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Abstract
Mycobacterium tuberculosis (Mtb) has the ability to persist within the human host for a long
time in a dormant stage and re-merges when the immune system is compromised. The
pathogenic bacterium employs an elaborate antioxidant defence machinery composed of the
mycothiol- and thioredoxin system in addition to a superoxide dismutase, a catalase, and
peroxiredoxins (Prxs). Among the family of Peroxiredoxins, Mtb expresses a 1-cysteine
1

peroxiredoxin, known as alkylhydroperoxide reductase E (MtAhpE), and defined as a potential
tuberculosis drug target. The reduced MtAhpE (MtAhpE-SH) scavenges peroxides to become
converted to MtAhpE-SOH. To provide continuous availability of MtAhpE-SH, MtAhpE-SOH
has to become reduced.
Here, we used NMR spectroscopy to delineate the reduced (MtAhpE-SH), sulphenic
(MtAhpE-SOH) and sulphinic (MtAhpE-SO2H) states of MtAhpE through cysteinyl-labelling,
and provide for the first time evidence of a mycothiol-dependent mechanism of MtAhpE
reduction. This is confirmed by crystallographic studies, wherein MtAhpE was crystallised in the
presence of mycothiol and the structure was solved at 2.43 Å resolution. Combined with NMRstudies, the crystallographic structures reveal conformational changes of important residues
during the catalytic cycle of MtAhpE. In addition, alterations of the overall protein in solution
due to redox modulation are observed by small angle X-ray scattering (SAXS) studies. Finally,
by employing SAXS and dynamic light scattering, insight is provided into the most probable
physiological oligomeric state of MtAhpE necessary for activity, being also discussed in the
context of concerted substrate binding inside the dimeric MtAhpE.

Introduction
Sustaining redox homeostasis (RH) is crucial for every organism in order to effectively
harness the reducing power through catabolism of various substrates and to utilize this power in
the anabolism of cellular components. Therefore, maintaining RH, despite the highly oxidative
environment of the phagosomal lumen of macrophages, is a critical aspect of Mycobacterial
tuberculosis (Mtb) biology, with the Mtb being the causative agent of Tuberculosis [1]. During
infection, Mtb is exposed to a number of redox stresses, such as reactive oxygen species (ROS)
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and reactive nitrogen species (RNS), both having the potential to damage a number of cellular
components, including lipids, proteins, and DNA. The level of redox stress in the
microenvironment surrounding Mtb plays an important role in determining whether the bacilli
enter the non-replicating persistent state or the replicative state. The redox couples playing major
roles in maintaining the balance of ROS inside the pathogenic Mtb are NADH and NADPH
being electron donors, the classes of reduced thioredoxins (Trxs), peroxidoredoxins, and
mycothiol (MSH) (Fig. 1I). Besides the thioredoxin system, which is present in all eubacteria
and eukaryotes, mycobacteria utilize a battery of unique protective enzymes, to neutralize the
redox stress generated by the host immune system, including the dihydrolipoamide and
dihydrolipoamide

dehydrogenase

(Lpd),

dihydrolipoamide

succinyltransferase

(SucB),

alkylhydroperoxide subunit D (AhpD) and -AhpC [1, 2].
In addition, mycobacteria employ a versatile machinery of the mycothiol-dependent system,
containing the proteins mycothiol reductase (Mtr), the oxido-reductase mycoredoxin-1 (Mrx1)
and the alkylhydroperoxide subunit E (MtAhpE; Fig. 1II). The latter also reduces peroxynitrite
and fatty acid hydroperoxides [3, 4]. MtAhpE (153 residues) belongs to the novel family of onecysteine peroxidases, lacking a resolving cysteine (CR). Recently, a bromide-soaked reduced and
a native structure of MtAhpE has been solved at 1.9 Å and 1.87 Å, respectively, revealing that
the MtAhpE is folded into a compact and spherical protein [5]. The quaternary structure of
MtAhpE in solution is a debate and predicted to be a dimer and slowly forming high molecular
weight aggregates [5]. Since the 1-Cys peroxiredoxin, MtAhpE serves as one of the important
redox enzymes in Mtb, understanding the predicted redox-mediated changes of MtAhpE, which
leads to the recycling of oxidized MtAhpE, is fundamental. One of the two proposed reducing
mechanisms is based on the Mycothiol/Mycoredoxin (MSH/MtMrx1) pair, in which mycothiol
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forms a mixed disulphide with MtAhpE (MtAhpE-SS-M). This adduct serves as a substrate for
the reduced mycoredoxin (Mrx1-(SH)2), a 10 kDa protein, leading to the generation of reduced
MtAhpE (MtAhpE-SH) (Fig. 1II). So far, the only evidence of a mycothiol and MtAhpE mixed
disulphide (AhpE-SS-M) derived from mass spectrometry data [6]. The second mechanism is
mediated by two cysteine residues of the so-called CXXC-motif of Mrx1 [6]. Both mechanisms
of MtAhpE reduction are dependent on Mrx1. However, the ability of a monothiol to
independently reduce MtAhpE has been demonstrated by an experiment, in which the monothiol
thionitrobenzoate (TNB) has been used to reduce MtAhpE-SOH without the need of MtMrx-1
[7] (Fig. 1III).
The question arising is, whether MtAhpE-SOH becomes reduced and regenerated by
mycothiol only. In the present study, a combined approach using small angle X-ray scattering
(SAXS), NMR and X-ray crystallography has been used to address firstly the oligomeric- as well
as the redox-state of MtAhpE and secondly the interaction mechanism with mycothiol. SAXSand dynamic light scattering (DLS) data indicated that the native form of MtAhpE exists as a
dimer in solution. Furthermore, we have examined the states of the cysteine catalytic centre
under various conditions using NMR, to elucidate the pathway for MtAhpE reduction. In
addition, the movement of critical amino acids of the active centre are described based on
crystallographic- and NMR results, providing insights into their overall role in the reduction
mechanism of MtAhpE. Together with molecular docking, these data shed light into the binding
of mycothiol to MtAhpE and finally providing a platform for drug design.
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Materials and Methods
Cloning, production and purification of MtAhpE
The coding region for the residues 1-153 of MtAhpE was amplified from genomic DNA of
M. tuberculosis by polymerase chain reaction (PCR) using the forward primer 5’GCGGGCTGGCCCATGGTGATGCTGAACGTC-3’

and

the

reverse

GGCCAAGCACCCGGATCCTTAGGCCGTAAG-3’.

For

cloning,

the

primer

5’-

restriction

sites

(underlined) for NcoI and BamHI enzymes were used for the forward and reverse primers,
respectively. The amplified PCR-product was gel-extracted and ligated into the pET9-d1-His6
vector [8]. The coding sequences were verified by DNA sequencing. The final plasmid was
subsequently transformed into E. coli BL21 (DE3) cells (Stratagene). To express the
recombinant protein, liquid cultures were grown in a shaker incubator in LB medium, containing
kanamycin (30 μg/ml), for about 4 h at 37 °C until an optical density OD 600 of 0.6–0.7 was
reached. To induce the production of proteins, cultures were supplemented with isopropylβ-D-1thiogalactopyranoside (IPTG) to a final concentration of 1 mM, followed by overnight
incubation at 20 °C.
Cells producing recombinant MtAhpE were lysed on ice by sonication with an ultrasonic
homogenizer (Bandelin, KE76 tip) for 3 x 1 min in buffer A containing 50 mM Tris-HCl (pH
7.5) 250 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.8 mM DTT. After
sonication, the cell lysate was centrifuged at 10 000 x g for 35 min at 4 °C. The resulting
supernatant was passed through a filter (0.45 µm; Millipore) and supplemented with Ni2+-NTA
resin pre-equilibrated in the buffer A. His-tagged proteins were allowed to bind to the matrix for
1.5 h at 277 K by mixing on a sample rotator (Neolab). Subsequently, the protein was eluted with
an imidazole gradient (0–400 mM). The fractions containing MtAhpE were identified by SDS–
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PAGE [9] and further purified by gel filtration chromatography using a Superdex 75 HR 10/30
column (GE Healthcare) with buffer containing 50 mM Tris-HCl, pH 7.5 and 250 mM NaCl.
The gene encoding Mrx-1 was cloned into the pET9-d1-His6 vector [8]. The produced
recombinant protein was purified in buffer containing 20 mM phosphate, pH 6.8, 50 mM NaCl,
1 mM PMSF, and 1 mM DTT using Ni2+-NTA affinity- and gel filtration chromatography
(Superdex 75 HR 10/30 column).

Dynamic light scattering experiments of MtAhpE
Dynamic light scattering (DLS) of MtAhpE in 50 mM Tris-HCl pH 7.5, 250 mM NaCl was
performed at concentrations of 5 mg/ml and DLS measurements were carried out using a
Malvern Zetasizer Nano ZS spectrophotometer. DLS experiments were performed in a lowvolume quartz batch cuvette (ZEN2112, Malvern Instruments) using 12 μl of respective protein
solution, equilibrated with desired buffer solution. After 60 s equilibration time, the
backscattering at 173° was detected for all proteins. Scattering intensities were analyzed using
the inbuilt software, Zetasizer to calculate the hydrodynamic diameter (D H), size, and volume
distribution. In order to understand the role played by H2O2, measurements were made after
adding equimolar concentrations of H2O2 (incubation time of 1 and 60 min) as well as five fold
molar excess of H2O2 with an incubation time of 60 minutes.

Small angle X-ray scattering data collection and analysis
Small angle X-ray scattering (SAXS) data of MtAhpE were measured with the BRUKER
NANOSTAR SAXS instrument equipped with a Metal-Jet X-ray source (Excillum, Germany)
and VÅNTEC 2000-detector system. The instrument uses X-ray radiation generated from a
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liquid gallium alloy with microfocus X-ray source (λ = 0.13414 nm) operating at a current of
2.857 mA and a potential of 70 kV. The X-ray beam is focused and monochromated using
Montel mirrors. The parasitic scattering is eliminated using two pinhole collimation systems.
Liquid samples are placed in a sealed quartz capillary, while the solid glassy carbon that is used
as a standard is fixed into the path of the beam after the sample. The sample chamber and beam
path is evacuated at around 1 Pa and all the measurements were performed at 288 K. The sample
to detector distance was set at 0.67 m which covers a range of momentum transfer of 0.16 < q <
4 nm-1 (q = 4π sin(θ)/λ, where 2θ is the scattering angle) [10-12].
SAXS experiments were carried out at three different concentrations of MtAhpE in buffer
containing 50 mM Tris/HCl, pH 7.5, 250 mM NaCl, 1 mM DTT for a sample volume of 40 µl.
In case of oxidised MtAhpE, no DTT was added to the sample, and no radiation damage of the
protein could be detected in the absence of the reducing agent. The data were collected for 10
minutes and for each measurement a total of 10 frames at 1 min intervals were recorded. The
scattered X-rays, detected by a two-dimensional area detector, were flood-field and spatially
corrected. The flood-field correction rectifies the intensity distortions arising due to the nonuniformity in the pixel to pixel sensitivity differences in the detector using a radioactive source
(55Fe) supplied by Bruker AXS, Germany. The spatial correction fixes the inherent geometrical
pincushion distortion by placing a mask with the regular pattern before the detector and
measuring the deviation from regularity in the detected image. The data were converted to onedimensional scattering as a function of momentum transfer by radial averaging using the built-in
SAXS software (Bruker AXS, Germany). The data were normalized by the incident intensity and
transmission of the sample using a strongly scattering glassy carbon of known X-ray
transmission. The transmission of X-rays through the sample is determined by an indirect
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method, in which the integrated counts per unit time for glassy carbon is related to the relative
intensity of the direct beam and hence the transmission of the sample [13]. The data were then
tested for possible radiation damage by comparing the 10 data frames and no changes were
observed. The scattering of the buffer was subtracted from the scattering of the sample, and all
the scattering data were normalized by the concentration.
All the data processing steps were performed using the program package PRIMUS [14]. The
experimental data obtained for all protein samples were analyzed for aggregation using the
Guinier region [15]. The forward scattering I(0) and the radius of gyration, Rg, were computed
using the Guinier approximation assuming that at very small angles (q < 1.3/Rg) the intensity is
represented as I(q) = I(0)·exp(-(qRg)2/3) [16]. These parameters were also computed from the
extended scattering patterns using the indirect transform package GNOM [17], which provides
the distance distribution function P(r) hence the maximum particle dimension, Dmax, as well as
the radius of gyration, Rg. Qualitative particle motion was inferred by plotting the scattering
patterns in the normalized Kratky plot [18]. The hydrated volume Vp, used to estimate the
molecular mass of the protein, was computed using the Porod invariant. Ab initio low-resolution
models of the proteins were built by the program DAMMIN [19] considering low angle data (q <
0.2 nm-1). Twenty independent ab initio reconstructions of MtAhpE were performed and then
averaged using DAMAVER [20]. The average exclude volume VEx computed using DAMAVER,
was further used to estimate the molecular mass of the protein. The theoretical scattering curves
from atomic structures were generated and evaluated against experimental scattering curve s
using CRYSOL [21]. Superimposition between ab initio reconstruction and the atomic model
was performed using the software SUPCOMB [22].
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Production and purification of (3-13C)Cys-labelled and 15N-Arg-labelled MtAhpE
E. coli BL21 (DE3) transformed cells were plated on LB-agar, from which a single colony
was selected to prepare a 15 ml LB seed culture. After overnight growth, the culture was
centrifuged at 3 000 x g for 5 min at 4 °C to pellet out the cells. The cells were washed and
subsequently suspended in 1 liter M9-minimal media supplemented with MgSO4, CaCl2,
thiamine, FeCl3, trace elements and 19 unlabeled amino acids [23] with the exception of (3-13C)L-cysteine or 15N4 L-Arginine as needed. Starting with an OD600 of 0.08, the cells were allowed
to grow to an OD600 of 0.6 at 37 °C at which point the culture was induced with IPTG to a final
concentration of 1 mM. In addition, 25 mg of (3-13C)-L-Cysteine or 15N4 L-Arginine, were added
as required and the culture was allowed to grow overnight at 20 °C. The cells were harvested by
centrifugation at 8 500 x g for 15 min. The selectively labelled MtAhpE protein was then
purified using the same protocol as described above.

1

H-13C and 1H-15N HSQC-NMR spectroscopy of MtAhpE
Purified

13

C-Cysteine labelled and

15

N-Arginine labelled MtAhpE was prepared for NMR

spectroscopy experiments by buffer exchanging into phosphate buffer (50 mM phosphate, 100
mM NaCl, pH 6.8). 10% D2O was added to and mixed with 180 μl of the sample. Indirect
referencing using 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was used to calibrate the 13C
chemical shifts. The sample was centrifuged and transferred into a Shegami tube. All
measurements were acquired on a 700-MHz NMR spectrometer with 4 RF channels (Bruker
Avance, Bremen, Germany) equipped with 5 mm z-gradient TXI (Triple Resonance Probes)
cryoprobe, one 4 mm HR-MAS probe, one 5 mm z-gradient PATXI probe. 1H-13C HSQC was
acquired with 96 scans using the pulse-program hsqcetf3gpsi2 [24, 25]. In this experiment,
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MtAhpE data were collected in its oxidized state and in the presence of 10 molar excess of
hydrogen peroxide (H2O2), tris(2-carboxyethyl)phosphine (TCEP), dithiothreitol (DTT), reduced
mycothiol and reduced mycothiol plus H2O2. Mycothiol was purchased from JEMA Biosciences,
San Diego, CA, USA. Mycothiol disulphide (M-SS-M) was reduced as per the protocol provided
by the supplier. Accordingly, M-SS-M was first dissolved in 50 mM Tris/HCl, pH 8.0.
Dithiothreitol was then added to a concentration of 20 mM. Afterwards, the solution was
incubated at room temperature for 20 min. The NMR sample was incubated for 30 min at RT
with the respective reducing agent before data collection. In the case of

15

N-Arginine-labelled

titration, a five molar excess of mycothiol was used.
The mycothiol analogue N-acetylcysteine (NAC), a low molecular weight thiol that can be
formed from mycothiol enzymatic degradation in M. tuberculosis was also used to study the
reduction of MtAhpE. In order to investigate the slow oxidation of C45-SH to C45-SOH and
subsequently to C45-SO2H and C45-SO3H, a set of NMR experiments (12 hours) were done with
1

H-13C-labelled MtAhpE.
In order to confirm whether Mrx-1 forms a mixed disulphide with MtAhpE as previously

shown by mass spectrometry [6], a three molar excess of MtMrx-1 was incubated with MtAhpE
and the state of C-45 was observed using NMR spectroscopy. All data were processed using
Bruker’s Topspin 2.1 (Bruker, Germany) and analyzed with Sparky [26].

Crystallization studies of MtAhpE with mycothiol
In order to obtain MtAhpE-MSH co-crystals, in vitro mycothylation was performed as
described in [27], wherein M-SS-M was first reduced by 5 mM DTT. Meanwhile, the reduced
MtAhpE (0.3 µM) was oxidized with an equimolar amount of H 2O2 and then incubated in the
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presence of 10 molar excess of reduced mycothiol. After 30 min incubation, crystal drops were
set up as described earlier for native MtAhpE crystals [5]. AhpE-MSH co-crystals were further
optimized and final diffraction quality crystals were obtained in the condition of 1.8 M sodium
malonate (pH 5.0), 0.1 M sodium acetate (pH 4.5) and 5% (v/v) glycerol. The crystals were flash
frozen in liquid nitrogen at 100 K in a crystallization buffer containing 25% (v/v) glycerol.

Data collection and processing of X-ray diffraction data
X-ray diffraction data of MtAhpE crystals were collected at the synchrotron beamline 13B1
(National Synchrotron Radiation Research Centre, Taiwan) using the Q315 detector, as a series
of 0.5 oscillation images, covering a crystal rotation range of 200º on the cryo-cooled crystals at
100 K. The dataset was indexed, integrated, and scaled using HKL2000 suite. The Matthews
coefficient [28] confirmed the presence of four molecules in the asymmetric unit with a
corresponding solvent of 53%. The scaling statistics are presented in Supplementary Table 2.
The structure was solved by molecular replacement using the model of MtAhpE (PDB ID:
1XXU; [5]). Manual corrections of the model were done with COOT [29] and refinement was
carried out using REFMAC [30] of CCP4 suite. A check on the stereochemical quality of the
final model was assessed using PROCHECK [31], identifying that 90.5% of all the residues were
within the core regions of the Ramachandran plot and 9.5% were within the allowed regions
(Supplementary Table 2). Molprobity analysis [32] indicated that the overall geometry of the
final model ranked in the 100th percentile (Molprobity score of 1.26). The clash score for all
atoms was 2.65 corresponding to a 100th percentile ranking of structures of comparable
resolution. Omit difference maps were used to remove model bias. Refined omit maps were
calculated by omitting from the model a region of 8 Å around amino acid C45 and refining the
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model. The active cysteine (C45-SH) was modelled as cysteine sulfenic acid (C45-SOH) in two
of the chains, to accommodate for the extra density connected to the sulphur atom of C45-SH.
All the figures were drawn using PYMOL [33]. The structure refinement statistics are given in
Supplementary Table 2. The atomic coordinates and structure factors have been deposited in the
Protein Data Bank (PDB ID: 5ID2).

In Silico molecular docking
The presented crystallographic structures of MtAhpE-SOH (chain D) and MtAhpE-SH
(chains B and C) clearly indicated the influence of R116 and β9/α5 loop on the active centre
(C45) and its role in the coordination of peroxidase activity. Therefore, both the oxidized and
reduced (chain C) forms of MtAhpE were used for docking studies. The three-dimensional
structure of mycothiol was retrieved from the ZINC-database [34] and docked at the defined
active site using HADDOCK (High Ambiguity Driven DOCKing) [35]. The channel around
residues C45, T42, and R116 were used to define the active site region for performing the
molecular docking studies. Since HADDOCK requires a set of ambiguous interaction restraints,
the residues C45, T42 and R116 are specified as “active” residues and the neighbouring residues
as “passive”. Briefly, the submitted protein and ligand structures were placed in space with an
approximate distance of 25 Å and a complex was formed through rigid body energy
minimization, which resulted in initially 1000 structures. The top 200 lowest energy models from
the above minimization were subjected to a simulated annealing in torsion angle space procedure
and subsequent flexible refinement in explicit solvents. Models, which fulfilled the interfaced
ligand RMSD cutoff of 5 Å, were clustered into seven groups. The best model in the highest
scoring cluster was selected for analysis. The model was visualized using PyMOL [33]. Similar
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docking studies were also performed for the bromide-soaked reduced structure (PDB ID: 1XXU
[5]) and the previously reported oxidized structure (PDB ID: 1XVW [5]).

Results
Production and purification of MtAhpE
Till now the exact oligomeric state of MtAhpE in solution remains unclear with crystal
structures reporting both a dimeric- and a tetrameric conformation, respectively [33]. In order to
preclude the effect of crystallization on the oligomeric equilibrium, a series of solution-based
approaches has been employed to elucidate the most probable and physiologically relevant
oligomeric state of MtAhpE. The recombinant MtAhpE was produced and purified by affinityand size exclusion chromatography as described in Materials and Methods. The pure protein
eluted at 11.5 ml on a Superdex 75TM HR 10/30 column, corresponding to a dimeric species of
around 35 kDa (Fig. 2A).

Dynamic light scattering studies on MtAhpE
To confirm the observation of size exclusion chromatography (SEC), DLS experiments with
MtAhpE were performed. As shown in figure 2B, the DLS profile revealed a dimeric species
with an estimated molecular weight of 37 kDa, confirming the SEC results described above.
Previous experiments by Hugo et al. [7] showed that the addition of equimolar concentrations of
H2O2 led to increasing formation of higher oligomers of MtAhpE in a time-dependent manner (1
to 60 min), whereby addition of excess H2O2 resulted again in a dimeric form. The DLS profile
presented revealed that incubation with equimolar H2O2 led to the formation of a higher
molecular weight species of about 72 kDa with slower diffusion properties, which was
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independent of the incubation time used (1 or 60 min; see Fig. 2B). In comparison, the profile in
the presence of an excess of five fold molar excess H2O2 (60 min incubation) was similar to the
one of the native MtAhpE, indicating the formation of a dimeric enzyme (Fig. 2B).

Solution X-ray scattering studies of MtAhpE
To further examine the solution shape and oligomeric state(s) of MtAhpE in the presence of
the reducing agent DTT in solution, SAXS-patterns of reduced MtAhpE were recorded at three
different concentrations (2.3, 3.4 and 5.0 mg/ml), which showed similar final composite
scattering curves (Fig. 3A). No radiation damage was detected over the data collection time.
Guinier plots at low angles were linear and revealed good data quality with no indication of
protein aggregation (Fig. 3A: inset). The Kratky plot (I(q) x q2 vs q) showed a bell-shaped peak
at low angles, indicating a well-folded protein. The radius of gyration (Rg) values from the
Guinier approximation was consistent for the three concentrations measured with a value of
24.75  0.18 Å (Supplementary Table 1). The Rg-values (24.65  0.50 Å) extracted from the
distance distribution (P(r)) function, which takes the whole scattering curve into consideration,
were in agreement to the one derived from the Guinier region. The distance distribution
functions determined were similarly shaped for all the concentrations (Fig. 3B) and the
maximum particle dimension (Dmax) was determined to be 76  3 Å. The right-skewed
distribution indicates that the protein has an elongated shape. The normalized Kratky plot ((qRg)2
(I(q)/I(0)) vs. qRg) of reduced MtAhpE shifted from a well-defined bell curve profile (Fig. 3C).
The peak is deviated to slightly higher values and the profile is broadened, indicating that
reduced MtAhpE exhibits an extended conformation and might be less rigid in solution [36, 37].
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The highest concentration data were used for the ab initio reconstruction of the gross shape
of the reduced MtAhpE, which had a good fit to the experimental data in the entire scattering
range with a discrepancy of χ2 = 0.169. Twenty independent reconstructions produced similar
envelope with normalised spatial discrepancy (NSD) of 0.586  0.014 and the average structure
is shown in figure 3D. The molecular mass as determined by the Porod-hydrated volume and
excluded volume ranged from 30 ± 2 kDa, reflecting the presence of a dimeric protein. The
theoretical scattering curve for the dimer from the crystal structure (PDB ID: 5ID2) was
computed using CRYSOL [21] and fitted nicely with the experimental curve with the χ 2-value of
0.664 (Fig. 3E), confirming the dimeric nature of the protein.
The quaternary structure of MtAhpE in solution is proposed to be regulated by the oxidation
state, being a dimer under reduced state and slowly forming high molecular weight aggregates
upon oxidation [7]. Therefore, the oxidised MtAhpE has been measured at 2.6, 4.8 and 5.2
mg/ml concentration as shown in Supplementary Fig. 1A. The determined Rg- (24.12  0.40 Å)
and Dmax values (76  4 Å) as well as the normalized Kratky plot were similar to the ones of the
reduced enzyme (Supplementary Figs. 1A-B; Supplementary Table 1). The data demonstrate that
the dimeric state of MtAhpE in solution is independent of the oxidation state. However, the
comparison of the distance distribution functions of the oxidised and reduced MtAhpE revealed
differences in the range of 40 to 60 Å, indicating some alteration inside the dimer molecule due
to redox modulation. This is also confirmed by the comparison of both in the normalized Kratky
plots (Fig. 3C). The profile for the oxidised MtAhpE is slightly deviated outward and a small
shift in the peak was also observed, reflecting a slight conformational change of the oxidised
form.
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NMR spectroscopy studies, to receive insight into the recycling step(s) of MtAhpE
One of the two proposed reducing system of MtAhpE is the Mycothiol/Mycoredoxin
(MSH/MtMrx1) pathway, in which mycothiol is predicted to form a MtAhpE-SS-M complex,
which serves as a substrate for the reduced mycoredoxin (Mrx1-(SH)2), and leads to the reduced
MtAhpE-SH [6] (Fig. 1B). To examine the mechanism in depth as well as the conditions
required for the formation of this mixed disulphide, NMR studies using the selectively
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C-

labeled cysteine of MtAhpE were carried out. In these experiments, we made use of the
knowledge that a chemical shift in the 13C-dimension of a cysteine can be used to characterize a
redox state of this residue, based on ground rules described by Sharma et al. [38]. In brief, for a
cysteine the Hβ-chemical shifts are in the range of 2.5 to 3.8 ppm and Cβ-chemical shifts are in
the range of 25.0 to 60.0 ppm based on the redox state of the cysteine. Accordingly, peaks of a
1

H-13C-HSQC spectrum can be used to unambiguously assign the correct redox state of a

cysteine residue. If the Cβ-shift is less than 32.0 ppm or greater than 35.0 ppm, the redox state is
assigned to be reduced or oxidized, respectively. The presence of other cysteine derivatives can
also be obtained by virtue of their chemical shifts. Crane et al. [39] have systematically reported
chemical shifts for various redox states of a cysteine (Cys-SH = 29.5 ppm, Cys-S-OH = 39.6
ppm, Cys-SS-Cys = 38.7 ppm, Cys-S(=O)OH = 58.8 ppm, and Cys-S(=O)2OH = 56.0 ppm). The
1

H-13C-HSQC spectrum of the oxidized

13

C-labeled MtAhpE in figure 4A alone revealed three

major 13C-chemical shift peaks at 28.4 ppm, 39.6 ppm and 59 ppm, indicating the presence of a
reduced- (AhpE-SH), sulphenic- (AhpE-SOH) and sulphinic form (AhpE-SO2H) in solution,
respectively. With such spectrum as a control, a 10 molar excess of peroxide was added,
resulting in a single peak at 59 ppm (Fig. 5B) and representing a highly over oxidized MtAhpE.
This result confirmed a previous experiment in which excess of peroxide led to the irreversible
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formation of the sulphinic derivative of AhpE-SO2H[4]. To delineate the reduced states of
MtAhpE, the two reducing agents TCEP (tris(2-carboxyethyl)phosphine) and DTT have been
employed, causing two reduced peaks at 30 ppm (Fig. 4B) and 26 ppm (Fig. 4C), respectively.
The differences in reduced chemical shift positions represent the differences in the mechanism of
reduction by each of these reducing agents. Finally and importantly, the ability of mycothiol to
modify the single C45 residue of MtAhpE was examined by the addition of molar excess of
mycothiol (Fig. 4D) or mycothiol + H2O2 (Fig. 4F). Interestingly, in both cases, two additional
reduced peaks could be observed, which were characteristic to the presence of mycothiol. These
data implicated for the first time a possible by-pass mechanism for MtAhpE reduction, where
mycothiol is able to first form an adduct with MtAhpE, followed by a reduction by a second
molecule of mycothiol. Surprisingly, the mycothiol-analogue NAC (N-Acetylcysteine) could
reduce MtAhpE and the reduced peaks are similar to that observed in the case of mycothiol (Fig.
4E). This confirms that NAC works similarly as mycothiol and provides an alternative reducing
agent to study AhpE. Moreover, by comparing the two spectra, an additional oxidised peak was
observed at
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C=42 ppm in the presence of hydrogen peroxide, corresponding to a possible

disulphide adduct (-SS-) (Fig. 4F). This confirms previous mass spectrometry analysis, where an
AhpE-SS-M mixed disulphide was observed in the presence of peroxide [6]. The fact that a
reduced state and not a mixed disulphide was observed when mycothiol alone was added
indicates a mycothiol-dependent mechanism of MtAhpE reduction, whose kinetics may be too
fast to be observed by conventional HSQC.
It was also observed that MtAhpE is slowly over oxidised and peaks corresponding to the
sulphinic- (AhpE-SO2H) and sulphonic form (AhpE-SO3H) in solution were observed when the
NMR experiment was carried out over a longer duration of 12 hrs (Fig. 5C).
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In the experiments above, we confirmed that intermediates and products of MtAhpE
reduction can be observed, and demonstrated that mycothiol alone is able to reduce MtAhpE in
solution, leading to propose an alternative MtAhpE reduction mechanism, which is independent
of Mrx1. In order to confirm the recently proposed Mrx1-mediated reduction, (Fig. 1B) [6],
cysteine-labelled MtAhpE was mixed with Mrx1 to reveal that the N-terminal cysteine (C14) of
Mrx-1 does indeed form a mixed disulphide with MtAhpE. The NMR spectrum of the MtAhpEMrx-1 mixture (1:3) was collected and a peak at
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C=42 ppm, which corresponds to an AhpE-

SS-Mrx-1 disulphide, was observed (Fig. 5D). This result confirms for the first time an
intermediate state of the Mrx1-dependent reduction of MtAhpE in solution. Altogether, our
cysteinyl labelling approach has allowed us to empirically reveal an alternative MSH-mediated
reduction of AhpE, which occurs parallel to the Mrx1-mediated reduction [6] inside Mtb.
Furthermore, the data enabled to understand the important AhpE-SS-M formation of the
proposed Mrx1-mediated reduction.

Crystallographic structure of MtAhpE
The solution data described above generated a platform to crystallize MtAhpE in the
presence of mycothiol. MtAhpE crystals (tetragonal space group P42) were produced as
described under Material and Methods. The crystallographic structure was refined to 2.43 Å
resolution with a final R-factor and R-free (calculated with 5% of reflections that were not
included in the refinement) of 0.17 and 0.21, respectively (Supplementary Table 2). The
asymmetric unit consists of four molecules comprising of two dimers (AB and CD, respectively)
with a solvent content of 53.33%, 218 water molecules, two molecules of glycerol and one
molecule of acetate ion in the final structure (Supplementary Fig. S2). Differences in the active
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site as well as the C-terminal loop position between molecules A and D, here after called
oxidized (MtAhpE–SOH) conformation, and molecule B and C, called reduced conformation,
which occurred due to mycothiol reduction (r.m.s.d. between molecule B and C was 0.168 Å,
whereas for molecules C and D the determined r.m.s.d. value was 0.75 Å for 153 Cα atoms),
were observed and will be described in detail below.
As revealed by the recently determined MtAhpE crystal structure [5], MtAhpE contains nine
β-strands, β1-β9, and five α-helices, α1-α5, with its characteristic peroxidative cysteine (Cp) at
position 45 (C45) (Fig. 6A). C45 is located at helix 2, inside the atypical PXXXTXXC-motif of
the Prx-active site and surrounded by a trio of the conserved residues P38 and T42 of the
38PXXXTXXC45

motif and R116 present in-between β7 and β8 of MtAhpE (Fig. 6C and

Supplementary Fig. S3). The position of amino acid T42 enables C45 to interact with the
substrate and P38 provides a hydrophobic surface, shielding the reactive cysteine sulfenic acid
intermediate from further oxidation by peroxides and peroxynitrite. An active site arginine,
which would lower the pKa of the peroxidatic cysteine by stabilizing its thiolate form, is
conserved among all Prxs [40]. R116 is in close proximity to C45 and stabilizes the Cp thiolate
via a hydrogen bond with the backbone amide hydrogen at a distance of 3.07 Å (Fig. 6C). The
active site formation becomes stabilized by the hydrogen bond interaction of residue E48 of helix
α2, and R139 of the C-terminal loop in-between β9 and α5 (Fig. 6B-C). Among 1-Cys Prxs, a
conserved histidine precedes the PXXXTXXC-motif. However, in case of MtAhpE, the histidine
residue is replaced by amino acid F37. The relevance of amino acids R116, P38, E48 and T42 is
in line with recent MD simulations of MtAhpE in the presence of H2O2, which described the
importance of hydrogen bonding interactions and the inter-molecular network formed by these
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residues [41]. Supplementary Figure S4A reveals that these critical residues form a similar
molecular network in the presented crystallographic structure in chain A and C.
Furthermore, the catalytic C45 containing helix α2 is stabilized by a hydrogen bond network
between amino acid Q46 and D50 of helix α2 and W80 and S84 of helix α3. In comparison,
except for the hydrogen bond with S84 these hydrogen bonds were missing in the previously
solved bromide-soaked reduced (PDB ID: 1XXU [5]) and the oxidized structure of MtAhpE
(PDB ID: 1XVW [5]), as the side chain of Q46 was not flipped in both structures (Fig. 6D).
Analysis of the electron density map of the bromide-soaked crystal structure (1XVW [5]) reveals
that the alternate conformation of Q46 was wrongly assigned, as confirmed by Wouter et al [42].

Mechanistic insights into the active site of MtAhpE
Although no mycothiol was bound in the final structure of the mycothiol co-crystallized
MtAhpE, C45 in molecule B and C were reduced, mimicking the reduced state of Cp in the
catalytic cycle of MtAhpE. A comparison of the oxidised conformation of molecule D, in which
the side chain of R116 was facing outwards, highlighting that side-chain of R116 of the reduced
conformation moved inwards and comes in close proximity to Cp (Fig. 6B). In parallel, the Cterminal loop (131EMKQPGEVRD140) in the reduced conformation moves inwards by ~6 Å,
coming closer to the active cysteine (Fig. 6C). This inward movement of the
131EMKQPGEVRD140-loop

as well as the flip in the side chain of R116 partially closes the active

site pocket (Fig. 6E). The outward movement of R116 in the oxidised molecule causes a distance
of 8.4 Å between the amide hydrogen and C45-SOH. This together with the movement of the
131EMKQPGEVRD140-loop

forms a channel to allow the reductant/substrate to enter and to come

in proximity to the reactive C45. In addition, earlier studies demonstrated a pKa value of 5.2 and
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6.6 for the thiolate- and sulphenic acid form of MtAhpE, respectively [7]. These data would be
consistent with the outward movement of R116 relative to C45, resulting in an increased pKa of
the sulphenic form.
Among the many side chains that displayed alternate conformations in the structure, R116 in
molecule A presents an interesting behaviour as it is present in two alternate conformations with
occupancies of 0.4 (conformation A) and 0.6 (conformation B). In the so-called A-conformation,
the backbone amide hydrogen comes closer to the C45–SOH (2.65 Å), whereas in the Bconformation the side chain is directed away and the amide nitrogen is at a distance of 8.29 Å
from C45–SOH (Fig. 6F). This observation raised the question whether residue C45, which is in
the oxidized state in molecule A and D, was caused by radiation damage? Therefore, the density
maps at different stages of data collection were compared. It was observed that C45 in all the
four chains (A-D) were in the reduced state for the data of the initial 25 frames and that the R116
side chain was in close proximity to C45 (Supplementary Fig. S4B). Subsequently in the later
frames, the side chain of R116 was shown to flip and a positive density was observed near C45,
which was later refined to its oxidized state in molecule A and D. These data confirmed that
mycothiol reduced C45 in all four molecules primarily, as revealed by the NMR results
presented, and that the oxidized state observed in molecules A and D was probably due to
radiation damage during data collection.
To confirm the contribution of R116 and R139 in mycothiol-binding, NMR experiments
were performed with selectively labelled arginine-MtAhpE in presence and absence of
mycothiol. As presented in figure 7, eight out of nine arginines of MtAhpE were observed in the
NMR-spectrum of
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N-Arginine labelled MtAhpE. After addition of mycothiol (five molar

excess) two arginine peaks, probably R116 and R139, showed a clear chemical shift (Fig. 7;
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inset), which is in an agreement with the observed conformational changes of these arginines
observed in the reduced structure of MtAhpE (Fig. 6).

Molecular docking of mycothiol into the surface channel of MtAhpE-SOH
The mycothiol-dependent system of mycobacteria including MtAhpE has no counterpart in
the mammalian hosts, and thus, the chances for a selective inhibition of the mycobacterial
antioxidant defence system will be rated as excellent. The NMR results described above together
with recent [5] and presented atomic structures revealed the importance of Cp and highlighted
the key role of R116 in mediating thiol oxidase / recycling activity by opening the channel
between the reactive thiol on helix α2 and the

131EMKQPGEVRD140-loop.

The opening of the

channel allows the binding of small molecule regulators such as mycothiol and to regulate the
recycling of the reactive thiol. Here, structure-based modelling was performed between MtAhpE
and mycothiol using HADDOCK (see Material and Methods). The active site residues
surrounding the channel were chosen for the binding region. The oxidized structure of MtAhpE
chains A and D, and the reduced structure, chain C, were used for the study. The top scoring
HADDOCK model from the highest scoring cluster was selected. The docking scores for the
oxidized chain D, the reduced structure (chain C), and the second oxidized structure (chain A)
are reported in Table 3. Mycothiol in the oxidized structures occupies the open channel created
by R116 and the 131EMKQPGEVRD140-loop, and interacts with amino acids C45, T42 and R116
(Fig. 8A; Supplementary fig. S5). In this regard, the acetyl group of mycothiol interacts with
R116, the sulphur of the cysteine moiety interacts with residue T42 and the glucosamine ring of
MSH is closer to the 4-6-loop, being stabilized by the hydrogen bonding interaction with
residue N108 and Q110 in the oxidized chain D (Fig. 8B). The inositol ring faces the solvent and
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is mostly held in place by hydrophobic interactions of P38, L39, A111 and I113 (Fig. 8B). The
residues I44 and P135 also render hydrophobic interaction to the mycothiol binding. Although in
the second oxidized structure, which has a flipped –SOH group in C45, the mycothiol occupies
the similar position (Supplementary fig. S5B), the glucosamine ring interacts with R116 and the
acetyl group faces the solvent with the inositol ring closer to the 131EMKQPGEVRD140-loop. The
–SOH group of C45 is closer to the cysteine group of mycothiol and has multiple interactions.
The glucosamine-ring has also hydrogen bonding interactions with the side-chain atoms of K133
and N115 (Supplementary Fig. S5D). The residues P38, L39, T42, G43, I44, I113, Q134 and
P135 stabilize the binding through hydrophobic interaction.
In the reduced structure (chain C), the mycothiol is moved closer to the 3-2-loop because
of the closing of the channel (Supplementary Fig. S5A). The cysteine group of mycothiol
interacts with C45 and T42 and the glucosamine ring has hydrogen bonding interaction with
G43. The non-polar residues P38, L39, I44, I113 and G136 along with R116 provide
hydrophobic interaction to stabilize the binding (Supplementary Fig. S5C). Comparatively the
oxidized structures (chains A and D) make stronger interactions with mycothiol as evidenced by
the interaction profiles, buried surface area and the binding energy, suggesting that the opening
of the channel, which includes the flipping R116 and the outward movement of the
131EMKQPGEVRD140-loop,

might be necessary for a better binding of mycothiol.

Docking studies of the previously reported oxidized (PDB ID: 1XVW; [5]) and the bromidesoaked reduced structure (PDB ID: 1XXU; [5]) were performed. In the oxidized structure, major
differences were noted for the residues T42, C45-SOH, I44, Q110, and P135 between 1XVW
and chain D (Supplementary Fig. S5E). Due to this, the binding orientation of mycothiol differs
slightly between both structures. Although the cysteine and acetyl moieties occupy a similar
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position, the glucosamine and inositol groups are positioned in opposite directions with the
inositol group of the oxidized structure (1XVW) taking up the position of glucosamine group.
Unlike chain D, T42 does not have any interaction with the cysteine moiety. However, I44
renders the stability by making hydrogen bond interactions. Comparatively, R116 interacts with
the acetyl group of mycothiol in both complexes (Supplementary Fig. S5E). Due to the different
orientation of the glucosamine group, mycothiol becomes stabilized by the hydrogen bonding
interaction with G136 in oxidized structure (1XVW [5]). The non-polar residues P38, L39, G43
and P135 along with T42 stabilize the 1XVW-mycothiol complex [5] by hydrophobic
interaction. The mycothiol binding region in the bromide-soaked reduced structure, 1XXU [5],
and chain C of the presented structure are very similar (Supplementary Fig. S5F), due to which,
the mycothiol takes up the same position with similar interactions.

Discussion
Sequential steps during reduction of MtAhpE
Mycothiol is one of the dominant thiols in mycobacteria, explaining why the enzymes
involved in the biosynthesis (deacetylase MshB, ligase MshC and transacetylase MshD) and
recycling (NADPH-dependent mycothiol reductase) of this molecule have triggered so much
interest to be used as drug targets [43]. The pathway of mycothiol biosynthesis has been
established and most of the enzymes in the pathway have been characterized [44, 45]. Previous
studies have shown that mutants deficient in mycothiol, exhibit increased sensitivity to various
toxins and antibiotics, indicating that mycothiol is involved in the detoxification [44]. The
mycothiol-dependent system, composed of the mycothiol reductase, Mrx1 and AhpE, regulates
the balance of oxidised–reduced mycothiol (M-SS-M/2MSH), to ensure a reductive intracellular
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environment for optimal functioning of its proteins even upon exposure to oxidative stress.
Structural insights into MtAhpE, which also reduces peroxynitrite and fatty acid hydroperoxides
[4], are fundamental to understand the intra-molecular electron transfer mechanism(s) during the
reduction process of this key enzyme in antioxidant defense via mycothiol. The crystallographic
dimers of MtAhpE (Supplementary Fig. 2) reflect the dimeric form of MtAhpE in solution as
demonstrated by the DLS-data (Fig. 2B-C), the determined Porod-hydrated- and excluded
volume, the solution shape of MtAhpE as well as the good fit of the theoretical scattering curve
of the crystallographic dimer of this enzyme (Fig. 3E). Furthermore, the comparison of the
oxidised and reduced enzyme showed similar Rg- and Dmax values, indicating that MtAhpE in
its final oxidized- and reduced state is dimeric in solution as proposed recently [3, 7]. It is
noteworthy that the DLS studies indicate, that an equimolar concentration of peroxide leads to an
immediate oligomerization of MtAhpE, whereas excess amount of peroxides results in a dimeric
state of the enzyme (Fig 2B). During an outburst of ROS, at which the amount of peroxide will
be high, MtAhpE will be dimeric and will undergo maximum catalysis. It is for the future to
reveal whether the oligomeric change observed at equimolar concentrations of H 2O2 and
MtAhpE is of physiological relevance.
As proposed by Zeida et al. [3, 7], a hydrophobic patch is formed at the interface of the
MtAhpE dimer by the residues L39, A40, F41, V71, P73, T76, I79, F94, H97, F107, Q110,
A111, and G112, enabling long fatty acid hydroperoxides to bind and to locate the reactive group
of the peroxide substrate nearby the peroxidative cysteine. As revealed by the normalized Kratky
plot (Fig. 3B), MtAhpE exhibits a profile, indicating less rigidity in solution when compared to a
compact enzyme like lysozyme (Fig. 3B). Therefore, a slight movement around the dimer
interface could provide the alterations needed for substrate-binding, transition-state, reduction of
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the hydroperoxide and product release. In context of the substrate mycothiol, the comparison of
the oxidised- and mycothiol-reduced structure (Fig. 5B-C) demonstrates that inward movements
of the 131EMKQPGEVRD140-loop, including R139, as well as the side-chain of amino acid R116,
occur in the reduced conformation, which partially closes the active site pocket (Fig. 5D).
Similar movements were observed in a recently described bromide-soaked reduced structure of
MtAhpE [5]. In comparison, the outward movement of R116 in the oxidised molecule causes a
distance of 8.4 Å between the amide hydrogen and C45-SOH, which together with the movement
of the

131EMKQPGEVRD140-loop

generates a channel for mycothiol to enter and to come in

close distance to the reactive C45. Importantly, the movements of the two arginine residues are
confirmed by the chemical shifts of
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N-Arginine labelled MtAhpE (Fig. 7). In addition, the

inward- and outward movement of the

131EMKQPGEVRD140-loop

inside the reduced and

oxidised MtAhpE (Fig. 9A), is in line with the conformational changes observed in the SAXSdata analysis, wherein differences of the oxidised and reduced state were observed in the
distance distribution function (Fig. 3B) and normalized Kratky plot of MtAhpE (Fig. 3C).
The question arising is, whether binding of one mycothiol to the dimeric MtAhpE may cause
a co-operative effect on the binding of another mycothiol to the second catalytic site of the
dimer? The molecular docking results of mycothiol and molecule D, representing the MtAhpESOH conformation, identified the key residues involved in the interaction with mycothiol,
including amino acids R116, Q110, N108 and T42. The residue P135 of the
131EMKQPGEVRD140-loop,

residues P38, L39, I44 in the cysteine-loop, and amino acids I113

and A111 of the α4-β5 region contribute to the overall hydrophobic patch upon binding of
mycothiol (Figs 8A-B, 9B). As revealed in figure 9B, residue T42 in the oxidized chain D, which
belong to the loop connecting 3 to 2, has hydrogen bonding with the sulphur atom of
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mycothiol. The residue immediately following T42 in the loop is amino acid F41, which has
hydrophobic interaction with F41 of the reduced chain C, which in turn is closer to residue T42
and mycothiol of the reduced chain. This network of interactions between the oxidized and
reduced chain might enable a concerted action between the two mycothiol-binding sites of the
MtAhpE dimer.
In comparison to the fully oxidised conformation of chain D, it can be observed that the
amide hydrogen of R116 in the so-called A-conformation of chain A comes closer to the C45SOH (2.65 Å) but still keeping the channel open for mycothiol entrance. In contrast, in the
reduced state (chain B and C) the amide hydrogen of R116 is at a distance of about 3.07 Å and
3.39 Å to C45, respectively (Figs 6A-B), and the

131EMKQPGEVRD140-loop

moves inwards,

causing steric hindrance, since Q134, P134 and G136 clash with the acetyl group of mycothiol.
Taken together, the differences observed between molecules A, C (MtAhpE-SH) and D
(MtAhpE-SOH) with respect to the movement of R116 and the critical residues of the
131EMKQPGEVRD140-loop

may represent snapshots towards the intermediate conformation that

arises during substrate binding, mycothiol attack for mixed disulphide formation, followed by the
reduction of MtAhpE and the release of an oxidized adduct of mycothiol.

Mycothiol-dependent reduction of MtAhpE
So far, MtAhpE reduction was proposed to occur through two mechanistic pathways; a Mrx1
and an MSH/Mrx1-dependent reaction [6]. In both cases, either Mrx1 or mycothiol form an
adduct with oxidized MtAhpE (MtAhpE-SOH) with a subsequent reaction, wherein the mixed
disulphide (MtAhpE-SS-M or MtAhpE-SS-Mrx1) is cleaved by the C-terminal cysteine of Mrx1, leading to the reduction of MtAhpE [6] (Fig.10 II-III). To the best of our knowledge, there has
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been no report that the monothiolate mycothiol alone reduces and regenerates MtAhpE-SOH. So
far the only monothiolate described to reduce the MtAhpE-SOH-form was TNB [7]. By
characterizing the different redox populations of the catalytic cysteine (C45) by solution NMR
(Figs 4A-F), we demonstrate for the first time, the ability of mycothiol to reduce MtAhpE
without the need of Mrx1, which corroborates the presented crystallographic data. Similar to
most monothiolates, we propose that mycothiol first forms an adduct with MtAhpE-SOH to
generate a mixed disulfide MtAhpE-SS-M state with the release of H2O. A second molecule of
mycothiol then attacks the mixed disulphide, leading to the reduction of MtAhpE and the release
of an oxidized adduct of mycothiol, M-SS-M (Fig. 10 I). Such 2-step reduction of MtAhpE is
akin to the 2-step reduction of mycoredoxin-1 (Mrx1) by mycothiol described by van Laer et al.
[46], and a similar mechanism for reduction of protein mixed disulphide by glutathione (GSH) in
the absence of glutaredoxin (Grx) has been recently reviewed by Netto et al. [47].

Conclusions
In the present study, DLS- and SAXS experiments demonstrated the dimeric state of MtAhpE
in solution regardless of the state during redox-modulation. Furthermore, SAXS-data revealed
structural alterations after reduction of MtAhpE. For the first time, mixed disulphide species of
AhpE-SS-Mycothiol and AhpE-SS-Mrx were observed in solution
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C-NMR spectroscopy. The

data revealed that mycothiol can reduce MtAhpE and suggest an alternative MSH-mediated
reduction of AhpE. These results were confirmed by

13

C-NMR-titration studies using the

mycothiol analogue, NAC, which yielded peaks similar to that obtained from MSH-titration.
In addition, the presented crystal structures show an oxidized state with an open channel,
allowing binding of the reducing agent, and a reduced state, where the inward movement of
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residue R116 partially closes this channel. The movement of R116, as well as R139 during redox
modulation were observed in NMR studies using selectively labelled arginine. Taken together,
the new mechanism of mycoredoxin-independent reduction of MtAhpE sheds light on different
pathways of reduction for MtAhpE in the membrane and cytosolic fractions of mycobacteria,
providing a valuable drug target to the anti-tuberculosis drug development.
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Figure legends
Fig. 1. Mechanisms of AhpE reduction in M. tuberculosis. (I) An electron is transferred from
NADPH to mycothiol (MSH) via mycothiol reductase (Mtr). (II) MtAhpE is oxidized by a
peroxide to form a sulfenic acid. The latter is then directly reduced by MSH through an
intermediate disulfide formation, followed by reduction by mycoredoxin-1 (Mrx1) [5]. (III)
Reduction of MtAhpE through a Mtx1-independent pathway by the mono-thiolate,
thionitratebenzoate (TNB).
Fig. 2. Purification of MtAhpE and DLS studies. (A) SuperdexTM S75 purification profile of
MtAhpE. The inset shows the SDS gel after SuperdexTM S75 purification, lane I and 2 represent
a protein marker and purified MtAhpE, respectively. (B) DLS-plot of MtAhpE (red) and MtAhpE
in the presence of equimolar H2O2 (black dashed line; incubation time of 1 min and black dashed
line; incubation time of 60 min) or an excess of five fold molar excess H2O2 (60 min incubation)
was similar to the one of the native MtAhpE, indicating the formation of a dimeric enzyme (Fig.
2B).
Fig. 3. SAXS-studies of reduced and oxidized MtAhpE. (A) Small angle X-ray scattering
patterns of reduced MtAhpE in 50 mM Tris/HCl, pH 7.5 and 250 mM NaCl and 1 mM DTT. The
red, blue and pink curves represent the scattering pattern at 2.3, 3.4 and 5.0 mg/ml of MtAhpE,
respectively. The Guinier plots at low angles are linear, indicating no aggregation (shown in
inset). (B) Distance distribution functions of reduced- (5.0 mg/ml; red) and oxidized MtAhpE
(5.2 mg/ml; blue). The difference in the range of 40 to 60 Å for the oxidised and reduced
MtAhpE is indicated by an arrow. (C) Normalized Kratky plot of oxidised- (●; blue), reduced
MtAhpE (●; red), and the compact globular lysozyme (●; grey) with a peak (---; grey),
representing the theoretical peak and assuming an ideal Guinier region of a globular particle.
When compared to the reduced MtAhpE, the profile of the oxidised protein is slightly deviated
outward. This, as well as small shifts in the peak of the oxidized form, is indicated by arrows.
(D) Average bead model of reduced MtAhpE at a concentration of 5.0 mg/ml. The model clearly
indicates the dimeric form of MtAhpE in solution. The crystal structure of MtAhpE (shown in the
ribbon) is well embedded into the ab initio model. The ab initio model was fitted onto the crystal
structure (PDB ID 5ID2; red and blue for chain C and D, respectively) using SUPCOMB. (E)
The fit of the theoretical scattering curve (—; black) calculated using CRYSOL for the dimeric
crystal structure of MtAhpE (PDB ID: 5ID2) with the experimental scattering data (○; pink) of
reduced MtAhpE
Fig. 4. 13C-Cys labelled HSQC-spectrum of MtAhpE under different reducing conditions.
(A) Oxidized MtAhpE, (B) MtAhpE reduced with five fold molar excess of TCEP, (C) MtAhpE
reduced with five fold molar excess of DTT, (D) MtAhpE in the presence five fold molar excess
of mycothiol, (E) MtAhpE in the presence of NAC and (F) MtAhpE with five fold molar excess
of mycothiol in the presence of H2O2. The peaks corresponding to –SH (blue), –SOH (red), 33

SO2H (green) and –SS-(brown) were shown and indicate different redox states of CP under
different conditions.
Fig. 5. 13C-Cys labelled HSQC-spectrum of MtAhpE under different conditions. (A)
Oxidized MtAhpE, (B) MtAhpE after incubation with five fold molar excess of H2O2, (C)
MtAhpE after long incubation time (12 hrs), (D) MtAhpE with MtMrx-1 (molar ration of 1:3).
The peaks corresponding to –SH (blue), –SOH (red), -SO2H (green) and –SS-(brown) were
shown and indicate different redox states of CP under different conditions.
Fig. 6. Atomic insights into MtAhpE. (A) Cartoon representation of one monomer of molecule
chain B of MtAhpE. The peroxidative cysteine, C P, as well as the active site R116 is shown as
sticks. The C-terminal loop 131EMKQPGEVRD140 in-between β9 and α5 is coloured red. (B)
Superimposition of the MtAhpE-SH (molecule C, red) and MtAhpE-SOH (molecule D, blue).
The hydrogen bond network, which stabilizes the CP, is shown in the inset and the interactions
within 5 Å are shown in dotted lines. All the residues involved in the hydrogen bonding are
presented as sticks and are labelled. (C) MtAhpE (molecule B; orange) with the cysteine in the
mycothiol-reduced conformation. The electron density map (2FoFc) of the
131EMKQPGEVRD140-loop is contoured at 1 sigma level and the interacting conserved residues
“RER” are shown in stick representation. (D) Superimposition of the (i) MtAhpE-SH (molecule
B, orange) and 1xxu structure (molecule B, light grey) and (ii) MtAhpE-SOH (molecule D, blue)
and 1xvw structure (molecule A, wheat). The r.m.s.d between MtAhpE-SH and 1XXU (molecule
B) is 0.518 Å, whereas between MtAhpE-SOH and 1XVW (molecule A) is 0.628 Å for 153 Cα
atoms. The hydrogen bond network between Q46 and the neighbouring residues D50, W80 and
S84 in MtAhpE-SH and MtAhpE-SOH are shown, whereas in the respective chains of structure
1xxu and 1xvw only the hydrogen bond between Q46 and S84 is present. For clarity only the α2
and α3 regions are shown. All the residues involved in the hydrogen bonding are presented as
sticks and are labelled. (E) The surface potential of MtAhpE-SH and MtAhpE-SOH are shown in
the cartoon. The electrostatic potential surface was calculated using APBS and mapped at
contouring levels from -3kT (blue) to 3 kT (red). C45 and R116 of the respective chains are
shown in stick representation. (F) The active site of MtAhpE-SOH (molecule A), in which CP is
oxidized to sulfenic acid (C45-SOH), and residues E48, R116 and R139 are shown in sticks.
Electron density maps (2FoFc) showing the C45-SOH- and the alternate conformations of R116.
The map is contoured at 2 sigma level.
Fig. 7. 15N-Arginine labelled HSQC-spectrum of MtAhpE upon titration with mycothiol.
Eight out of nine arginines could be mapped onto the oxidized HSQC-spectrum of MtAhpE. Two
of these peaks were seen to shift upon addition of five molar excess of mycothiol, which
corroborates with residues R116 and R139 seen to be moving in the crystallographic structure.
Fig. 8. Docking model of MtAhpE-SOH with mycothiol. (A) A model of docked mycothiol
(MSH; shown as sticks in green) with the MtAhpE-SOH structure (light blue). The interacting
residues are shown in blue in stick representation. (B) The interaction profile of MycothiolMtAhpE in the oxidized chain is shown. The sulphur atom of the cysteine moiety of MSH
interacts with T42 and is at a distance of 3.6 Å to the sulphur atom of C45. The acetyl group
interacts with R116 and the glucosamine ring has interaction with N108 and Q110. The nonpolar residues, P38, L39, I44, A111, I113 and P135 stabilize through hydrophobic interactions.
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Fig. 9. Conformational alterations of MtAhpE and concerted interactions inside the dimer
protein due to mycothiol-binding. (A) Model of the oxidised (blue) and reduced (red) MtAhpE
dimers achieved by superimposition of the oxidized chain to reduced chain and vice versa. The
flipping in the 131EMKQPGEVRD140-loop between the oxidized and reduced structure is shown
by arrows. In the reduced dimer the 131EMKQPGEVRD140-loop moves inward, while in the
oxidized chain it moves outward. This conformational change is in line with the SAXS-data
analysis, wherein differences of the oxidised and reduced state were observed in the distance
distribution function (Fig. 3B) and normalized Kratky plot of MtAhpE (Fig. 3C). (B) The dimer
interface of MtAhpE with mycothiol docked. The oxidized chain D is shown in blue and the
reduced chain C in red. The mycothiol molecules docked to both chains are shown as ball and
stick and the cysteine residue (C45) is shown in sphere representation. The residues having
interaction with mycothiol are coloured magenta in the oxidized chain. The polar interaction that
mycothiol makes is shown in dotted lines. In the oxidized chain D, amino acid T42, which
belongs to the loop connecting 3 to 2, has hydrogen bonding with the sulphur atom of
mycothiol. The residue immediately following T42 in the loop is F41, which has hydrophobic
interaction with residue F41 of the reduced chain C, and which in turn is closer to T42 and
mycothiol of the reduced chain.
Fig. 10. The proposed mechanism of a Mrx1-independent reduction of MtAhpE. (I) The
newly proposed mechanism of MtAhpE reduction, which is entirely independent on Mrx1. In the
first step, an MSH molecule forms an adduct with MtAhpE. The S-Mycothiolated adduct is then
attacked by a second molecule of MSH, leading to the release of M-SS-M and the generation of
reduced MtAhpE in a process akin to the 2-step reduction of Mrx1 by mycothiol [46]. (II) One of
the accepted mechanisms of MtAhpE reduction suggests, that one mycothiol (MSH) forms a
mixed disulphide with MtAhpE-SOH followed by a release of water. The mixed disulphide is
attacked by reduced Mrx1, leading to the reduction of MtAhpE. (III) Another mechanism of
MtAhpE reduction via Mrx1 proposes that a sulphenic derivative of MtAhpE is directly reduced
by Mrx1 in two steps to yield MtAhpE-SH [6].

35

List of Figures

Figure 1

36

A

B

Figure 2A-B

37

A

B

C

D

E

Figure 3A-E
38

Figure 4A-F

39

Figure 5A-D

40

A

B

C

D

E

F

Figure 6A-F

41

Figure 7

42

Figure 8A-B

43

Figure 9A-B

44

Figure 10

45

Redox chemistry of Mycobacterium tuberculosis alkylhydroperoxide reductase E (AhpE):
Structural and mechanistic insight into a mycoredoxin-1 independent reductive pathway of
AhpE via mycothiol

Arvind Kumar, Asha Manikkoth Balakrishna,#, Wilson Nartey,#, Malathy Sony Subramanian
Manimekalai and Gerhard Grüber *
Nanyang Technological University, School of Biological Sciences, 60 Nanyang Drive,
Singapore 637551, Republic of Singapore

Running title: Mycoredoxin-1 independent reductive pathway of AhpE via mycothiol

*

To whom correspondence should be addressed: Prof. Dr. Gerhard Grüber, Tel.: + 65 - 6316

2989; Fax: + 65 - 6791 3856, E-mail: ggrueber@ntu.edu.sg
#

Authors contributed equally to this work

Keywords: Reactive oxygen species, Redox homeostasis, Oxidative stress, Alkyl hydroperoxide
reductase, AhpE, Mycobacterium tuberculosis

1

Figure S1. Small angle X-ray scattering patterns of oxidized MtAhpE in 50 mM Tris/HCl, pH
7.5 and 250 mM NaCl. The green, red, and blue curves represent the scattering pattern at 2.6, 4.8
and 5.2 mg/ml of MtAhpE, respectively. The Guinier plots at low angles are linear, indicating no
aggregation (shown in the inset).

Figure S2. Crystal structure of AhpE from M. tuberculosis in an asymmetric unit. The molecules
are coloured A; yellow, B; orange, C; red and D; blue, respectively. In molecules A and D the CP
is in the oxidized state, where as in the molecules B and C, it is determined to be in the reduced
state. The inset shows the electron density omit map contoured at 2 sigma level for C P (molecule
D, blue).

Figure S3. Structure-based sequence alignment of MtAhpE (5ID2), Plasmodium falciparum 1Cys prx (PfAOP_1XIY; [48]), Human peroxiredoxin V (PrxV_1H4O; [49]), tryparedoxin
peroxidase from Crithidia fasciculate (TryP_1E2Y; [50]). The secondary structure elements of
peroxiredoxin AhpE from M. tuberculosis (orange) and the antioxidants protein from P.
falciparum (light blue) are shown. All the residues conserved among 1-Cys prx are highlighted
in blue. The PXXXTXXC-motif, R116 and R139 are revealed in a red box.

Figure S4. (A) The molecular network and hydrogen bonding of key residues in the active site in
MtAhpE-SH (chain C, red) and MtAhpE-SOH (chain D, blue). All the residues involved are
presented as sticks and are labelled. (B) The 2FoFc map of the active site of MtAhpE for all the
molecules (A; yellow, B; orange, C; red, D; blue. Only the residues CP and R116 of all the chains
are shown as sticks for clarity.

2

Figure S5. Docking of mycothiol (MSH) to the oxidized and reduced state of MtAhpE. (A)
Superimposition of the oxidized chain (light blue; chain D) and reduced chain (salmon; chain C)
of MtAhpE along with the docked mycothiol (stick). The 131EMKQPGEVRD140-loop is indicated
and shown in magenta. Because of the R116 flip and the 131EMKQPGEVRD140-loop movement,
MSH occupies different positions in the binding region. (B) Superimposition of the two oxidized
chains (light blue; chain D and light yellow; chain A). Although MSH occupies a similar binding
position, the acetyl group faces the solvent and the glucosamine moiety interacts with R116 due
to the flipping of oxidized C45 in chain A. A schematic 2D representation of the MycothiolMtAhpE interactions for reduced chain C (C) and oxidized chain A (D) as generated using
LIGPLOT [51]. (E) Superimposition of the oxidized MtAhpE structures (light blue; chain D and
wheat; PDB ID: 1XUV [5]). The MSH-docked orientation of chain D is shown in transparent
light green, while MSH of structure 1XUV [5] is shown in solid green. The hydrogen bonding
interactions of MSH within the 1XUV structure are shown in dotted lines (black). The docking
studies reveal that MSH takes up a similar binding position in both structures with the cysteine
and acetyl moieties in similar orientation. However, the glucosamine and inositol groups of MSH
are positioned in opposite directions inside the docking model of the 1XVW structure [5] wit the
inositol group taking up the position of glucosamine. (F) Superimposition of the reduced
structures (salmon; chain C and grey; PDB ID: 1XXU [5]). Since the binding region of both
structures are very similar, MSH docks in the same orientation. The hydrogen bonding
interactions of MSH within the 1XXU structure [5] are shown in dotted lines (black).
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Table 1: SAXS-data collection and scattering derived parameters of reduced- and oxidised apoMtAhpE
Data collection parameters
Instrument (source & detector)

Beam geometry
Wavelength (Å)
q-range (Å -1)
Exposure time (min)
Temperature (K)
Protein sample
Concentration range (mg ml-1)
Structural parameters#
I(0) (cm-1) [from P(r)]
Rg (Å) [from P(r)]
I(0) (cm-1) (from Guinier)
Rg (Å) (from Guinier)
Dmax (Å)
Porod volume estimate (Å3)
Dry volume from sequence (Å3) ‡
(monomeric)
Molecular mass determination
Calculated monomeric MM (kDa) [from
sequence] *
MM from Porod invariant (Vp/1.6) (kDa)
MM from excluded volume (Vex/2) (kDa)
MM from volume of correlation, Vc (kDa)

Bruker NanoStar equipped with MetalJet
eXcillum X-ray source and VÅNTEC-2000
detector
100 μm slit
0.134
0.16 – 4
10 (10 frames x 1 min)
288.15
reduced MtAhpE
oxidised MtAhpE
2.3 – 5.0
2.6 – 5.2

12.51 ± 0.18
24.65 ± 0.50
12.44 ± 0.10
24.75 ± 0.18
76 ± 3
~51 013
~20 350

10.65 ± 0.10
24.07 ± 0.17
10.72 ± 0.11
24.12 ± 0.40
76 ± 4
~40 342
~20 350

~17

~17

30 ± 2
30 ± 3
37 ± 3

25 ± 3
28 ± 3
33 ± 3

Software employed
Primary data reduction
Data processing
Ab initio analysis
Validation and averaging
Computation of model intensities
3D graphics representations

BRUKER SAS
PRIMUS
DAMMIN
DAMAVER
CRYSOL
PyMOL

# reported for highest concentration
‡ http://www.basic.northwestern.edu/biotools/proteincalc.html
* http://web.expasy.org/compute_pi/
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Table 2: Data collection, processing and refinement statistics of the M. tuberculosis AhpE structure
Wavelength
Space group
Unit cell parameter (Å)
Resolution range (Å)
Solvent content (%)
Total number of reflections
Number of unique reflections
I/σ
Completeness (%)
R-merge (%)
Redundancy

1.00
P42
a = b = 146.91, c = 33.62
α = β = γ = 90 (°)
30-2.43
53.34
111 827
27 862
14.5 (2.9)
99.6 (97.3)
6.7 (27.6)
4.0 (3.9)

The values in the parentheses is for the last resolution shell (2.52 - 2.43 Å)
Refinement Statistics:
R-factor (%)
R-free (%)
Number of amino acid residues
Ramachandran statistics
Most favored (%)
Additionally allowed (%)
Generously (%)
Disallowed (%)
R.M.S. Deviations
Bond lengths (Å)
Bond angles (º)
Mean atomic B-values
Overall
Wilson B-Factor
Clash score
Molprobity score

17.6
21.6
623
90.3
7
0
0
0.006
1.05
27.4
29.01
3.33
1.31
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Table 3: Docking scores for the reduced and oxidized structures of MtAhpE

oxidized chain D
reduced chain C
oxidized chain A
1XVW oxidized [5]
1XXU reduced [5]

HADDOCK
Score
-18.4 ± -1.2
-25.3 ± -0.6
-23.6 ± -0.9
-26.2 ± -6.5
-25.2 ± -0.5

Buried surface
area (Å)
553.8 ± 61.7
448.9 ± 7.0
513.8 ± 40.9
519.7 ± 49.3
449.8 ± 7.9

Z-score
-0.7
-1.5
-1.9
-1.0
-1.5
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