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Isoniazid Drug Resistance: Computational Study to
Understand the Mechanism of Over Expressed UDP-
Galactopyranose Mutase Enzyme in Causing Drug
Resistance in Tuberculosis
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Institute of Medical Sciences, India Isoniazid (INH), one of the effective anti-tuberculosis drugs, has been
*Corresponding author: Harinath BC, JB Tropical extensively used in TB control but several clinical strains of Mycobacterium
Disease Research Centre, Mahatma Gandhi Institute tuberculosis (MTB) have shown resistance to INH. Besides, mutation in different
of Medical Sciences, Sevagram-442 102 (Wardha), MTB enzymes such as KatG, NAT, InhA, KasA, AhpC etc, over expression of
Maharashtra, India few enzymes are also reported to be involved in causing INH resistance. The

over expression of MTB UDP-galactopyranose mutase (GIf) enzyme encoded
by Rv3809c is reported to contribute to INH resistance by binding to NADH
and reducing its level required for INH to form INH-NAD adduct and showing
its sensitivity. In this study, we employed molecular docking technique using
Auto Dock 4.2 to observe the binding affinity of GIf with FADH, (the primary
cofactor of GIf) and NADH. Further, we also performed molecular docking
of Ndh enzyme with NADH and compared its binding affinity with GIf-NADH
complex. The docking results revealed that, both FADH, and NADH are showing
similar binding affinity (-11.3 kcal/mol and -11.1 kcal/mol respectively) with GIf
whereas; Ndh binds with NADH with binding energy of -5.0 kcal/mol. Thus, the
over expression of GIf may lead to NADH binding and as a result, it may not be
available to Ndh for forming NAD*, required for INH-NAD adduct formation and
thus leading to INH resistance.

Received: April 17, 2017; Accepted: June 12, 2017;
Published: June 20, 2017

Keywords: Mycobacterium tuberculosis; Drug resistance; GIf; FADH,;
Bioinformatics

Abbreviations variety of highly reactive compounds such as reactive organic species
like isonicotinic acyl radical or anion, reactive oxygen species like
superoxide, peroxide and hydroxyl radical, nitric oxide, and certain
electrophilic species, which then attack various MTB enzymes. As a
prodrug, INH requires activation and after passively diffuses through
the mycobacterial envelope, is activated by MnCl, and the catalase-
peroxidase KatG, possibly into an isonicotinoyl radical or anion,
which then forms adduct in the presence of NADH/NADPH which
inhibits different enzymes of MTB besides InhA (2-trans-enoyl-acyl
Introduction carrier protein reductase) of MTB, thus blocking the synthesis of
myecolic acid, a major lipid of the mycobacterial cell wall [6,7,12].

FAD: Flavin Adenine Dinucleotide; INH: Isonicotinylhydrazide
(Isoniazid); MDR: Multi Drug Resistant; MTB: Mycobacterium
tuberculosis; NAD: Nicotinamide Adenine Dinucleotide; NADP:
Nicotinamide Adenine Dinucleotide Phosphate; NAT: Arylamine
N-Acetyltransferase; UDP: Uridine Diphosphate; UDP-Galf: UDP-
Galactofuranose; UDP-Galp: UDP-Galactopyranose; UGM: UDP-
Galactopyranose Mutase

Mycobacterium tuberculosis (MTB) has existed for millennia and

remains a major global health problem with about 10.4 million new Of late, several clinical strains of MTB have shown resistance
cases of tuberculosis and 1.4 million deaths reported in 2015 and an ~ to INH due to mutation in enzymes such as KatG, NAT, InhA,
additional 0.4 million deaths resulting from TB disease among HIV- ~ MabA, KasA, AhpC, NudC etc [7-13]. INH is reported to interact
positive people [1]. Increasing emergence of Multidrug-Resistant ~ With around 117 enzymes of MTB [14]. These enzymes are involved
(MDR) and Extensively Drug-Resistant (XDR) TB in some region in different metabolic pathways critical for growth and survival of
is becoming an increasing risk of spreading TB [2-4]. Most of MTB  the pathogen. Out of 117 enzymes, mutations in 82 were reported
drugs-resistant clinical strains are resistant to Isoniazid (INH), the  to associate with INH resistance [15,16], 15 enzymes were reported
most widely used first-line anti-TB drug [5,6]. INH also known to be induced by INH [17]. Further, 18 enzymes were reported to
as isonicotinyl hydrazine is an organic compound with simple  be reactive with INH-NAD (P) adduct [7,18] possibly involving in
structure containing two essential components (i.e. a pyridine ring  inhibitory effect of INH.

and a hydrazide group) [6,7]. Different studies have meticulously Miesel et al. (1998) also reported that defective NADH

explored the mode of action of INH. It is reported to generate a Dehydrogenase (Ndh) enzyme is associated with INH resistance in
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Figure 1: Inter-conversion of UDP-Galp and UDP-Galf is catalyzed by GIf.
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Figure 2: 2D structure of (A) NADH; (B) FADH,.

Mpycobacterium smegmatis [8]. Lee et al. (2001) identified a novel
mutation Arg268His (R268H) in Ndh from INH resistance clinical
isolates and reported that this mutation causing some defect in the
enzyme activity thus could not utilize NADH for adduct formation,
causing resistance to both Isoniazid and ethionamide [8,19]. Further,
over expression of certain MTB enzymes such as GIf (Rv3809c),
MmpL7 (Rv2942), Acn (Rv1475c¢), EfpA (Rv2846¢), Mmr (Rv3065),
integral membrane transport protein (Rv1258c) were reported to be
involved in INH resistance [20-23].

The MTB GIf (Rv3809¢) gene encoding UDP-galactopyranose
mutase catalyzes the conversion of UDP-galactopyranose into
UDP-Galactofuranose (Figure 1), a key building block for cell wall
construction and is essential to the linking of the peptidoglycan and
mycolic acid cell wall layers in MTB through a 2-keto intermediate
[24]. Further, GIf has both FAD and NAD binding sites [20] and it
requires reduced FAD (FADH,) and either NADH or NADPH for
activity [24]. GIf catalyzes the reversible inter-conversion of UDP-
galactopyranose (UDP-Galp) and UDP-Galactofuranose (UDP-Galf)
[25,26].

Chen & Bishai (1998), observed in their wet laboratory experiment
that the Minimum Inhibitory Concentration (MIC) of INH increased
up to 50% in Mycobacterium bovis BCG strain in which they over
expressed the glf gene and reported that the over expression of GIf
enzyme might contribute to INH resistance, by binding with NADH

which is required for formation of INH-NAD adduct for INH activity
[20].

In this study, we employed molecular docking techniques to
observe the binding affinity of GIf with FADH, (the primary cofactor
of GIf [27] and NADH. Further, as Ndh plays an important role in
the oxidation of NADH to generate NAD* [28], we also performed
molecular docking of Ndh with NADH to compare the binding
affinity of NADH with Glf and Ndh.

Materials and Methods

Hardware and software

Dell workstation with Windows operating system, having hard
disc of 500 GB and 6 GB RAM was used for this i silico study. Further,
computational analysis was performed using bioinformatics tools,
such as Modeller, AutoDock Tools 1.5.4 [29], AutoDock Vina 1.1.2
[30], PyMol molecular visualization packages and online resources.

Sequence retrieval

The amino acid sequences of two MTB enzymes such as GIf
(NCBI Accession No. - NP_218326.1) and Ndh (NCBI Accession No.
- NP_216370.1) were retrieved from NCBI (http://www.ncbinlm.
nih.gov) in FASTA format for further analyses.

Homology modeling of GIf and Ndh

Homology modeling technique was used to predict the three
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Figure 3: (A) 3D model of GIf, (B) Ramchandran plot of Glf, (C) Z plot of GIf, (D) 3D model of Ndh, (E) Ramchandran plot of Ndh, (F) Z plot of Ndh.
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Figure 4: Docking interaction of GIf with (A) NADH, (B) FADH, (C) Docking interaction of Ndh with NADH.

dimensional (3D) structure of both GIf and Ndh using Modeller9v14
[31] software. As the experimentally determined structures of GIf
(PDB ID: 4RPG) [32] enzyme has some missing residues, its 3D
structure was predicted using its amino acid sequence and 4RPG as
template. Further, the crystal structure of bacterial type II NADH
dehydrogenase from Caldalkalibacillus thermarum at 2.5A resolution
(PDB ID: 4NWZ) was used as a template to predict the 3D model
of Ndh enzyme. Both the 3D structures were subjected for structure
validation using ProSA-web [33], ProQ [34] and RCSB validation
server [35].

Identification of FAD & NAD binding site

The Glf, also known as flavoenzyme UDP-Galactopyranose
Mutase (UGM) has both NAD and FAD binding sites. NAD binder
server was used to obtain NAD binding site amino acid residues
of GIf proteins in MTB [36] whereas the FAD binding site amino
acid residues were identified from UniProt Knowledge Base (ID:
POWIQI).

Ligand preparation
Two compounds such as NADH (PubChem ID: 439153), and

FADH, (ChemSpider ID: 393487) were selected in this study and their
3D structures (Figure 2A,B) were retrieved from PubChem [37,38] &
ChemSpider [39] databases. All the pre-processing steps for ligands
were performed using the AutoDock Tools 1.5.4 program (ADT) [29]
and all ligands were converted to Protein Data Bank Extension File
Format (PDBQT), an extended PDB format, used for coordinate files,
which include atomic partial charges and atom types.

Receptor preparation and protein-ligand docking

AutoDock Tool 1.5.4 program (ADT) was used to prepare
receptor molecule (GIf and Ndh) by adding all hydrogen atoms
into the carbon atoms of the receptor. Kollman charges were also
assigned and the entire receptor molecules were converted to Protein
Data Bank Extension File Format (PDBQT). Receptor (GIf) - Ligand
(FADH,, NADH) and Receptor (Ndh) with Ligand (NADH) docking
studies were performed using the Autodock vina 1.1.2.

Visualization

The visualization of structure files was done using PyMol
molecular graphics system (www.pymol.org) and the graphical
interface of the ADT tool.
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Results and Discussion

M. tuberculosis GIf (UDP-galactopyranose mutase) is a
flavoenzyme containing 399 amino acids in its protein sequence,
which catalyzes the conversion of UDP-galactopyranose to UDP-
Galactofuranose. Sanders et al, (2001) reported that Uridine
Diphosphogalactofuranose (UDP-Galf) is the precursor of the
D-Galactofuranose (Galf) residues found in the MTB cell walls
[40]. GIf is also involved in different pathways such as Galactose
metabolism, amino sugar and nucleotide sugar metabolism, UDP-
Galactofuranose biosynthesis pathway, mycolyl-arabinogalactan-
peptidoglycan complex biosynthesis pathway, and Super pathway
of UDP-glucose-derived O-antigen building blocks biosynthesis
[41-43]. Further, GIf is very essential for mycobacterial viability
[44] and is reported to be a suitable drug target because there are no
comparable enzymes present in humans [45].

Homology modeling and structure validation

The stereochemistry of Glf model (Figure 3A) (Procheck analysis)
revealed that 94.8% of residues were situated in the most favorable
region and 4.6% were in additional allowed region whereas 0.6% of
the residue fell in the generously allowed region of the Ramachandran
plot (Figure 3B). ProSA-web evaluation of GIf model revealed a
compatible Z score value of -10.1 (Figure 3C) and LG score of 5.013
as predicted by the Protein Quality Predictor (ProQ).

The procheck analysis of Ndh model (Figure 3D) revealed that
94.0% of residue was situated in the most favorable region and 5.3%
were in allowed region, whereas 0.3% and 0.5% of the residue fell in
the generously allowed and disallowed region of the Ramachandran
plot (Figure 3E) respectively. Further, ProSA-web evaluation of Ndh
model revealed a compatible Z score value of -9.32 (Figure 3F) and LG
score of 4.013 as predicted by the Protein Quality Predictor (ProQ).

Docking analysis

Docking of GIf with FADH, was performed around the FAD
binding site of GIf such as PHE18, Glu38, Asn46, Leu66, Arg360
retrieved from UniprotKB [27,46]. Further, The GIf-NADH docking
was performed around NAD binding site residues of GIf such as
Gly16, Phel8, Glu38, Arg360 predicted by NAD binder server [36].

From the docking analysis, it was observed that GIf binds with
FADH, with binding energy of -11.3 kcal/mol where as in case
of NADH the binding energy was -11.1 kcal/mol. There were 14
hydrogen bond interactions were observed in Glf-FADH, complex
(Figure 4B) where as 13 hydrogen bonds interactions were observed
in GIf-NADH complex (Figure 4A) respectively. FADH, from
hydrogen bond with binding site residue such as Gly16, Phel7, Phels,
Arg39, Asnd6, Tyr62, Ala64, His65, Leu66, Glu315, Arg360, Tyr366,
Leu367, Asp368 (Figure 4B) where as NADH from hydrogen bond
with binding site residue such as Gly16, Glu38, Arg39, Arg40, Asn46,
Tyr62, Ala64, Leu66, Thr244, Tyr328, Arg360, Tyr366, Leu367 of GIf
protein (Figure 4A).

Docking of Ndh enzyme with NADH were performed around
NAD binding site residue such as Alal78, Gly179, Pro180, Thr181,
Glul84, predicted by NAD Binder Server. From docking analysis,
it was observed that NADH bind with Ndh with a binding energy
of -5.0 kcal/mol and it forms 3 hydrogen bonds with binding site

residues such as Pro218, GIn237, GIn230 of Ndh protein (Figure 4C).

Glf is a both NAD and FAD binding enzyme [47] and it requires
reduced Flavin Adenine Dinucleotide (FAD) and either NADH or
NADPH for activity [24]. Further, it’s over expression is reported
to involve in Isoniazid resistance by reducing the levels of NAD*
that required for formation of INH-NAD adduct or by binding of
active form Isoniazid [13,20]. As, NAD(P)H is also required for FAD
reduction [48,49], the over expression of Glf may depletes FADH, as
hydrogen donor and thus more molecules of NADH are required to
reduce FAD. Thus, there may be decrease in concentration of reduced
NAD and as a result it may not be available for forming INH-NAD
adduct, thus reducing the effectivity of Isoniazid as inhibitor. From
our binding energy and hydrogen bond interactions study, it was
also revealed that GIf has similar binding affinity towards FADH,
and NADH. Thus, in case of GIf over expression in MTB, it might
be possible that NADH may also donate hydrogen for increased GIf
activity and reducing NADH level, required for adduct formation
[50]. Further, the NADH Dehydrogenase (Ndh) enzyme also utilizes
NADH and produces NAD* and mutation in Ndh gene is reported to
cause INH resistance by influencing the NADH/NAD* ratio [8,19].
In our docking study, the binding affinity of NADH towards GIf was
observed to be more as compared to Ndh and thus it may be possible
that GIf over expression may require more NADH, limiting NADH
for INH activity resulting drug resistance.

Conclusion

Drug resistance in tuberculosis is an important problem around
the world. The most effective anti tuberculosis drug Isoniazid is
widely reported to become resistant in TB treatment. The INH is
associated with various enzymes of MTB and beside mutations in
different enzymes. Over expression of certain MTB enzymes are
reported to be causing INH resistance. Thus it is important to know
the molecular mechanism of drug resistance. The GIf is an essential
enzymes of MTB and it’s over expression is reported to cause INH
resistance by reducing the levels of NADH that required for the
formation of the INH-NAD adduct. In order to know the molecular
mechanism of INH resistance, we performed molecular docking
study of GIf with FADH, and NADH and found that both having
similar binding affinity towards GIf. Thus, it’s over expression may
utilize more NADH for either reducing FAD, and/or directly binding
with GIf, necessary for GIf activity. In both cases, the concentration
of NADH is decreased, resulting in decreased INH-NAD adduct
formation causing INH resistance.
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