [7]. Clinical M. tuberculosis isolates
with mutations at codon 315 of the katG gene remain virulent
[8].

The elucidation of altered INH binding, altered heme
binding, or other structural changes due to amino acid
substitutions is only in very early stages of detailed study,
most of which has been devoted to the commonly encountered
KatG mutant -S315T. A number of in vitro studies have been
undertaken to understand the origins of resistance using the
S315T mutant as a model [9]-[21].

Several other studies targeting other mutants of KatG [22]-
[25] have clearly shown that the decrease KatG activity
observed in the mutant proteins is well correlated with the
structural modifications. Till date around 25 different KatG
mutants were characterized functionally on varying aspects
from all over the world and the number continues to increase
each year.

The determination of the crystal structure of M. tuberculosis
KatG [26] provided a major breakthrough in understanding the
molecular mechanism of INH activation and highlighted the
remarkable structural similarity both in the overall structures
and at the active sites of KatG. Based upon the availability of
crystal structure of the WT KatG certain residues in its active
site have been postulated to be involved in enzyme-catalyzed
activation of INH. Pierattelli et al., 2004 demonstrated the
NMR models depicting the interaction between INH-HRP
complexes [27]. Bertrand et al., 2004 showed the details about
the crystal structure of KatG and the location of residues that
may play a role in catalysis including candidates for protein-
based radical formation [26]. Metcalfe et al., 2008 provided
evidence for the location of the INH binding site in the class I
peroxidases [28]. Two other recent reports gave in silico
evidence for the binding interaction of KatG with INH [29],
[30]. Although the above reports has provided extensive
kinetic and structural data related to KatG and its mutants, yet
structural information regarding the essential clinical mutants
occurring at position 315 leading to the cause of INH
resistance is still lacking. Therefore, we have made an attempt
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to explore the interactions of KatG mutants with INH to
understand the rationale behind the point mutants causing INH
resistance. In this process, three dimensional (3D) models for
three mutants (Thr, Arg and Asn at position 315 instead of
wild Ser) were developed and docked with INH. Thus, the
essential clinical mutants occurring at position 315 with the
exception of Gly and Iso were created in our study.

II. METHODS

A. Homology Modeling of KatG Protein

The KatG proteins, WT (S315) and the three mutants of
KatG (S315T, S315R and S315N) were generated using
MODELLER programme in Discovery Studio (DS, V-2)
Accelrys [31]. The details for model generation were
explained with respect to one of the mutant-S315R.

B. Template Selection

In the present study, the target protein sequence obtained
from the Tuberculist database, was submitted to protein- Basic
Local Alignment Search Tool (BLASTp) and searched against
protein data base (PDB). The WT KatG protein from M.
tuberculosis (PDB code-1SJ2) was considered as template
protein displaying maximum percentage identity (99%) with
the mutant protein. The heteroatoms such as glycerol and
water were removed, maintaining heme (cofactor) in the atom
file of the template 1SJ2. As KatG is a conjugate enzyme,
heme is required for binding with INH.

C.Model Building

Sequence and structural alignment of 1SJ2 with target
sequence was performed using ClustalW. Aligning was done
carefully without insertion of any gaps in the conserved
secondary structural regions. From the alignment, spatial
restraints were derived and used in the 3D model construction
with MODELLER in DS.

D.Model Evaluation and Energy Minimization

Validation of the models was performed by dope feature of
MODELLER9v3  program, Ramachandran plot and
Combinatorial extension (CE) methods. Validation was done
in order to eliminate the structural errors and to improve the
quality and stability in the generated model.

E.Ligand

The ligand (INH) used in this study was generated from the
smiles formula (C1=CN=CC=CI1C(=O)NN) of INH from
National Center for Biotechnology Information (NCBI) -
database. Chemsketch softwareV-10 was used to obtain the
3D (molecule) structure of the ligand and it was saved as a
PDB file using DS.

F. Docking Software

The GOLD protocol is an implementation of the Genetic
algorithm (GA) wherein the receptor is held rigid while the
ligands are allowed to flex during the refinement process. The
provision of rotational flexibility (flexible ligand and a protein
with flexible hydroxyl groups) for the protein—receptor polar
Hydrogen (H) makes it a good choice when the binding pocket

contains amino acids that form H bonds with the ligand.
GOLD uses a scoring function that is based on force field,
favorable conformations, empirical results and weak chemical
interactions and includes three terms (a H bonding term, a 4-8
intermolecular dispersion potential, and a 6—12 intramolecular
potential for the internal energy of the ligand) [32].

G.Docking protocol

Docking was carried out with the help of software-GOLD.
The atom files for both the protein and the ligand were
created. Glycerol and other molecules were removed, while
retaining three water molecules (7, 11 and 429). H atoms were
added to the model and ligand using GOLDMINE before
docking followed by energy minimization. The cavity atom
file containing the atom number of binding residues was
created for both heme (Pro77, Leu78, Arg81, Trp84, Tyr206,
Asn208, Pro209, Phe229, Leu242, 11e243, Gly245, His247,
Phe249, Gly250, Lys251, Thr252, His253, Thr291, Asn292,
Trp298, Leu355, Thr357) and INH (Arg81, Trp84, His85,
Tyr206, and Pro209) docking. The binding residues were
selected on comparison between binding regions of heme and
INH with crystal structures of other molecules (2v2e, 2v2f,
2vcf, 2ven and 2ves) similar to KatG. Comparison was done
using multiple sequence alignment. Docking was performed
including heme. Standardization of docking procedures was
done with values in same range with least deviation upon
repetition for three times.

Dockings were performed under 'Standard default settings'
mode- number of islands was 5, population size of 100,
number of operations was 100,000, a niche size of 2, and a
selection pressure of 1.1.

Ten docking poses were obtained for each ligand. Poses
with highest GOLD score were used for further analysis. The
docked poses of the ligands were visualized using Hermes
software. The scoring function of GOLD provides a way to
rank placements of ligands relative to one another. Ideally, the
score should correspond directly to the binding affinity of the
ligand for the protein, so that the best scoring ligand pose are
the best binders.

III. RESULTS

A. Validation of Models

In this study, KatG proteins were modeled with the help of
MODELLER and the models were built based on the WT
sequence of katG gene. From the results of BLAST search
against PDB, 1SJ2 was identified as template protein (Fig. 1).
The pattern; profiles and the domains obtained for template
and target were similar (data not shown). The models were
validated by the following methods:

a) Ramachandran Plot

Evaluation of the models (WT and three mutants) was
performed using Ramachandran plot computed with
RAMPAGE. Structural evaluation with RAMPAGE showed
96.2% of residues in the most favored region, suggesting a
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good quality (Fig. 2 (a)) of the mutant model (S315R) whose
crystal structure has not been elucidated in the database.

Query 1 VPEQHPP ITE TTTGAAS NG DFMGA 60
VPEQHPPITETT KL A
Shijct 4 QHPPITETTTGA NLKVL DPMGA &3

Query 61  AFDYAAEVAT IDVDALT RDI EEVMT TS FUll PAD YCHYGPLFIRMAMHAAG TYRIHDGRG 120
AFDYAAEVAT IDVDALT FOI BEVHTTSQ PUWPAD YGHYGPL FIRLAMHAAG TYRIHDGRG
Sbjct 64  AFDYAAEVAT IDVDALT FDI BEVHTTS(FUWPAD YGHYGPLFIFMAMHAAG TYRIHDGRG 123

Query 121 DA PRL L WPVERI SUADLY' 180
GAGGER) RFA PLNS WPD NAS LDKA RRL L WPVHHHYGHLSWAD LI VFAGNC ALESMGFHT

Sbjct 124 A DA RRLLWPVHII SWADLIVFAGNTALESMGFHT 183

Query 181 ENPLAAVIMCL 240

ENP!

Shicc 104 VY TULCDE nnm-nmcj“_ 243

Query 241 PHMAAAVDIRET ALIVGGHI FEH PLEQMCLCY 200
FPMAAAVD IRET A LTUTGGHT FEK PLEQMGLGY

Sbjcc 244 FMAMWDIRET TAMLTUGGHT FGHK APLEQMGLCW 303

Query 301 HSSYCTGTGEDAT
EESYCTCTCEDAT
Shijct 304 HSSYGCTCTGHDAITS

I EVVUTNT PTHUDNS PLEILYCYEWELTHSPACAMQYTAKDGAG 360
EVVUTNT PTHVDNE FLEILY CYEWELTHEPACANOYTAKDCAC
EVVUTNT PTHUDNS FLEILYGYEWELTHSPAGANQYTAKDGAG 363

Ouery 361 ACGTIFDPFGGPGRS PTMLATDLSLFVDP IVE RIT RIS LEHP EELADEFARAWYKL IHFDM 420
AGTIPDP PTMLATDLSL IVDP TYE RIT RPM LEHP EELADEF AHAWYHL THIDM
Sbicr 364  AGTIPDPFGGPGRS PTMLATDLSL IYERIT EHP EELADEF AMAWYHL HFDM 423

Query 421 GPVARYLGPLVPKOTLLUQD PUPAVEHD LUCEAKIAS LKSQIRAS GLTVSQ LVST AMAAA 480
GPVAFRYLGPLVPRD TLLVOD PVPAVEHD LVG EAE LAS LKSQ IRAS GLT VSO LVST ALAAA
Sbjct 424 GPVARYLGPLVPHOTLLUQD PVPAVEHD LVGEAETIAS LESQIRASCLTVSQLVSTAMAAA 483

Query 481 ¥ I AL FRVIRTLEEIQESF DVEF 540
I HL( KV IRTLEEIQ ESFNSAAPGN IHVSF
Sbjct 484 T RLC IRTLEEIQESFNSAAPGNIKVEF 543

Query 541 ADLVVLGGCAATERARKAA TVPFTPGR' VLE RNYLGK 600
ADLVVLGGCAAT EKARKAAGHNITVPFT FGR E PRADGFRNYLGE
Sbict S44  ADLVVLGGCAATERAAHAA TVPFTPGRID LGK 603

Query 601 m:.wun'm.wansapmwwmmmnwnnsls&mym 660
GNPL PAE T TVIA
Sojcc 604 am.?nwn.mm:.nsapmmvmmmmnwrnm:sxmrm 663

Query 661 LLDMCI: RALVEVY AQPHF 720
L T b AQPEF
Shjet 664 LLDMGI TAL AQPHE 723

Query 721 VODFVAAUDKUMNLDEFDUR 740
VODF VAAMDKVMNL DRFDUR.
Ebjet 724 VIDFVAAUDKUMNLDRFDUR 743
Fig. 1 BLAST Result showing the template and the target similarity
score = 1510 bits (3909), expect = 0.0, method= compositional
matrix adjust. Identities = 739/740 (99%), positives = 739/740 (99%),
gaps = 0/740 (0%)

A1 ELY
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WPia-Pro/Pickne Allowed
Giycine Allowed
Fig. 2 (a) Ramachandran plot number of residues in favoured region
(~98.0% expected): 1375 (96.2%); Number of residues in allowed
region (~2.0% expected): 42 (2.9%); Number of residues in outlier
region : 13 (0.9%)
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Fig. 2 (b) Dope score for mutant of KatG S315R

USR1: Wild type (sz.‘(7 17y s
USR 2 MMutant 175
Structure Al:gnmem

Rmsd — 0.2A Z-Score — 8.6
Seguence identity — 90924
Aligned/gap positions — 71770

UsR1:1,25 GHMKY PVEGGGN QDWW PR LNLKY LHQNPAVAD PMGA AFDY AAEVATIDVDALTRDIEEY
OsBz: lrzs GHMKY PVEGGGN QDWW PR LNLKY LHONP AV AD PMGAA FDY AAEVATIDWDALTRD TEEY

USR1:61s85 MITSQPUWPADYGHYGPLFIRMAWHAAGTYRIHDGRGGAGGGHMARFAP LNSWPDNASLDK
USRZ: 6lsez MITSQPUMPADYGHYGPLFIRMAVHAAGTVE THD GRG GAGGGHMORFAP LNSWPDNAS LDEK

TSR1: 121145 ARRLLWPVEKKYGKKLSUADLIVEAGHCALI FKTFGFGFGRYD QUE PDE KEAT
USRZ: 121,12z ARRLLWPVERKYGRKLSUAD L IVEAGNCAL FRTFGFGFGRVD QWE PDEVYTTGRE AT
USR1: 181,205 WLGDERYSGKRDLENPLAAVOMGLTYVH PDP. IRETF T
USRZ: 18118z WLGDERYSGKRDLENELAAVOMGL TYVH POE IRETF T
USR1: 241,265 ALIVGGHTFGKTHGAGPADLVGPE PEAAPLEQNGL ATTEEIE TH0
TETEl Sa1eas ALIVOOHTFORTHOACPADLWOPE BEAAD LE IMOLOMES 5% 0T 0T GRD A T TEVEIITI

TSR1: 301,325 1P UKWDNS FLELLY GYEUE L UKS FAGANUY TAKD GAGALF L LD P FUL RS FIMLALTD LS

TSERz: 301302 TPTEWDNSFLEILYGYEWE LTKS PAGAWIY TAKD GAGAGTIPD P FGGPGRS PTMLATD LS

USR1: 361385 LEVDPIYERITRRWLEHPEELADE FAKAWYKL IHRDMGPVARYLGPLVPKQTLLIOD PWE
TmRE. 38136z LEVDPIYERITREWLEIFEE LADE FAKATYRL ITTRDMG PV ARYL GF LYFRQTLLIQD PWE

TSR1: 421445 AVSHDLVGEAEIASLKSQIRASGLTVSQLVSTAWAAASS FRGSDERGGANGGRIRLAPOV
USRZ: 421,42z AVSHDLVGEAEIAS LKSOIRASGLIVS0LVSTAVALLSS FRGSDERGGANGGRIELOE OV

TSR1: 481,505 GWEVNDPDGDLEKYIRTLEEIQES FNSAAP GNIKVSFAD LVVLGGCAATERAAKAAGHNT
TSRz 481482 GWEVND PDGDLEKY IRTLEE I QES FNSAAP GNIKVSFAD LVVL GGCAATERA AKA A GHNT

TSR1: 541,565 T¥PFTPGRIDASQEQTDVESFAVLE PKADGFRNYLGKGNPLPAEYMLLDKANLLTLSAPE
TSRz 54154z TVPFTPGRTDASQEQTDVES FAVLE PKAD GFRIY LGEGNP LPAEYMLLDKANLLTL S APE

USR1: 601,625 MIVLVGGLRVLGANYKRLPLGVFTEASESLTND FFVNLLDMGITUE PSPADD GTYQGKDG
US ki enlreus MIVIVGSLRVLGANYRELPLGVF IEASESLIND FFVNLLDHMGI TIE PSP ADD GT ¥ QGKD S

USR1: 661,585 SGI GSRVDL¥FGSNSELRALVE VY GADD 4Q PKFVAD FWAATD LDRFDVE
USRZ: 66l reez SGEVENTGSRVDLVFGSNSE LEALVEVYGADDAD PEFVOD F¥AATDRVIIT LDEFDVE

Fig. 2 (c) The structural alignment for the two-modeled domain
structure using CE method. In this the * indicates a position that is
not conserved (different [S-R]) between WT and mutant KatG

Fig. 2 (d) Superimposed model of template and the target. 1SJ2-WT
template (Yellow colored) KatG-mutant target (Red colored) models
were viewed in Rasmol (V-2)

b) Dope Score

The graphs (Fig. 2 (b)) based on energy profiles suggest the
generated models for each mutant model in MODELLER9v3
was similar to the WT with no significant deviation in the
peaks of the graph.

c¢) CE Method

The structural alignment was performed for the WT and
mutant structure (Fig. 2 (¢)) and also the 3D structures of WT
KatG and mutant (S315R) were superimposed (Fig. 2 (d)).
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The root mean square deviation gaps in alignment using the
algorithm displayed zero (0.0) A RMSD and high (8.6) Z-
score for the modeled structure, indicative of good structural
alignment. Superimposition of WT (S315) and mutant
(S315R) models implies that there was a very little degree of
deviation from the template; hence the change in single amino
acid did not produce any significant change in the overall
conformation of the protein (Fig. 3).

Fig. 3 Structure of mutant-KatG (S315R) generated by MODELLER
in DS (Red colored) o helices and Bsheets (Green colored) of A
chain, (Yellow colored) heme

B. Active Site of KatG

The heme binding site was considered as active site
containing an energetically favorable binding site for INH near
the 0-meso edge of heme regarded as the hydrophobic pocket
according to earlier reports 26, 27, 28. A total of 36 amino
acids were involved in the ligand (heme) binding interaction
with four catalytically important residues such as Argl04,
His108, Asp137 and Asn138.

C. Docking of INH-KatGs

The docking of INH with KatGs was performed using the
software GOLD. Of the ten poses produced, the best ligand
pose was selected based on top GOLD score. Among the three
mutants, the high score of 46.47 kcal/mol was obtained for the
The INH-KatG complex was visualized using DS in order to
get insight into the interaction between the drug and target
(Fig. 4). It is evident from the figure that INH drug is located
at the active site near one edge of heme -putative oxidizing
centre, and is stabilized by H bonding interactions. GOLD
score between the INH and mutated models are tabulated
(Table I). The binding energy between the enzyme and drug
for the WT was found to be 43.82 kcal/mol.

The score suggests the importance of forces such as
electrostatic and van der Waals for the interaction of the drug
molecule with mutated models for the protein-drug complex
formation (Fig. 5).

Fig. 4 Surface representation of model (S315R) structure with heme
(Yellow colored) and INH (Green colored) docked into the cavity

120 4

100

001 mHEME
&0 . GINH
40 '

"‘ﬂ 4

0 . . .

$315 S3157 83158  S315N
KatG and ite variants

Dock score

Fig. 5 Docking of Heme and INH with KatG and its mutants

TABLE 1
DOCKING VALUES OF HEME AND INH
]\/I[(;;gs Heme® INH®
S315 97.62 43.82
S315T 85.75 46.47
S315R 85.18 44.87
S315N 63.39 44,07

a =heme docking values; b = INH docking values

D. Hydrogen Bonding Interactions

It is well known that H bonds play an important role in the
maintenance of stability, structural integrity and function of
biological molecules especially for enzyme catalytic reaction.
The mutated models S315T and S315R form five H bonds
with the heme group (4 residues and a molecule of water; 3
residues and 2 molecules of water). The model with S315N
forms six bonds (5 residues and a ligand).The model structures
viz; S315R, S315N, S315T commonly contain His247 in
connection with heme moiety to form H bond compared to
WT model containing Ser315 and His 276.

The total number of H bond formation was more (8) in the
WT compared to other mutants. The H bonds present in the
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enzyme-drug complex along with H bond donor and acceptor
with their distances are shown in the Table II.

E. RMSD Analysis

Out of these three mutant models, the least RMSD of heme
was 5.47 A for the mutant S315N compared to WT type,
among the ten other higher RMSD values. The values were
nearly in tune with the heme docking values presenting higher
extent of structural deviation for S315N compared to others.
The values for the mutants S315R, and S315T were found to
be 1.26 A and 2.30 A respectively (Fig. 6).

IV. DISCUSSION

KatG is responsible for the transformation of inactive form
of INH (isonicotinic acid hydrazide) to its active counterpart
(isonicotinic acid). Mutation in katG gene coding for KatG is a
major mechanism of INH resistance in M. tuberculosis.

In this study, KatG mutants were modeled with a view that
these mutations at position 315 would also increase steric bulk
and further limit access to the binding site.

The rationale behind the mutant selection was on the basis
of our previous reports [33]-[37]. Based on the information
about the KatG-INH complex in combination with crystal and
NMR structures of KatG from reports [26]-[28] it can be
suggested that the three mutant models of KatG may affect
enzyme activities by different mechanisms.

TABLE II
HYDROGEN BOND FORMATION AT THE LIGAND
Bond
BKA?c(lils No. of Hb Hb donor Hb acceptor distan
ce (A)
S315 8 HIS276:ND1 HEM1500:02A 2.90
HIS276:HN HEM1500:01A 2.89
SER315:N HEM1500:01A 2.92
SER315:0G HEM1500:01A 2.55
Water:HOH7:0 HEM1500:02A 2.57
Water:HOH7:0 HEM1500:01D 2.73
Water:HOH11:0 HEM1500:02D 2.67
Water:HOH492:0 HEM1500:01D 2.71
S315T 5 HIS247:HE2 HEM1500:NA 2.33
LYS251:HN HEM1500:02D 1.43
HIS253:HD1 HEM1500:02A 2.36
HEM1500:H THR252:0G1 2.30
HEM1500:H HOH492:0H2 2.41
S315R 5 HIS247:HE2 HEM1500:NA 242
LYS251:HN HEM1500:02D 2.24
ARG292:HN HEM1500:01A 2.03
Water:HOH7:0H2 HEM1500:02A 2.77
Water:HOH7:0OH2 HEM1500:01D 2.44
S315N 6 HIS247:HE2 HEM1500:NA 2.16
LYS251:HN HEM1500:01D 1.55
ASN292:HD21 HEM1500:01A 2.42

Water:HOH7:0H2 HEM1500:02A 1.96
Water:HOH11:H1 HEM1500:01D 2.41

ISZ1296:H5 VAL207:0 2.37

ISZ1 = INH, Hb = Hydrogen bond, A° = Angstrom

Each of them impacts consequently on a heme-associated
structure, the putative oxidative site. Eventually, the mutations
occurring within or close to the regions containing these
residues could result in conformational modifications of the
active site of KatG and thereby in loss of activity as observed
in most of INH resistant strains.

Fig. 6 3D model representation of the final conformations with the
lowest RMSD from the centroid of each cluster for heme in WT
(White colored) and heme in mutant S315T (Purple colored). Models
were viewed in DS (V-2)

On the basis of crystal structure of the mutant S315T (PDB
code 2CCD) it was stated that the mutation of S315 or Ser324
(B. pseudomallei KatG) to Thr narrows the heme access
channel from around 6 to 4.7 A at its narrowest point in the
mutant enzymes from both organisms. These observations and
the significantly decreased INH activation in these mutants
suggest that drug binding within the heme pocket is a likely
requirement for INH activation [38]. In contrast, in the present
study the binding affinity of INH for S315T was shown to be
more compared to the WT. The possible explanation could be
due to the substitution of Ser with Thr, which does not
produce much conformational changes as both aminoacids
(Ser/Thr) contains the same functional group (i.e) Hydroxyl
group.

The mutated model-S315R was functionally characterized
in the one of our studies [36], which showed the reduction in
the catalytic activity for the mutant compared to WT. Kinetic
data [36] was not in concordance with the present in silico
analysis, showing an increase in INH binding activity for the
mutant compared to the WT. On the contrary, similar to the
kinetic activity (lesser activity for the mutant compared to
WT) the heme docking score showed lesser value for the
mutant than the WT.

The S315N mutant displayed an (INH binding) affinity
similar to S315R mutant, wherein the heme binding value
showed an apparently very significant deviation with 36%
reduction compared to the WT. This was in agreement with a
report which stated that KatG-S315N was found to be inactive
in INH activation [24]. The steric constraints resulting from
such substitutions could significantly alter the folding of the
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mutant protein and or the positioning of the side chain of the
catalytic residue. It will lead to the loss of KatG activity,
thereby inhibiting the conversion of INH to its active
counterpart. Hence, Ser to Asn substitution may lead to higher
degree of INH resistance than Ser to Thr.

In the present study, the INH binding score for the three
KatG mutant models exhibited an increment in the binding
affinity compared to the WT. However, the heme docking
score showed significant high score with WT compared to the
mutants. The higher score in case of heme binding could be
better explain on the basis of binding space or exact-fit,
wherein the KatG protein contain sufficient binding space
(cleft) for the heme moiety to fit in perfectly (direct binding)
leading to high score. In case of INH binding, (with heme and
not the protein directly) the scores were less. Perhaps, due to
the binding of INH with 0-meso edge of heme group rather
than the KatG protein directly. It can be presumed that the
conformational changes occurring in KatG protein owing to
point mutation was clearly reflected by the corresponding
changes produced in the heme binding property compared to
INH. However, the limitation of this study is non-performance
of molecular dynamics (MD) simulations. As MD is a reliable
method to determine the protein (KatG) binding activity
during dynamic state of the protein as was documented by
earlier reports [29], [30]. Nevertheless, these reports [29], [30]
did not provide the changes in all the mutant proteins as noted
in our study, at position 315 except for the mutant S315T. We
are presently involved in the continuation of this study in
connection to MD.

V.CONCLUSIONS

We have utilized computational techniques to obtain
engineered models of KatG and docked with INH. With the
help of the predicted models, the conformational changes due
to induction of mutation at the residues of active site were
determined. If drug (INH) resistance occurs due to mutation at
the active site of protein molecule (S315T/R/N), then the
binding affinity will be less between the drug and mutant
protein than WT (S315). In other words, the affinity will be
higher for WT type. As there occurs an inverse relationship
between the binding affinity and drug resistance (higher the
affinity, lower will be the resistance and vice versa). Based on
heme binding score, S315N contribute to very high degree of
resistance followed by the mutants, S315R and S315. The
model of INH-KatGs complex can be used to rationalize the
effects of a number of mutations within the enzyme that
confer elevated levels of resistance to INH. Based on INH
docking score, it was found that mutants were shown to have
higher affinity compared to WT. These data suggest the tight
binding of INH with the mutant protein compared to WT. This
enables the mutant to hold the inactive form (INH) of drug and
inhibiting from the release of active form which is responsible
for bactericidal activity, thereby leading to INH resistance.

The interaction between the enzyme and the drug proposed
in this study may be useful for better understanding of
fundamental mechanism of INH resistance. The data provided
basic explanation for the molecular mechanism of mutation-

acquired resistance. Overall, these results increase our
understanding of the structure and function of this clinically
important protein and suggest that further KatG structural
studies are needed to elucidate detail mechanisms causing
resistance in the mutants.
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