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The Mycobacterium tuberculosis tyrosine-specific phosphatase MptpA and its

cognate kinase PtkA are prospective targets for anti-tuberculosis drugs as

they interact with the host defense response within the macrophages.

Although both are structurally well-characterized, the functional mechanism

regulating their activity remains poorly understood. Here, we investigate the

effect of post-translational oxidation in regulating the function of MptpA.

Treatment of MptpA with H2O2/NaHCO3, mimicking cellular oxidative

stress conditions, leads to oxidation of the catalytic cysteine (C11) and to a

conformational rearrangement of the phosphorylation loop (D-loop) by repo-

sitioning the conserved tyrosine 128 (Y128) and generating a temporarily

inactive preclosed state of the phosphatase. Thus, the catalytic cysteine in the

P-loop acts as a redox switch and regulates the phosphatase activity of

MptpA.

Keywords: cysteine-redox regulation; Mycobacterium tuberculosis; nuclear

magnetic resonance spectroscopy; protein oxidation; protein tyrosine

phosphatase; reactive oxygen species

Mycobacterium tuberculosis (Mtb) is one of the leading

causes of death in humans among bacterial infections

[1,2]. Around one-fourth of the world’s population

carries latent tuberculosis (TB) being a lifelong risk of

the outbreak of the disease [3,4]. Unfortunately, the

continuous antibiotic-based TB therapy over the past

years results nowadays in an increasing amount of

highly resistant [multidrug-resistant (MDR) and exten-

sively drug-resistant (XDR)] pathogenic strains [5,6].

The lack of alternative strategies for clinical use to

treat and control the progress of TB infection may

lead to a very serious problem for global public

health.

Targeted treatment of the TB key virulence factors

might be a very promising approach in the fight

against resistance to Mtb [7]. In contrast to traditional

antibiotic therapy, which intends to prevent bacterial

growth and replication, targeting these virulence fac-

tors offers the possibility to directly control bacterial

pathogenicity [8,9]. In this context, studies that identify

the virulence factors secreted from the pathogen dur-

ing the infection to interfere with the host defense

response are particularly useful, and pharmacological

intervention on this cellular level would be very benefi-

cial [10–12]. Yet, this approach is still challenging as

the molecular basis for the interplay between the
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pathogen and host is often unclear. Understanding this

strategy at the molecular level can provide an impor-

tant breakthrough in anti-TB drug development.

The tyrosine-specific phosphatase, MptpA, and its

cognate kinase, PtkA, are both potential targets for

rational drug discovery, as they support the persistency

of Mtb by interacting with the host defense machinery

[14,15]. The subunit B33, a part of the vacuolar pro-

tein sorting complexes (HOPS), is the target protein of

dephosphorylation by MptpA [16,17]. This step is cru-

cial for the survival of Mtb within the host macro-

phages, as it protects the pathogen from the lysosomal

digestion. MptpA itself is a substrate of phosphoryla-

tion by PtkA [18]. Moreover, PtkA was shown to be

essential for Mtb growth within macrophages, underly-

ing a crucial role of MptpA-PtkA operons in Mtb

pathogenesis [19,20]. Both proteins were subjects of

detailed structural characterization in previous studies

[21–23]. However, the complex mechanisms which reg-

ulate their catalytic activity remain poorly understood

[24].

MptpA undergoes a post-translational modification

(PTM) by PtkA, which catalyzes the phosphate trans-

fer (phosphorylation) on two vicinal tyrosine residues

(Y128 and Y129) located within the D-loop [25]. This

modification leads to an increased catalytic activity of

MptpA [26], concomitant with an enhanced tyrosine

dephosphorylation level in cells. On the molecular

level, structural studies of MptpA indicate a conforma-

tional rearrangement of the D-loop upon ligand bind-

ing [21]. The catalytic cysteine 11 (C11) of MptpA is

located in the highly conserved P-loop [(H/V)CX5R(S/

T)] within the PTPs family and acts as a nucleophile in

the initial cleavage step during dephosphorylation [27].

In addition, the low pKa (4.7–5.4) of this catalytic

residue within PTPs, make this protein class highly

susceptible to oxidation by reactive oxygen species

(ROS) [28–30]. Such secondary messengers including

the hydroxyl radical (OH•) and hydrogen peroxide

(H2O2) are generated during the signaling cascade in

the living cells and control signal transduction via

protein oxidation, frequently involving catalytic cys-

teine residues of the PTPs [31–34]. ROS are known to

oxidize numerous natural amino acids of which cys-

teine residue is the most frequent target for this post-

translational modification [35]. However, oxidation of

other sensitive amino acids has been reported as well

[35,36]. Experimental evidence from these previous

studies has shown that the oxidation of the catalytic

cysteine by low H2O2 concentration is reversible,

resulting in the formation of disulfide or a five-

membered sulfenyl amide ring; both are thiol reduci-

ble oxidation products [37,38]. This inactivation

mechanism is used by PTPs for transient masking of

the catalytic cysteine. It protects the enzyme against

overoxidation during oxidative stress. On the other

hand, oxidative post-translational modifications

(oxPTMs) occurring at higher ROS concentration can

convert cysteine to cysteine sulfinic acid (–SO2H),

which may be further oxidized to cysteine sulfonic

acid (–SO3H) [33,39,40]. For a long time, both cys-

teine modifications have been considered to irre-

versibly impair the reactivity of the protein. However,

recent studies indicated that the cysteine sulfinic acid

in proteins undergoes enzymatic reduction by sulfire-

doxin back to the active enzyme [41–43].
In the context of the ability of mycobacteria to over-

come the toxic phagosomal environment, the regula-

tion of the activity of MptpA via redox chemistry of

the catalytic cysteine seems conceivable. It has been

reported that the noncatalytic cysteine 53 (C53)

impacts the redox-state of MptpA, as C53 is primarily

oxidized by incubation with H2O2, resulting in a

decreased activity and structural stability of the phos-

phatase [44,45]. However, so far, there is no specific

evidence for transient oxidation of MptpA reported. It

has been shown that accessibility and reactivity of the

catalytic pocket modulate a key structural motif

involving a water molecule and a cysteine-cysteine

bridge. Based on these findings a novel regulation

mechanism was proposed supporting MptpA to prevail

in the oxidative conditions within infected host macro-

phages [44].

Here, we investigate the oxidative modification of

MptpA by H2O2 using nuclear magnetic resonance

(NMR) spectroscopy. Our data show that the two cat-

alytic important regions: (a) catalytic P-loop and (b)

phosphorylation D-loop, are affected by oxidation

with H2O2/NaHCO3. By using selectively labeled pro-

tein samples, we were able to locate the site and the

type of MptpA oxidation, offering detailed insight into

the redox regulation mechanism of the catalytic cys-

teine.

Materials and methods

Protein production and purification

The pET16bTEV vector encoding MptpA (Rv2234, Met1–
Ser163) was transformed into Escherichia coli BL21 (DE3)

pLysS cells for protein expression. The unlabeled protein

was expressed using LB growth medium and the uniformly
15N- or 13C, 15N-labeled protein was expressed in M9 mini-

mal medium using 15NH4Cl (1 g�L�1) and 13C-glucose

(1 g�L�1) as the sole nitrogen and carbon source, respec-

tively. The growth media were supplemented with 1-mM
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ampicillin and inoculated at 37 °C with aeration (0.4 g)

until an OD600 of 0.7 was reached. The protein expression

was induced with 1-mM IPTG after 15 min of incubation

on ice water. The recombinant MptpA was expressed for

over 16 h with aeration (120 r.p.m.) at 16 °C.

For the expression of selectively 13C3,
15N-cysteine labeled

MptpA, the pET16bTEV expression vector was transformed

into cysteine auxotroph E.coli strain, BL21(DE3) cysE, which

was a kind gift from the laboratory of Ch. Dumas (Labora-

tory of Molecular Biophysics, Bethesda, MD). Single colony

was resuspended in a 5-mL LB medium containing unlabeled

cysteine (0.05 g�L�1), 2% glucose, and antibiotics (ampicillin

1 mM and kanamycin 0.25 mM), incubated for 12 h at 37 °C
with aeration (120 r.p.m.) to produce starter culture. The

starter inoculate was transferred in freshly prepared 50-mL

M9-aa-medium, containing cysteine (0.05 g�L�1) and antibi-

otics, and incubated overnight at 37 °C with aeration

(120 r.p.m.). The overnight cell culture was washed (2x) with

50-mL wash buffer (PBS-buffer, pH 7.3) and transferred to

the 5 liter Erlenmeyer flask containing M9-aa-expression

medium (M9-medium supplemented with amino acid stock

solution, containing all unlabeled amino acids, except the cys-

teine; Appendix S1) until an OD600 of 0.1 was reached. The

cell culture was incubated at 37 °C for 2–3 h to an OD600

of 0.3 and the cysteine 13C3,
15N-isotopically labeled

(0.05 g�L�1, Sigma Aldrich, Taufkirchen, Germany) was

added to the expression medium. Cell cultures were grown

until anOD600 of 0.7, incubated for 15 min on ice water, and

induced with 1-mM IPTG. The protein was expressed at

16 °C, 16 h with aeration (120 r.p.m.). The expression of

tyrosine13C9,
15N- selective labeled MptpA was performed in

E. coli BL21 (DE3) pLysS cells using an M9 expression med-

ium supplemented with amino acid stock solution, containing

all amino acids at a concentration of (0.4 g�L�1) and tyrosine

residue at (0.2 g�L�1). The required tyrosine 13C9,
15N- labeled

(0.2 g�L�1, Sigma Aldrich, Steinheim, Germany) was supple-

mented immediately prior to induction, with 1-mM IPTG at

0 °C. For the expression of tyrosine 13C9,
15N- selective

labeled MptpA the same procedure was followed as

described above.

The cells were harvested by centrifugation (4000 g,

45 min, 4 °C). The cell pellet was either flash frozen and

stored at �80 °C for later use or resuspended in lysis buffer

(300-mM NaCl, 50-mM Tris-HCl, pH 8.0, 3-mM Dithiothre-

itol), supplemented with one EDTA-free complete protease

inhibitor (1 tablet/100 mL, Roche, Mannheim, Germany).

The cells were disrupted for 15 min using M-110P

Microfluidizer (15 000 PSI). The supernatant was separated

from cell residues by centrifugation (16 000 g, 40 min,

4 °C). The soluble protein fractions were applied to a 5-mL

Ni-NTA His-TrapHP column (GE Healthcare, Uppsala,

Sweden), following the manufacturer’s recommendations.

The His6-tag was cleaved by the addition of TEV protease

(0.001 g�L�1) overnight during the dialysis at 4 °C in dialy-

sis buffer (pH 8.0) and separated on the Ni-NTA column

using elution buffer (pH 8.0). Subsequently, preparative

size-exclusion chromatography was performed on a HiLoad

26/60 Superdex 75 column (GE Healthcare) in NMR buffer

(pH 7.0) to increase protein purity. The presence of protein

was confirmed by SDS/PAGE analysis. The fractions con-

taining pure protein were pooled, flash frozen, and stored

at �80 °C or immediately used for further experimental

procedures. The buffer compositions are provided in the

Materials and Methods, Appendix S1.

Phosphatase activity assay

The phosphatase activity was determined using 1-mM p-

nitrophenyl phosphate (p-NPP) as substrate resolved in

assay buffer (25-mM Tris-HCl, pH 8.0). After the addition

of DTT-free MptpA (end concentration 1 µM) into the sub-

strate mixture and homogenization of the sample by three

times inverting of the cuvette, the absorbance at 410 nm

was detected every 60 s, within 600 s time interval using a

UV spectrometer (Varian, Cary50Bio). Similar assay lack-

ing MptpA was performed as a control. The average of the

absorbance values detected over 600 s obtained for native

MptpA was set to 100% activity. The reversibility of the

activity of the oxidized MptpA (oxidation by various H2O2

concentrations: 1.0, 0.50, 0.10, 0.05, and 0.01 mM, in pres-

ence of 25-mM NaHCO3) was tested, after incubation of

the oxidized MptpA (100 µM) with DTT (10 mM) in assay

buffer (pH 8.0) for 30 min at 25 °C, using the same detec-

tion parameters as reported above.

Oxidation of MptpA

DTT-free MptpA (70 µM) was resolved in 2.5 mL of 25-

mM HEPES-NaOH buffer (pH 7.0), containing 150-mM

NaCl, mixed with a freshly prepared solution of 50-mM

H2O2 and 25-mM NaHCO3 and incubated for 2.5 min at

25 °C on the gel filtration column (PD10 desalting column,

GE Healthcare, Freiburg, Germany) or incubated with 50

u catalase (Sigma Aldrich, Hamburg, Germany). The pro-

tein eluate from the PD10 desalting column was collected,

concentrated (100 to 200 µM), and analyzed.

NMR spectroscopy

The NMR experiments were performed at 298 K on Bru-

ker spectrometers (600, 800, or 950 MHz) equipped with

TCI-HCN cryogenic probes. The spectrometers were locked

on D2O. The protein samples (0.1–0.2 mM) were measured

in NMR buffer (25-mM HEPES/NaOH, pH 7.0, 150-mm

NaCl, 5% D2O/95% H2O) using 3-mm NMR tubes. The

acquisition and processing of the NMR data were carried

out with TopSpin version 3.2 (Bruker Biospin) and ana-

lyzed using Sparky version 3.114. The backbone assignment

of MptpA as deposited in the BMRB, with the entry
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number 18533 was used for spectra analysis. 15N relaxation

experiments were performed at 298 K on a 800-MHz spec-

trometer. The R1 longitudinal 15N relaxation rates were

obtained from a series of experiments acquired with vary-

ing delays of 10, 100, 400, 600, 800, 1000, 1200, and

1500 ms. R2 transverse 15N relaxation rates were deter-

mined from a series of spectra using the following delays:

33.92, 67.84, 101.76, 135.68, 169.6, 203.52, 237.44, and

271.36 ms. Temperature coefficient (in ppb/K) was

obtained from a series of 2D-(1H,15N)-HSQC spectra

recorded at 5 K intervals ranging from 283 to 303 K on a

800-MHz spectrometer.

Results

Phosphatase activity of MptpA

The phosphatase activity of MptpA was previously

assayed using p-nitrophenol phosphate (p-NPP) as sub-

strate [21]. The same assay was used here to examine the

catalytic activity of MptpA after oxidation by H2O2/

NaHCO3. The absorption detected at 410 nm refers to

the reduced amount of the chromogenic dephosphoryla-

tion product (p-nitrophenolate, p-NP). The decrease of

this signal observed for the oxidized MptpA (oxMptpA)

indicates the reduction in the MptpA activity after oxi-

dation (Fig. S1). To delineate whether the oxidative

modification of MptpA by H2O2/NaHCO3 is reversible,

the oxMptpA was incubated with dithiothreitol (DTT,

10 mM) at 25 °C for 30 min (Fig. S1). An increase of

the absorption (at 410 nm) indicates partial recovery of

the enzymatic activity of oxMptpA in a time- and DTT-

concentration-dependent manner. The restored phos-

phatase activity of the oxMptpA was estimated to be 2–
10% (depending on the concentration of H2O2 used for

oxidation), suggesting at least partial oxidation

reversibility by cellular glutathione.

NMR studies of the oxidized MptpA (oxMptpA)

The hydrogen peroxide (H2O2)-induced oxidative mod-

ification of MptpA was studied in more detail using

NMR spectroscopy. In general, protein oxidation

requires DTT-free buffer conditions. Since the

sequence of MptpA contains three cysteine (C11, C16,

and C53), removal of DTT from the NMR buffer may

potentially lead to the disulfide bond formation in

native phosphatase. To verify this, 2D-(1H,15N)-HSQC

spectra of MptpA were measured in the absence and

in the presence of DTT (Fig. S2). Both spectra remain

essentially the same, which indicates that the removal

of DTT from the buffer solution has no effect on

MptpA native folding.

Optimization of the oxidation reaction

MptpA was oxidized with a supra-physiological con-

centration of H2O2. To enhance the oxidative inactiva-

tion reaction 25-mM bicarbonate (NaHCO3) was used

[46]. Oxidation of MptpA in presence of 200-mM H2O2

and 25-mM NaHCO3 results in a strong reduction of

the protein stability causing protein precipitation.

Moreover, the 2D-(1H,15N)-HSQC spectrum of the

oxMptpA indicates protein unfolding, manifested by

loss of signal dispersion of ~ 1 ppm in the 1H dimen-

sion (Fig. 1A). Since the generation and decomposi-

tion of ROS in vivo are under strict enzymatic control

[47], the exposure of MptpA to the oxidant in this

experiment may actually have been too harsh. With

the introduction of an additional preparative step dur-

ing the oxidation reaction such as (a) gel filtration or

(b) enzyme (catalase) and lowering the H2O2 concen-

tration to 50 mM, we could stabilize and isolate an oxi-

dized folded state of MptpA (Fig. 1A). Regardless of

the method used for the removal of the oxidant, a

folded oxidized state of MptpA was generated

(Fig. S3). The amide cross-peaks remain the same for

most of the residues. However, treatment with catalase

yields a more heterogeneous sample with additional

cross-peaks and signal splitting. For further oxidation

studies by NMR, we choose the PD10 treatment,

which results in a more homogeneous sample.

The effect of the oxidation on MptpA

In general, all amino acids within the protein can be

oxidized by ROS [48]. Yet, sulfur-containing amino

acids or aromatic residues show a higher susceptibility

to oxidation [49,50]. Furthermore, oxidative modifica-

tion can modulate the local hydrogen-bond environ-

ment and electrostatic polarities, thereby inducing

structural and/or dynamic alterations of the protein

and impairing the catalytic activity of the enzyme. To

investigate whether such changes are also potentially

present in MptpA, we examined the effect of oxidation

on the NMR backbone amide signals. The backbone

amides are highly sensitive to the changing surround-

ing environment and therefore an important source of

structural information. As expected, alterations of the

amide cross-peaks located near the catalytic pocket are

observed (Fig. 1B). Around 8% (12 from 145) of the

signals disappear after oxidation of MptpA by H2O2-

NaHCO3. In addition, the amides of the residues in

the spatial proximity of those missing signals show

chemical shift perturbations (CSPs) of ≥ 0.3 ppm

(Fig. 1B–D). All those changes remain restricted to

residues of the three catalytic important loops: P-, D-,
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Fig. 1. Effect of oxidation on MptpA backbone propensities. (A) 2D-(1H,15N)-HSQC spectra of MptpA detected at 298K in NMR buffer

(pH 7.0): native state (blue), oxidized unfolded state (black; oxidation in presence of 200-mM H2O2 and 25-mM NaHCO3), oxidized folded state

(red; oxidation in presence of 50-mM H2O2 and 25-mM NaHCO3 and additional gel filtration). (B) Mapping of the CSPs obtained after oxidation

on NMR solution structure of MptpA (PDB 2LUO), showing backbone regions affected due to oxidation. (C) Overlay of 2D-(1H,15N)-HSQC

spectra of native (blue) and oxidized (red; 50-mM H2O2, 25-mM NaHCO3, gel filtration) MptpA. (D) 1H, 15N combined CSPs (in ppm) before and

after oxidation of MptpA with 50-mM H2O2, 25-mM NaHCO3 and additional gel filtration. 2D-(1H,15N)-HSQC spectra used for the chemical shift

analysis were recorded at two different temperatures 303 K and 298 K in NMR buffer (pH 7.0). Temperature coefficient (in ppb/K) obtained

from a series of 2D-(1H,15N)-HSQC spectra measured at different temperatures, (from 303 K to 283 K with 5° increments).
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W-loop and to residues located between two a-helices
(a-helix a2 and a-helix a3) or in the a-helix a4
(Fig. 1D).

Effect of the oxidation on MptpA hydrogen

bonding

To assess possible changes in the intramolecular

hydrogen bonding of MptpA, before and after oxida-

tion by H2O2-NaHCO3, we determined the tempera-

ture dependency of the backbone amide proton

chemical shift values. The temperature coefficient

(Tcoeff. in ppb/K, Fig. 1D) was obtained from a series

of 2D-(1H,15N)-HSQC spectra measured at different

temperatures (from 303 K to 283 K with 5° incre-

ments). Following the trend of the temperature coeffi-

cient (typical for indicating hydrogen-bonded amide

protons when larger than �4.5 ppb/K [51]), we con-

clude that the intramolecular hydrogen bonding of the

oxMptpA resembles the native protein. However, sub-

stantial differences in the temperature coefficient are

observed within the W-loop, which suggests that

amides of amino acids N47, G51, D55, and E56 lose

the hydrogen bonds after oxidation by H2O2-

NaHCO3. The W-loop is located in close proximity to

the catalytic P-loop and contains one of the three con-

served cysteine residues, the noncatalytic cysteine C53.

To study whether the observed differences also involve

changes in the dynamic behavior of MptpA before

and after oxidation by H2O2-NaHCO3 we used con-

ventional heteronuclear 15N relaxation experiments.

The obtained relaxation rates of 15N-T1 and 15N-T2

relaxation times of the native and oxidized MptpA are

similar (Fig. S4), suggesting that the oxidation of

MptpA by H2O2-NaHCO3 has no effect on the local

backbone dynamic of MptpA. The oxidative modifica-

tion by ROS occurs in particular on the most reactive

functional group within the side chain of the target

residue, affecting only indirectly the properties of the

backbone amide. Therefore, additional NMR experi-

ments on the side chain could provide more detailed

information on the site and type of oxidation.

The catalytic site of MptpA

The side chain 13Cb chemical shifts can be used as

reporters to define the product of the oxidation

of MptpA by H2O2-NaHCO3. Analysis of the 2D-

(1H,13C)-HSQC spectrum of oxMptpA allows us to

distinguish between (a) directly and (b) indirectly

involved residues in the oxidation. The significant sig-

nal perturbations observed for cysteines (C11, C16)

and tyrosine (Y128) residues, suggest that both, the

catalytic (P-loop) as well as the phosphorylation site

(D-loop) of MptpA are potential targets of oxidation

by H2O2-NaHCO3. The P-loop, the catalytic site of

MptpA contains two (C11, C16) of the three (C11,

C16, C53) conserved cysteines in the sequence

(Fig. 2A). The sulfur-containing side chains of all

three cysteines within the MptpA can be potentially

oxidized by H2O2-NaHCO3. Yet, both the p-NPP

activity assay as well as the backbone NMR studies

performed on oxMptpA strongly indicate the oxidative

modification of the catalytic cysteine, C11, manifested

by the decrease of the phosphatase activity of

oxMptpA and its amide cross-peak attenuation after

oxidation. We produced cysteine (15N,13C3)-selectively

labeled MptpA (cysMptpA) using auxotrophic E. coli

cells, to study the effect of the oxidation of MptpA on

cysteine residues in specific detail. The 2D-(1H,13C)-

HSQC spectrum of the cysMptpA resolves as expected

three CHa (Fig. 2B) and six CHb1, CHb2 (Fig. 2C)

signals with the chemical shift as those observed for

the uniformly double (15N,13C) labeled MptpA

(Fig. 2C). After oxidation of cysMptpA by H2O2-

NaHCO3 (cysMptpAOX), both CHb1and CHb2 as well

as the CHa cross-peaks of C11 disappear, suggesting

complete oxidation of the catalytic cysteine (Fig. 2B,

C). Furthermore, a set of new signals appearing in the

spectrum of cysMptpAOX, in the spectral region

between d1H 2.8–2.2 ppm and d13C 63.5–64.5 ppm,

indicate the oxidation products of C11 (Fig. 2C, right).

The same cross-peaks were also observed in the 2D-

(1H,13C)-HSQC spectrum of the uniformly double

(15N,13C) labeled MptpA after oxidation by H2O2-

NaHCO3 (Fig. 2C, left) and could now be specifically

assigned to originate from C11. Typically, the chemical

shift change of the Cb resonance from ~20 ppm to

~60 ppm indicates oxo-forms of cysteine such as sulfi-

nic (Cys-SO2H) or sulfonic (Cys-SO3H) acid [52]. Fur-

thermore, we can exclude oxidation of the noncatalytic

C53 as both 13Ca and 13Cb resonances remain the

same chemical shift after oxidation. In addition, the

chemical shift perturbation observed for cysteine C16

is likely induced by the oxidation of the nearby cat-

alytic cysteine C11 in the P-loop.

The phosphorylation site of MptpA

The active site motif of MptpA is flanked by two

dynamic loops, the D-loop and the W-loop. The D-

loop contains three essential residues: the catalytic

aspartic acid (D126) and two tyrosine residues (Y128

and Y129). Both tyrosine residues are phosphorylation

targets of the complementary tyrosine-specific kinase,

PtkA, that regulates the phosphatase activity of
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MptpA [26]. Furthermore, structural studies of MptpA

indicate a conformational rearrangement of the D-

loop from an open to a close state upon ligand bind-

ing. Our NMR studies here show that the conserved

tyrosine residues of MptpA are affected by the oxida-

tion of H2O2-NaHCO3. Similar as for the MptpA

cysteine studies, we produced tyrosine (15N,13C9)

selectively labeled MptpA (tyrMptpA) to investigate

the effect of the oxidation on the phosphorylation site

of MptpA. The 2D-(1H,13C)-HSQC spectrum of the

tyrMptpA resolves as expected six CHb1, CHb2, and
three CHa cross-peak signals, originating from the

three tyrosine residues (Y67, Y128, and Y129). After

oxidation of tyrMptpA by H2O2-NaHCO3 only the

Fig. 2. Effect of oxidation on MptpA catalytic site. (A) Schematic representation of the catalytic site of MptpA; the loop position of the three

conserved cysteine residues C11 (catalytic), C16 (backdoor), and C53 (noncatalytic) is highlighted. (B) Zoom in of the overlay of 13CHa cross-

peaks from 2D-(1H,13C)-HSQC spectra of cysteine (15N,13C3) selectively labeled MptpA (cysMptpA) before (blue) and after (green) oxidation

with 50-mM H2O2, 25-mM NaHCO3, and gel filtration. (C) Overlay of 13CHa from 2D-(1H,13C)-HSQC spectra of the double (15N,13C) labeled

MptpA (left) and cysMptpA (right) before and after oxidation with H2O2-NaHCO3. Cross-peaks of cysteine residues are assigned. A set of

the new signals observed after oxidation are highlighted with box.
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CHb1 and CHb2 signals of Y128 are strongly per-

turbed, where the resonances of Y67 and Y129 remain

practically unaffected (Fig. 3). Furthermore, the aro-

matic 2D-(1H,13C)-HSQC spectrum of tyrMptpAOX

clearly resolves the perturbed signal at d1H 6.7/d13C
28.1 ppm after oxidation, for the CHe1 and CHe2
cross-peak of Y128 (Fig. 3, C). The observed chemical

shift perturbations evidently indicate that tyrosine

Y128 is affected upon oxidation of C11 and thereby

suggests conformational and/or environmental changes

of the D-loop.

Discussion

Cysteine-redox regulation is meanwhile well-

characterized for many PTPs, with the diversity of the

biologically relevant oxo-cysteine products [57]. The

formation of oxo-cysteine products is determined by

the cellular concentration of ROS and relying on this

leads to temporal or permanent inactivation of the

protein. Mtb protein tyrosine phosphatase A, MptpA

is the key virulence factor of mycobacterial

pathogenicity and therefore a promising target for

pharmacological intervention [16]. MptpA is structural

well described [21], however, our lack in understanding

the underlying mechanism that regulates the catalytic

activity, challenges the design of potential anti-

tubercular agents. In particular, there are two frequent

post-translational modifications (PTMs) of the protein

tyrosine phosphatase (PTPs) family, regulating their

activity, namely (a) protein phosphorylation [53,54]

and (b) protein oxidation [55]. Both modifications are

known to potentially regulate the catalytic activity of

MptpA, though their exact mode of operation is

poorly understood. Phosphorylation of MptpA by its

complementary kinase, PtkA, involves two tyrosine

residues, Y128 and Y129, located in the flexible D-

loop, surrounds the catalytic pocket. The activity of

MptpA increases in the tyrosine-phosphorylated state

[26]. Post-translational oxidation of PTPs is an alterna-

tive regulatory mechanism, mostly directed towards

the oxidation of the catalytic cysteine. In the context

of the mycobacterial capability to overcome the toxic

phagosome environment [13,56], the post-translational

modification of the catalytic C11 would be a plausible

regulatory mechanism. Although all-natural amino

acids are potential targets of post-translational oxida-

tion by ROS, the significant differences in the reactiv-

ity between them dictate the preferred sites for

oxidative modification. For instance, the catalytic cys-

teine conserved within the catalytic P-loop [(H/V)

CX5R(S/T)] of PTPs is highly reactive (pKa of 4.7–
5.4) and acts as a nucleophile in the initial cleavage

step during the dephosphorylation reaction [55]. More-

over, its low pKa value makes this cysteine highly sus-

ceptible to oxidation by ROS.

In our studies, we characterize the effect of ROS-

oxidation (H2O2-NaHCO3) on the structural and

dynamic properties of MptpA using NMR spec-

troscopy. Chemical shifts of the amide groups of the

three catalytic important loop regions (P-, D-, and W-

loop) of MptpA, change after oxidation. Residues

located in the spatial surrounding those functional

loops show the most substantial chemical shift pertur-

bations (CSPs). NMR intramolecular hydrogen bond-

ing and protein dynamic studies performed after

oxidation of MptpA by H2O2-NaHCO3 resume similar

propensities as those of the native protein, apart from

the W-loop region, indicating there an increase in the

flexibility after oxidation. Although it is not surprising

that the residues of the solvent-exposed flexible loops

are more sensitive to the changing environment, strong

CSPs and signal attenuation observed for the residues

of the regulatory region, suggest oxidative modification

of one of the catalytic important residues. Evidently,

oxidation of amino acids may slightly impair local

intramolecular hydrogen bonding leading to changes

in the amide chemical shift and/or amide hydrogen-

solvent exchange rate of the neighbored residues.

Utilizing the traditional 2D-(1H,13C)-HSQC experi-

ments acquired for oxidized doubly (15N,13C) labeled

MptpA we show that the two regulatory regions of

MptpA, (a) P-loop and (b) D-loop, are the affected

regions after oxidation by H2O2-NaHCO3. Especially,

the cysteines of the catalytic P-loop, C11 and C16 and

the tyrosines of the phosphorylation site, Y128 and

Y129 are impacted by oxidation. This finding is inter-

esting since these amino acids are important regulatory

residues of MptpA and prone to oxidation by ROS.

Using amino acid selective (a) cysteine (15N,13C3-cys)

and (b) tyrosine (15N,13C9-tyr) labeled MptpA, we

were able to determine the site and the type of MptpA

oxidation by H2O2-NaHCO3. The highly nucleophilic

cysteine, C11, is the target of the post-translational

modification by H2O2-NaHCO3. Oxidation of C11 is

manifested by the disappearance of the corresponding
13Ca and 13Cb cross-peaks from the 2D-(1H,13C)-

HSQC spectrum, consistently observed for the uni-

formly double (15N,13C) and cysteine (15N,13C3)- selec-

tive labeled protein. Furthermore, the appearance of

new resonances in the low-field region around d1H
2.8–2.2/d13C 63.5–64.5 ppm in both spectra (hence

those signals are absent in the spectrum of the tyrosine

selective labeled protein) indicates strongly, oxidative

modification of the catalytic cysteine C11. Our

detected 13CCb chemical shift changes from ~20 ppm
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Fig. 3. Effect of oxidation on MptpA catalytic site. (A) Schematic representation of the catalytic and phosphorylation site of MptpA, showing

essential cysteine (C11, C16, C53) and tyrosine (Y67, Y128 and Y129) residues. (B) Zoom in of the overlay of 13CHa cross-peaks from 2D-

(1H,13C)-HSQC spectra of tyrosine(15N,13C9) selectively labeled MptpA (tyrMptpA) before (blue) and after (red) oxidation with 50-mM H2O2,

25-mM NaHCO3, and gel filtration. (C) Overlay of 13CHb cross-peaks (top) from 2D-(1H,13C)-HSQC of the double (15N,13C) labeled MptpA

(left) and tyrMptpA (right) before and after oxidation. Overlay of the aromatic 2D-(1H,13C)-HSQC spectra (bottom) of the double (15N,13C)

labeled MptpA and tyrMptpA before and after oxidation.

1511FEBS Letters 596 (2022) 1503–1515 ª 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

A. Niesteruk et al. Oxidation studies of MptpA by NMR spectroscopy

 18733468, 2022, 12, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14348 by U

niversitaetsbibliothek, W
iley O

nline L
ibrary on [11/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to ~60 ppm are in line with values observed for oxo-

forms of cysteine as sulfinic (Cys-SO2H) or sulfonic

(Cys-SO3H) acid. Note that while both cysteine modi-

fications were for a long time considered to irreversible

inactivate the protein, recent proteomic studies have

demonstrated that a significant number of proteins

exhibit reversible enzymatically reducible cysteine sulfi-

nic acids (Cys-SO2H) modification [43].

Using NMR spectroscopy, we further show that the

oxidation of MptpA by ROS exclusively modifies

catalytic cysteine C11, thereby reducing the activity of

the phosphatase. In a similar fashion, the formation of

a thiophosphate intermediate during the dephosphory-

lation of the substrate also results in decreased activity

of MptpA (Fig. 4, top). The reduction of the phos-

phatase activity detected after oxidation of MptpA by

H2O2-NaHCO3, strongly suggests that the cysteine sul-

fur oxidation also promotes conformational rearrange-

ment of the D-loop from an active (open) to an

inactive (close) state. However, since our NMR studies

Fig. 4. Regulation of MptpA phosphatase activity. (A) Semantical representation of MptpA regulatory motifs. (B) Tyrosine specific

dephosphorylation of the substrate protein catalyzed by MptpA. The nucleophilic cysteine forms a thiophosphate intermediate during the

first step of the dephosphorylation reaction, inducing D-loop rearrangement from open to close state, temporary inactivating activity of

MptpA. (C) Oxidation of MptpA by ROS leads to formation of S-oxo-cysteine products, inducing formation of a temporary preclosed by

repositioning the conserved tyrosine 128 (Y128). (D) Phosphorylation of MptpA on vicinal located tyrosine residues (Y128, Y129) catalyzed

by PtkA may support open (active) conformation, thereby increasing the accessibility of the catalytic cysteine for the catalysis of the

dephosphorylation reaction of the substrate.
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on the oxidized tyrosine (15N,13C9)- selectively labeled

MptpA reveals exclusive involvement of the Y128, we

propose that the close state generated during the oxi-

dation may differ from those generated during the sub-

strate binding and termed them preclosed (inactive)

state (Fig. 4, middle). Following this, the phosphoryla-

tion of MptpA on vicinal located tyrosine residues

(Y128, Y129) catalyzed by PtkA may support open

(active) conformation, thereby increasing the accessi-

bility of the catalytic cysteine for the catalysis of the

dephosphorylation reaction of the substrate (Fig. 4,

bottom). However, the phosphorylation state of

MptpA during the post-translational oxidation in vivo

remains unknown. In this context, oxidation studies

with MptpA in a tyrosine-phosphorylated states would

be particularly interesting. We attempted such studies,

but in our hands, phosphorylated MptpA could not be

isolated, as it is not clear whether MptpA possesses

auto-dephosphorylation activity.

In conclusion, our studies provide important insights

into the redox regulation of MptpA and reveal the key

elements involved in oxidation, thereby contributing to

a general understanding of the function of the phos-

phatase.
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