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A B S T R A C T   

Mycobacterium tuberculosis catalase-peroxidase (Mt-KatG) is a bifunctional heme-dependent enzyme that has been 
shown to activate isoniazid (INH), the widely used antibiotic against tuberculosis (TB). The L333V-KatG variant 
has been associated with INH resistance in clinical M. tuberculosis isolates from Mexico. To understand better the 
mechanisms of INH activation, its catalytic properties (catalase, peroxidase, and IN-NAD formation) and crystal 
structure were compared with those of the wild-type enzyme (WT-KatG). The rate of IN-NAD formation mediated 
by WT-KatG was 23% greater than L333V-KatG when INH concentration is varied. In contrast to WT-KatG, the 
crystal structure of the L333V-KatG variant has a perhydroxy modification of the indole nitrogen of W107 from 
MYW adduct. L333V-KatG shows most of the active site residues in a similar position to WT-KatG; only R418 is in 
the R-conformation instead of the double R and Y conformation present in WT-KatG. L333V-KatG shows a small 
displacement respect to WT-KatG in the helix from R385 to L404 towards the mutation site, an increase in length 
of the coordination bond between H270 and heme Fe, and a longer H-bond between proximal D381 and W321, 
compared to WT-KatG; these small displacements could explain the altered redox potential of the heme, and 
result in a less active and stable enzyme.   

1. Introduction 

Tuberculosis (TB) remains one of the top ten causes of death 
worldwide and the leading cause of death from a single infectious agent 
[1]. Worldwide, an estimated 10 million people fell ill with TB and 1.2 
million TB deaths occurred among HIV-negative patients in 2019 [1]. 
The growing appearance, prevalence, and severity of drug-resistant TB 
has led to an increased interest to understand the fundamental molec-
ular bases of resistance [2,3]. The most frequent instance of resistance is 
one of the most widely used and effective drugs for TB-treatment for 
over 60 years, isonicotinic acid hydrazide (isoniazid or INH); in 2019 
there were an estimated 1.4 million cases of INH-resistant TB [1,3]. 
Catalase-peroxidases (KatGs) are involved in INH-resistance and have 

been the subject of intense scrutiny [4,5]. 
KatGs are heme-dependent oxidoreductase enzymes encoded by the 

katG gene found in bacteria and lower eukaryotes and are grouped as 
class I of the bacterial, fungal, and plant heme peroxidases superfamily, 
also known as the non-animal superfamily (the largest clade, in both 
prokaryotic and eukaryotic lineages, of heme peroxidases). They are 
named after their capability to perform both two-electron oxidation- 
reduction reactions involving two hydrogen peroxide (H2O2) molecules 
per cycle (catalase reaction) and one-electron oxidation of a wide range 
of aromatic compounds (peroxidase reaction). The robustness of the 
catalase reaction is comparable with that of monofunctional catalases 
even though KatG shares no structural homology with them [3,6–10]. 
Consequently, it has been proposed that the main role of these enzymes 
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is to protect organisms (especially plant and animal pathogens) from 
toxic molecules, including H2O2 and H2O2-derived species like hydroxyl 
radical and hypochlorite produced by host defense systems [11,12]. 

The Mycobacterium tuberculosis KatG (Mt-KatG) has been subject of 
numerous studies due to its implication in resistance to INH [11,13]. It is 
known that KatG generates an isonicotinoyl radical, which subsequently 
reacts with NAD+ to generate an IN-NAD covalent adduct. IN-NAD then 
inhibits the long-chain enoyl acyl carrier protein reductase (InhA), 
involved in the biosynthesis of mycolic acid, as part of the type II system 
of fatty acid biosynthesis that affords this major constituent of the cell 
wall (Fig. 1), inducing cell lysis [4,6,8,14]. Inhibition of InhA by the 
IN-NAD was clearly demonstrated when the crystal structure of InhA 
containing an IN-NAD was determined (PDB 2IDZ) [15]. Also, mutations 
in the InhA protein/inhA promoter either preventing the IN-NAD bind-
ing or overexpressing InhA are well understood [3,4,8,11,16]. However, 
the molecular basis of how mutations in the katG gene interfere in INH 
activation, the precise mechanism by which KatG forms the radical, and 
the mode of interaction of INH with KatG including the exact binding 
sites for INH (and, potentially, NAD+), remain unclear and are the 
subjects of ongoing investigation [5,13,14,17]. 

There are seven basic structures of catalase-peroxidases deposited in 
the PDB databank (March 2023). Haloarcula marismortui KatG (Hm- 
KatG, PDB 1ITK), Synechococcus elongatus KatG (Se-KatG, PDB 1UB2), 
Burkholderia pseudomallei KatG (Bp-KatG, PDB 1MWV), Escherichia coli 
KatG C-domain (PDB 1U2J), Magnaporthe grisea KatG (PDB 3UT2), Mt- 
KatG (PDB 2CCA), and Neurospora crassa CAT-2 (PDB 5WHQ). Several 
other crystallographic structures have been published, including those 
of engineered versions with single amino acids replacements, at diverse 
pH values, of oxidized forms, and in complex with substrates [11]. A 
comparison of these structures shows a functional homodimer in which 
each monomer is composed of two mainly α-helical domains. The 
N-terminal domain contains the active site of the enzyme that includes a 
heme binding site surrounded by a proximal pocket (made up of H270, 
W321, and D381, Mt-KatG numbering) and a distal pocket (R104, W107, 
D137, and H108) (Fig. 2A); a unique structural feature to KatG enzymes 
are the covalent bonds bridging the amino acids W107, Y229, and M255 
via their side chains in the distal pocket; the resulting adduct is required 
for the catalase but not the peroxidase activity. There is also an invariant 
R418, which has been postulated to act as a molecular switch modu-
lating the redox properties of the M-Y-W adduct [4,6,11]. This mobile 
arginine is found in two conformations (the Y- and R-conformations); its 
interconversion is pH-dependent suggesting that it participates in the 
H2O2 dismutation reaction (Fig. 2A) [3,6,7]. The C-terminal domain is 
structurally similar to the N-terminal domain, concordant with the 
suggestion of a gene duplication event; however, this domain lacks a 
heme group. Heme KatG is solvent accessible where the distal heme 
pocket is connected to the outside of the protein through a narrow 
channel. This pocket is filled by a grid of organized water molecules and 
bordered by amino acid Ser315. This residue has been shown to bind one 
INH molecule (NIZ-1 in Fig. 2B) in the crystallographic structures of 
Haloarcula marismortui KatG enzyme in complex with INH (PDB 1ITK), 
and recently in Mt-KatG by cryogenic electron microscopy (PDB 7AG8). 
Other potential INH binding sites, although remote from the heme, have 
been reported in various KatGs enzymes, such as NIZ-1, NIZ-3 and NIZ-4 
from Se-KatG and NIZ-2 from Bp-KatG (Fig. 2B) [4,6,11,14,16,17]. 

To shed light into the KatG properties and its interaction with INH, 
here we report the crystal structure of the L333V-KatG variant and its 
biochemical characterization. The M. tuberculosis strain containing this 
variant was first isolated at the National Institute of Respiratory Diseases 
(Mexico) and it was later reported in Veracruz [18], the state with the 
highest rate of TB in Mexico. It has never been reported outside Mexico, 
so it may represent a novel way to develop resistance to INH. 

2. Materials and methods 

2.1. Plasmid preparation and site-directed mutagenesis 

To produce recombinant WT-KatG protein, the coding region of the 
katG gene was PCR amplified from an INH-sensitive clinical isolate with 
the primers katG 5′ H6 (5′ GAA ACA GAA TTC ATA TGC ACC ATC ACC 
ATC ACC ATC CCG AGC AAC ACC CA 3′) and katG 3’ (5′ AAA CAG AAG 
CTT CAG CGC ACG TCG AAC C 3′). The oligonucleotides incorporated 
an EcoRI restriction site at the 5′ end, a modification of the GTG start 
codon (translated as Valine) of the mycobacterium to ATG (Methionine), 
the introduction of a HindIII restriction site after the TGA stop codon, 
and the addition of a coding sequence for six His-tag (bold and under-
lined letters) at the 5′ end. The PCR product was cloned in the pKK-223-3 
vector to produce plasmid pKK-WT-KatG. 

Site-directed mutagenesis was performed to introduce the L333V 
change in the katG gene by the megaprimer method [19]. Plasmid 
pKK-WT-KatG was used as the template. Oligonucleotides L333V (5′ 
AGC CGT ACA GGA TCT CGA CGA AAC TGT TGT CCC ATT TC 3’) and 
pkk 5’ (5′ ATC ATC GGC TCG TAT AAT GTG TGG A 3′) were used in a 
first round of PCR. Bold and underlined letter in the sequence indicate 
the replaced nucleotide. This PCR product was used as a megaprimer to 
generate the full-length gene with the oligonucleotide pkk 3’ (5′ CGC 
CAG GCA AAT TCT GTT TTA TCA GAC CGC 3′) in a second round PCR. 
Pfu polymerase was used in all PCR amplifications. The PCR product 
(2223 bp fragment) was digested with restriction enzymes EcoRI and 
HindIII and ligated to the expression vector pKK-223-3 using T4 DNA 
ligase to produce plasmid pKK-L333V-KatG. 

The ligation product was introduced into MC1061 Escherichia coli 
strain cells by electroporation. Transformants were selected using 
ampicillin (200 μg/mL) containing Luria Broth (LB) agar plate media. 
Liquid cultures of LB-ampicillin were inoculated with individual col-
onies, grown overnight at 30 ◦C and centrifuged. Plasmid DNA was 
extracted and purified from the bacterial pellet using the High Pure 
Plasmid Isolation kit (Roche, Germany). Candidate plasmids were 
screened by EcoRI and HindIII restriction digestion. Positive candidates 
were sent for full katG gen DNA sequence analysis by the Sanger method 
(DNA synthesis and sequencing laboratory of Biotechnology Institute/ 
UNAM, Mexico) to confirm that the correct modifications had been 
introduced without any unintended mutations. 

2.2. Protein expression and purification 

Following confirmation of the correct DNA sequence, the pKK-KatG 
plasmids (WT and L333V) were introduced by transformation into E. coli 
MC1061 ΔbioH/pREP4 cells. The cells were plated onto LB plates with 
200 μg/mL of ampicillin and 25 μg/mL of kanamycin and grown over-
night at 30 ◦C. Starter cultures (LB-ampicillin; 2 mL each) were inocu-
lated with a single colony and grown overnight at 30 ◦C. Each starter 
culture was further used to inoculate 50 mL of LB medium supplemented 
with 200 μg/mL ampicillin and 30 mg/L hemin (dissolved in 0.2 N 
NaOH). To ensure stoichiometric incorporation of the heme cofactor 
during overexpression in E. coli, hemin was added to the medium [2]. 
Protein expression was then induced by the addition of 1 mM of iso-
propyl β-D-1- thiogalactopyranoside (IPTG) when the cultures had an 
OD600nm of 0.6. Cells were grown for 4 h after induction and collected by 
centrifugation (5000 rpm for 20 min). 

After centrifugation, the cell pellet was resuspended in 50 mM 

Fig. 1. The general INH mechanism of action. INH is activated by KatG to 
generate the IN-NAD adduct. The IN-NAD inhibits InhA. The inhibition results 
in stopping mycolic acid biosynthesis and, ultimately, cell death. 
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Na2HPO4/NaH2PO4 buffer (pH 7.5). The suspension was mixed by 
vortexing and incubated at 4 ◦C for 30 min before sonication. Cells were 
lysed by sonication in an ice bucket with a Branson 450 ultrasonicator fit 
with a standard microtip set to constant output and 3.5 duty. Sonication 
was carried out in five cycles (20 s on, 40 s off). Insoluble material was 
removed by centrifugation at 10,000 rpm for 20 min at 4 ◦C, resulting in 
a viscous, red-brown crude extract. 

The supernatant with the His-tagged KatG protein was purified in a 1 
mL column of Ni-NTA agarose resin (Invitrogen, USA), following the 
manufacturer’s instructions. Briefly, an initial step with water and 
Buffer 50 mM NiSO4 was carried out. Subsequent washes were per-
formed using buffer A (0.5 M NaCl and 50 mM Na2HPO4/NaH2PO4 pH 
7.5) supplemented with 5 mM imidazole and then 35 mM imidazole. 
KatG proteins were then eluted using buffer A supplemented with 200 
mM imidazole. 

After elution from the resin, dialysis against 20 mM Na2HPO4/ 
NaH2PO4 buffer (pH 7.5) was carried out overnight. Purified KatG was 
concentrated and desalted with Merck Amicon Ultra Centrifugal Filter. 
Protein concentration was determined using the Bradford method. All 
assays were performed in triplicate. Following purification, KatG 
showed a UV–visible spectrum indistinguishable from that previously 
reported [14]. The homogeneity of protein was determined by 
SDS-PAGE 10%. 

2.3. Biochemical characterization 

All assays were performed with minor modifications from published 
procedures [14] and were conducted at room temperature using 
UV–visible Beckman Coulter DU 730 spectrophotometer. 

Catalase activity was evaluated spectrophotometrically by moni-
toring the decrease over 60 s (linear least-squares fittings) of the H2O2 
initial concentrations (0.5, 1, 3, 6, 12, 20, and 25 mM) at 240 nm 
(ε240nm = 0.0435 mM-1 cm-1) with a fixed KatG concentration of 30 
nM. The reaction mixture contained 50 mM Na2HPO4/NaH2PO4 buffer 
(pH 7.5). 

Peroxidase activity was determined by following the oxidation rate 
of O-dianisidine at 460 nm (ε460nm = 11.3 mM-1 cm-1) with initial 
concentrations from 1.5 μM to 200 μM in the presence of 23 mM tert- 
butyl hydroperoxide (tBHP), 50 mM sodium acetate buffer (pH 5.5) and 
100 nM KatG. 

IN-NAD formation was assayed spectrophotometrically at 326 nm 
using the extinction coefficient ε326nm = 6,900 M-1 cm-1. The reaction 
was carried out in 50 mM Na2HPO4/NaH2PO4 buffer (pH 7.5), using 
KatG (0.7–1 μM, depending on the variant concentration), in the pres-
ence of a constant flow of H2O2 generated by a glucose/glucose oxidase 
system (G/Gox), with concentrations of 16.7 mM and 66.6 mU/mL, 
respectively [20]. Apparent Km values for INH were determined by using 
reaction mixtures containing initial concentrations of either INH (0.4, 
0.8, 1.6, 3.2, 6.4, 12.8 and, 25.6 mM) with a constant concentration of 

NAD+ (1 mM) and NAD+ (30, 60, 120, 240, 480 and, 960 μM) with a 
constant concentration of INH (15 mM). 

2.4. Circular dichroism spectropolarimetry (CD) 

The thermal unfolding of KatG (WT and L333V) was monitored by 
Far-UV and Visible CD spectra. The loss of secondary structure was 
evaluated by the change in ellipticity at 222 nm, and the loss of tertiary 
contacts in the heme was followed at 410 nm during a temperature 
gradient from 20 to either 62 or 90 ◦C. The analysis in the far UV region 
was performed at protein concentrations between 0.3 and 0.6 mg/mL in 
10 mM Na2HPO4/NaH2PO4 (pH 7.5). All spectra were recorded using a 
715 Jasco spectropolarimeter. Far-UV spectra were recorded in a 1 mm 
quartz cell using this setup: 190–260 nm λ range, 1 nm data step, and 50 
nm/min scan rate, averaging the signal for 8 s. Jasco J-720 spectrum 
software was used for baseline corrections and data analysis. The 
reversibility of the unfolding process was tested by decreasing the 
temperature from the final temperature to 20 ◦C at a 1 ◦C/min rate. 
Initial and final CD spectra were recorded. The CD heme spectra were 
recorded in a 1 cm quartz cell, at 20 ◦C with the following settings: λ 
range of 500-260 nm, continuous scan mode, a scan speed of 50 nm/ 
min, data step of 1 nm, and with a protein concentration of 2 mg/mL. 
Each spectrum is the result of averaging the signal for 8 s and three 
scans. The apparent fraction of unfolded protein (Fapp) was estimated 
by normalizing the ellipticity at each temperature between the unfolded 
and native baseline signals. 

2.5. X-ray crystallography 

L333V-KatG crystals were obtained by the sitting-drop vapor-diffu-
sion method at 18 ◦C. The drops were prepared with a Mosquito LCP 
(TTP Labtech) crystallization robot in 96-well IQ plates (TTP Labtech). 
Each (0.3 μL) drop contained the enzyme at 24 mg/mL, in 20 mM 
Na2HPO4/NaH2PO4 buffer, pH 7.5, and the crystallization solution (0.3 
μL) containing 10% w/v PEG 6000 and 100 mM HEPES/Sodium Hy-
droxide, pH 7.0. Red-brown plate-like crystals were visible after 4 weeks 
and continued to grow for two months. Crystals were flash-cooled by 
immersion in liquid nitrogen exchanging water with 30% PEG 400 into 
the mother liquor as cryoprotectant. To formally compare the crystal-
lographic structures the L333V-KatG variant and the WT-KatG enzyme, 
several unsuccessful attempts were made to obtain crystals of WT-KatG. 
Accordingly, we structurally compare L333V-KatG with WT-KatG pre-
viously reported at 2.0 Å resolution (PDB ID 2CCA) [5]. 

A diffraction data set was collected from a flash-cooled crystal at the 
19ID beamline of the Advanced Photon Source, Argonne National Lab-
oratory (Argonne, IL, U.S.A.) using a Pilatus 3X 6 M detector. Reflections 
were indexed, integrated, and scaled with the XDS package [21]. The 
L333V-KatG crystal belongs to the monoclinic space group P21 with cell 
dimensions a = 82.6, b = 150.8, c = 127.0 Å and β = 90.45◦

Fig. 2. A) Structural peculiarities of Mt-KatG active site, with the proximal and distal pockets. B) INH possible binding sites (NIZ) found in different KatGs; the Fe of 
the heme group is shown as a red sphere. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Supplementary Table S1). 
Phases for the structure were determined by molecular replacement 

using the coordinates of the M. tuberculosis WT-KatG (PDB ID 2CCA) [5] 
as a starting model and performed with the program Phaser [22]. Phases 
were improved by rigid-body refinement and geometric constraint 
performed in REFMAC [23]. The final model was refined alternating 
cycles of automatic and manual refinement with PHENIX [24] and 
COOT [25], respectively, to a final Rwork of 18.0% (Rfree of 22.6% 
calculated with 5% of the data randomly selected) at 2.1 Å (Supple-
mentary Table S1). The final crystallographic structure displayed good 
stereochemistry, as analyzed by MOLPROBITY [26]. Structural figures 
were made with the PyMOL Molecular Graphics, Version 1.8 
Schrödinger, LLC. Coordinates and structure factors have been deposited 
in the Protein Data Bank (PDB ID 8DWR). 

2.6. Electrochemical characterization 

The electrochemical measurements were performed inside a glass 
three-electrode cell in an anaerobic atmosphere of N2:CO2 (80:20). Ag/ 
AgCl was used as the reference electrode, a graphite rod as the counter 
electrode, and a platinum wire (Pt) as the working electrode. The pro-
tein was adsorbed on the Pt electrode by incubating the electrode in the 
protein solution overnight. The elution buffer was used as the electrolyte 
solution. Cyclic Voltammetry (CV) and Square Wave Voltammetry 
(SWV) were used in this study. All the potential values in this work are 
referred to the Standard Hydrogen Electrode (SHE = 0.199 V vs. Ag/ 
AgCl). CV was performed in a potential window from − 0.3 to 1.2 V at a 
0.1 V/s scan rate. SWV was performed at a step potential of 0.001 V, 
0.003 V modulation amplitude, and a frequency of 19 Hz. The scan 
started from positive to negative potentials in the same potential win-
dow as the CV. 

3. Results and discussion 

3.1. Protein purification 

In the present study His-tag proteins (WT-KatG and L333V-KatG) 
were produced by the pKK-KatG expression system to overproduce the 
protein in E. coli MC1061 strain. The His6-tag was introduced to facili-
tate the purification of the protein by nickel affinity chromatography. 
The enzymes were characterized without removing the His-tag since it 
was reported not to affect the enzymatic properties [14]. The two pro-
teins were obtained with typical yields of ~3 mg per 50 ml of culture for 
kinetic and spectroscopic experiments and ~20 mg per liter of culture 
for crystallography. They displayed a single band of ~80 kDa on 
SDS-PAGE. 

3.2. Kinetic characterization 

Recombinant WT-KatG and L333V-KatG were characterized kineti-
cally using a combination of biochemical assays; we compared the 
catalase and peroxidase activities, and the IN-NAD adduct formation for 
different concentrations of both substrates, INH and NAD+, which 
yielded different values for each variant (Table 1). 

The apparent Km and kcat values of the WT-KatG were determined for 
the catalase (1.98 mM and 2200 s-1, respectively) and peroxidase ac-
tivity (2.11 μM and 6.4s-1, respectively). These kinetic parameters 
agreed with previously reported values determined by HPLC and spec-
trophotometrically for WT-KatG, ranging Km from 1 to 30 mM and kcat 
from 2300 to 10,000 s-1 for catalase and Km from 9 to 80 μM and kcat 
from 0.2 to 30 s-1 for peroxidase [14,27–29]. 

The L333V-KatG variant displayed 40% and 33% of the catalase and 
peroxidase activity, respectively, relative to WT-KatG kcat/Km (Table 1). 
On the other hand, L333V-KatG retained significant capacity to form IN- 
NAD (kcat/Km), around 57% when INH concentration is varied. When 
NAD+ concentration is varied, no significant changes were observed. 

Nevertheless, the Km values for INH were only subtly different between 
the WT-KatG protein and the variant (Table 1). 

The Km and kcat values for NAD+ of L333V-KatG were nearly iden-
tical to those of WT-KatG. IN-NAD formation in the absence of KatG was 
undetectable with the H2O2-generating G/Gox system (data not shown). 
This IN-NAD formation by WT-KatG was consistent with previously re-
ported values [14]. 

Most of the catalytic effects found when comparing both enzymes are 
related to differences in both kcat and Km. The location of the L333V 
mutation suggests that the architecture of the active site and the distal 
residues are not affected. The loss of catalytic power could be due to a 
change in the arrangement of the residues below the heme group, 
affecting the redox potential of the enzyme (see below). 

3.3. Thermal stability 

Protein temperature unfolding was monitored by electronic circular 
dichroism at both 222 nm (monitoring the loss of ellipticity typical of 
α-helices) and 410 nm (monitoring the loss of ellipticity corresponding 
to the heme in its asymmetric environment at the active site). The data 
shown in Fig. 3 are normalized data measuring the apparent fraction of 
unfolded protein (Fapp). 

A comparison of the thermal unfolding curves of the WT-KatG and 
L333V-KatG enzymes revealed significant differences. (Fig. 3A). L333V- 
KatG showed a loss of cooperativity in the denaturation mechanism, 
suggesting the presence of a folding intermediate, which has been 
observed with many other proteins including peroxidases. Loss of 
ellipticity at 222 nm started above 40 ◦C for WT-KatG while for L333V- 
KatG this happens at 37 ◦C, indicating that the mutation affected protein 
stability. The difference may be physiologically relevant since loss of 
structure is related to loss of function. The lack of cooperativity also has 
major implications in vivo. Thus, the KatG concentration required to 
form enough IN-NAD to inhibit InhA may not be achieved. 

It is important to note that zero ellipticity values were never reached 
up to 60 ◦C, where a plateau was reached. The refolding process was 
irreversible, with only a slight increase in the CD signal at 222 nm. In 
fact, a comparison of the initial and final spectra when the L333V-KatG 
protein was returned to 20 ◦C showed significant differences with a loss 
of the two negative bands centered at 208 and 222 nm characteristic of 
the α-helical structure to a signal band centered at 115 nm characteristic 
of the β-structure (data not shown). On the other hand, although a sig-
nificant amount of signal was lost, the WT-KatG spectra recorded after 
lowering the temperature resembled the helical characteristics. This 

Table 1 
Kinetic parameters comparison of three different enzymatic activities (catalase, 
peroxidase and IN-NAD formation for both substrates) for WT-KatG and the 
variant L333V-KatG.  

Activity Substrate Kinetic 
parameter 

WT-KatG L333V-KatG 

Catalase H2O2 Km (mM) 2.0 ± 0.5 2.3 ± 0.4 
kcat (s-1) 2200 ± 134 1034 ± 45 
kcat/Km (M-1/ 
s-1) 

1.1 x 106 ±

2.6 x 105 
4.4 x 105 ±

1.1 x 105 

Peroxidase O- 
dianisidine 

Km (μM) 2.1 ± 0.8 1.6 ± 0.5 
kcat (s-1) 6.4 ± 0.4 1.6 ± 0.1 
kcat/Km (M-1/ 
s-1) 

3.1 x 106 ±

5.0 x 105 
1.0 x 106 ±

1.7 x 105 

IN-NAD 
formation 

INH Km (mM) 1.9 ± 0.1 3.7 ± 0.3 
kcat (s-1) 0.098 ±

0.001 
0.107 ±
0.003 

kcat/Km (M-1/ 
s-1) 

50.6 ± 14.2 28.8 ± 9.5 

IN-NAD 
formation 

NAD+ Km (μM) 210 ± 40 172 ± 35 
kcat (s-1) 0.093 ±

0.005 
0.100 ±
0.007 

kcat/Km (M-1/ 
s-1) 

443 ± 136 580 ± 203  
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reflects the poor ability of the L333V-KatG to revert to its original 
structure compared to the WT-KatG enzyme, although this may be an 
effect caused solely by thermal denaturation. 

By contrast, loss of heme ellipticity started above 45 ◦C, and between 
53 and 55 ◦C more than 80% of the heme ellipticity was irreversibly lost 
(Fig. 3B). In the denatured state, the prosthetic group was completely 
released (no remaining ellipticity at 410 nm) in both proteins with no 
differences. 

3.4. Crystal structure of L333V-KatG 

The crystal asymmetric unit contains two L333V-KatG homodimers, 
chains A, B, C, and D please state which chains form the dimers, each 
including residues 24 to 740. Although the electronic density map for 
each monomer was mostly continuous, and its high quality clearly 
defined most of the main and side chains of residues, the densities for the 
N-terminal segment (residues 1–23) were not detected, probably due to 
high flexibility in this region; accordingly, these residues were not 
included in the model. Superposition of the two L333V-KatG dimers 
gave a root-mean-square deviation (RMSD) of 0.20 Å for the A and C 
subunits and 0.29 Å for the B and D subunits using 717 Cα atoms. Each 
dimer contains a heme b group, penta-coordinated sodium ions and 
water molecules, in addition to HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) and triethylene glycol in different sites, pre-
sent in the crystallization condition (Fig. 4A). This crystal structure 

departs only locally from WT-KatG (PDB ID 2CCA), with a RMSD of 0.37 
Å for the A subunits and 0.39 Å for the B subunits using 714 Cα atoms. 

Regarding the arrangement of catalytically important residues sur-
rounding the heme, it is practically the same as that in the WT-KatG 
enzyme (PDB ID 2CCA) and other catalase-peroxidases [5,6,16,17]. In 
addition, the electronic density map (2Fo-Fc) clearly describes the ar-
chitecture of the heme-containing active site, fully occupied and un-
modified. The proximal (H270, W321, and D381) and distal (R104, 
W107, and H108) triads are found at almost identical positions, as is the 
KatG-typical covalent adduct M255-Y229-W107 (Figs. 4B and 5A). 

However, the organization of the water molecules is very different in 
the L333V-KatG structure. In WT-KatG there are four well-ordered water 
molecules above the heme, within the distal pocket of the protein, that 
are not conserved in our structure. In particular, the structural water 
molecule that is coordinated with the heme iron was not observed in 
L333V-KatG; this could be due to the formation of the oxygen adduct 
with W107 (see below). Furthermore, L333V-KatG contains two addi-
tional water molecules (Fig. 5A and Supplementary Fig. S1A) which are 
also observed in Bp-KatG [30] (Supplementary Fig. S1B). 

L333V-KatG has a perhydroxy modification of the indole nitrogen 
atom of W107 (Figs. 4B and 5A); such modification was reported for 
W111 in the Bp-KatG (PDB ID 5L02, S324T variant) [30] (Supplemen-
tary Fig. S1B), in Magnaporthe grisea KatG [12] and Neurospora crassa 
CAT-2 [31] but is absent in WT-KatG. The W107 perhydroxy is at a 
distance of 2.7 Å from the heme iron (Supplementary Fig. S1A). An 

Fig. 3. Comparison of the thermal unfolding curves of the WT-KatG and L333V-KatG enzymes. A) In the far UV region (222 nm). B) Of the heme in the UV–Vis region 
(410 nm). Data shown are normalized the apparent fraction of unfolded protein (Fapp). 

Fig. 4. L333V-KatG homodimer (chains A and B) and active site structures. A) Each subunit N-terminal domain contains heme (PDB ID 8DWR). Ligands are also 
shown: HEPES (green sticks), triethylene glycol (cyan sticks) and sodium ions (purple spheres). B) Stereo view (cross-eye) of the active site with its electronic density 
map (2Fo-Fc). Shown are the proximal (H270, W321, and D381 in cyan) and distal (R104, W107, and H108 in blue) triads, the covalent adduct M255-Y229-W107, 
and the mobile R418. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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adduct radical has been reported in the reaction of KatGs with molecular 
oxygen to form the perhydroxy modification on the adduct tryptophan 
indole [9,32]. 

The segment from R385 to L404 shifted, moving towards the muta-
tion V333 by 0.4–0.8 Å. This shift is due to the mutation L333V, since 
valine has a smaller side chain than leucine, which could change some 
hydrophobic packing interactions around V333 (Fig. 5B). 

A notable difference occurs in the bond length between H270 and 
heme Fe, which is longer in L333V-KatG (2.6 Å) with respect to WT-KatG 
(2.2 Å) (Supplementary Fig. S2). This could be reason enough to have a 
significantly weaker bond, and thus the heme would be released more 
easily. The MetalPDB database (March 2023) has information of all PDB 
records that have metals and analyses of the binding sites. For heme 
groups, typical Fe–N distances (with N contributed by His) are mostly 
below 2.25 Å. For L333V-KatG the distance is out of the ordinary range. 
H270 and W321 engage in hydrogen bonds with D381 (Fig. 5A); while 
the bond length between H270 and D381 is similar in WT-KatG and 
L333V-KatG (2.81–2.82 Å and 2.62–2.82 Å, respectively), the bond to 
W321 is longer in L333V-KatG (2.52–2.57 Å and 2.60–2.78 Å, respec-
tively). Given that W321 stacks perpendicular to the heme group, longer 
hydrogen bonds could affect the electronic distribution on both W321 
and the heme. The connection to position 333 is through F332, as this 
aromatic residue has Van der Waals interactions with L/V333, H270, 
D381, and W321. Modifications in the electronic distribution at the 
heme are likely to result in changes in the redox potential of the Fe (see 
next section) and could be related to the decrease in kcat by H2O2 and O- 
dianisidine of L333V-KatG compared to WT-KatG (Table 1). 

Another potential difference in L333V-KatG in comparison with WT- 
KatG is the probable presence of a sodium ion found in each L333V-KatG 
subunit. This sodium ion is supported by its electronic density and 
pentavalent coordination structure (Fig. 4A and Supplementary 
Fig. S3A). This sodium ion in M. tuberculosis KatG had not been reported 
before. The buffer in which L333V-KatG was crystallized contained so-
dium. The sodium ion is bound to the main chain oxygen of G118, the 
main chain oxygen of G120, the side chain oxygen of S486 and two 
water molecules. A sodium ion has also been reported in Bp-KatG [33] 
(Supplementary Fig. S3B) and Se-KatG [16], and a potassium ion in 
N. crassa CAT-2 in a conserved location as sodium ion [31]. 

It was interesting to see that R418, which has been postulated to act 
as a molecular switch modulating the redox properties of the MYW 
adduct, is present in only one conformation which is not interacting with 
Y229, although it is unclear if this is due to the L333V modification or to 
the crystallization conditions. The residues from the adduct and the 

mobile arginine have been shown to be essential for the catalase activity 
but not for the peroxidase reaction [34]. The lack of interaction between 
Y229 and D418 seems to be due to the presence of a HEPES molecule, 
with which D418 forms two hydrogen bonds in chains A and C in 
L333V-KatG (Fig. 5A). This HEPES binding site did not match with any 
of the isoniazid binding sites described in KatGs [4,16]. However, where 
mobile arginine is found, it could be a binding site. Analysis of this 
mobile arginine in other prokaryotic KatG deposited in the PBD [11] 
shows that it is found in two conformations (Y and R), where R points 
away from the adduct, toward another conserved arginine, the confor-
mations depending on the pH of crystallization and the oxidation state of 
the heme. Another structural feature of the Y conformation of mobile 
arginine is the covalent modification of the indole nitrogen of the 
tryptophan adduct. In our structure, W107 exhibits a perhydroxy 
modification that is consistent with the pH used in crystallization (pH 
7.5). 

3.5. Electrochemical properties 

The changes in the redox potential of the heme group were studied 
by electrochemical techniques. The Supplementary Fig. S4 shows the CV 
responses of WT-KatG and L333V-KatG in the elution buffer electrolytic 
solution. The redox processes associated with the Fe3+/Fe2+ pair of the 
heme group appear between 0 and 0.2 V. Upon reduction, the cyclic 
voltammograms for WT-KatG and L333V-KatG display irreversible 
cathodic peaks with maxima at 0.169 and 0.139 V versus SHE, respec-
tively. WT-KatG exhibits a peak with an E0’ of 0.214 V, while L333V- 
KatG exhibits a peak centered at 0.139 V versus the SHE (Supplemen-
tary Fig. S4B). The electrochemical results indicate that the L333V-KatG 
variant affected the redox behavior of the heme group, consistent with a 
reduction in catalytic activity (Table 1). Details on the interpretation of 
these measurements are given in the supplementary file. 

4. Conclusions 

The analysis presented in this study contributes to a more compre-
hensive description of the complex structure-function relationships in 
INH-resistance derived from KatG activity. The observations made with 
the L333V-KatG and WT-KatG revealed in vitro activities of catalase, 
peroxidase and IN-NAD formation (in the presence of H2O2) at different 
rates, which could relate to the INH resistance. On the other hand, the 
resistance could occur through distinct mechanisms, consistent with the 
observation that L333V-KatG is less stable than the WT-KatG, which may 

Fig. 5. Structural comparison of L333V-KatG with WT-KatG. A) L333V-KatG (green) active site in superposition with WT-KatG (orange, PDB ID 2CCA) active site. 
Essential amino acids for catalase and peroxidase activities are indicated. Compared with WT-KatG, L333V-KatG has two more water molecules at the active site 
marked as A and B, and R418 in the R conformation makes two hydrogen bonds with a HEPES molecule. B) Superposition of L333V-KatG with WT-KatG showing 
mutation L333V and the movement of the helix segment comprising R385 to L404 (marked with a blue arrow). Other amino acid residues are indicated as reference. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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result in limited activity of this variant in vivo. The L333-KatG structure 
solved here reveals the presence of a perhydroxy modification of the 
indole nitrogen atom of W107, the movement of segment R385 to L404, 
and the change in bond length between H270 and heme Fe, which is 
longer in L333V-KatG (2.6 Å) than in WT-KatG (2.2 Å), resulting in a 
smaller redox potential for L333V-KatG. Some of these differences may 
be relevant to the mechanism of INH resistance in this and other KatG 
mutant enzymes. 
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ERP and XS received financial support from institutional budget from 
IBt, UNAM. We acknowledge to the National Institute of Genomic 
Medicine and National Institute of Respiratory Disease, México, for DNA 
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