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The Mycobacterium tuberculosis low-molecular weight protein tyrosine phosphatase (MptpA) is
responsible for the inhibition of phagosome-lysosome fusion and is essential for the bacterium patho-
genicity. This inhibition implies that M. tuberculosis is not exposed to a strongly acidic environment
in vivo, enabling successful propagation in host cells. Remarkably, MptpA has been previously structurally
and functionally investigated, with special emphasis devoted to the enzyme properties at pH 8.0.
Considering that the virulence of M. tuberculosis is strictly dependent on the avoidance of acidic con-
ditions in vivo, we analysed the pH-dependence of the structural and catalytic properties of MptpA. Here
we show that this enzyme undergoes pronounced conformational rearrangements when exposed to
acidic pH conditions, inducing a severe decrease of the enzymatic catalytic efficiency at the expense of
phosphotyrosine (pTyr). In particular, a mild decrease of pH from 6.5 to 6.0 triggers a significant increase
of Ko 5 of MptpA for phosphotyrosine, the phosphate group of which we determined to feature a pKa;
equal to 5.7. Surface plasmon resonance experiments confirmed that MptpA binds poorly to pTyr at pH
values < 6.5. Notably, the effectiveness of the MptpA competitive inhibitor L335-M34 at pH 6 does largely
outperform the inhibition exerted at neutral or alkaline pH values. Overall, our observations indicate a
pronounced sensitivity of MptpA to acidic pH conditions, and suggest the search for competitive in-
hibitors bearing a negatively charged group featuring pKa values lower than that of the substrate

phosphate group.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

wide pH interval, respectively [1]. In particular, M. tuberculosis
suffers of an extremely poor growth when cultured in minimal

Mycobacterium tuberculosis is an aerobic pathogenic bacterium
representing a major concern for human health, with more than 1.5
million individuals fatally affected worldwide each year. Remark-
ably, the genus Mycobacterium contains both pathogenic and
saprophytic bacteria, whose growth is optimal over a narrow and a
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medium at pH < 6.5 [2]. This very poor growth under acidic con-
ditions, e.g. in Sauton defined medium at pH 6.0, is partially
compensated by high concentrations of Mg?* [2]. Nevertheless,
M. tuberculosis is able to grow at pH 5.7 when cultured in the 7H9
Middlebrook rich medium, albeit both the duplication rate and the
biomass yield in this medium are negatively affected by a shift from
neutral to acidic pH [3,4]. In addition, it is important to note that the
inefficient growth of M. tuberculosis under acidic conditions does
not necessarily imply that the bacterium cannot survive in low pH
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environments. It was indeed observed that, depending on the
medium, M. tuberculosis withstands exposure to pH 4.5 [5]. In
particular, it was shown that the viability of M. tuberculosis is fully
retained in phosphate-citrate buffer poised at pH 4.5 and supple-
mented with Tyloxapol [5].

Macrophages are cells of the innate immune system, committed
to the degradation of foreign particles. This degradation process is
primed by phagocytosis of the target particle, with the phagosomes
accordingly formed undergoing a series of maturation steps, i.e.,
their fusion with early and late endosomes, and finally with lyso-
somes. When hosted in human cells, M. tuberculosis is exposed to
acidic conditions occurring in the phagocytic vesicles of macro-
phages. Interestingly, it was shown that phagosomes undergo
acidification after the uptake of M. tuberculosis, with an initial fast
drop of pH from 7.0 to 6.25 followed by a slow re-alkalinisation to
6.5 [6]. However, this pH is much higher when compared with the
values detected in phagosomes fused with lysosomes, i.e., pH < 5.0
[7]. In addition, the occurrence of M. tuberculosis in infected
cultured macrophages was observed to comprise both intact and
damaged bacterial cells, with the great majority of intact in-
dividuals residing in phagosomes devoid of lysosomal features [8].
More recently, it was shown that cells infected with live
M. tuberculosis contained phagosomes not fused with lysosomes,
whereas the infection with heat-killed bacteria induced the pro-
duction of phagolysosomes [9]. Further, it was demonstrated that
the acidity of phagosomes containing live M. tuberculosis or
M. avium is far from being comparable with that detected in lyso-
somes [10,11], and that Mycobacterium-containing phagosomes are
devoid of the vesicular ATPase (vATPase) which is responsible for
the acidification of phagosomes [11,12].

M. tuberculosis is known to express the two protein tyrosine
phosphatases (PTPases) MptpA (M; 17.5 kDa) and MptpB
(M; = 30.2 kDa). It has been shown that the low molecular mass
enzyme exclusively exerts its catalytic action at the expense of
phosphotyrosine (pTyr) and pTyr-containing peptides and proteins,
with phosphoserine and phosphothreonine being rejected as sub-
strates [13]. In addition, it was shown that MptpA is secreted by
growing M. tuberculosis into the cytosol of host cells [13].
Remarkably, PTPases are known to be engaged in the inception of
human infectious diseases [14—17], and it is therefore of interest to
note that MptpA is essential for the pathogenicity of M. tuberculosis
[18]. In particular, MptpA dephosphorylates the host VPS33B
(vacuolar protein sorting 33B) protein, which is by this means
inactivated [18]. This inactivation prevents, in turn, the phagosome-
lysosome fusion [19] conferring virulence to M. tuberculosis [20].

A detailed inspection of the catalytic mechanism of PTPases
demonstrated that the thiolate group of a cysteine features an
unusually low pKa [21] and is essential for the nucleophilic attack to
the phosphate group bound to tyrosine [22,23]. This nucleophilic
attack is assisted by an essential arginine, as demonstrated with the
R409A variant of the Yersinia sp. tyrosine phosphatase [24], and by a
structural analysis providing evidence that the guanidinium group
of R409 interacts with two oxygens of the pTyr phosphate group
[25]. In addition, it was observed that both the cysteine and the
arginine essential for catalysis are conserved in all PTPases, and that
they are spaced by a stretch of five residues, the identity of which
can diverge. Therefore, the C(XXXXX)R motif was recognized as the
signature for prokaryotic and eukaryotic PTPases, and for both
high- and low-molecular mass types, respectively. Moreover, the
catalytic action of PTPases requires an amino acid acting first as an
acid, and subsequently as a base. In the Yersinia sp. PTPase, this
requirement is accomplished by an aspartic acid (D356), which
transfers a proton to the leaving tyrosine, and subsequently the
conjugated aspartate activates a water molecule, generating the
secondary nucleophile responsible for the attack to the

67

Biochimie 213 (2023) 66—81

phosphoenzyme [26]. Noteworthy, the essential cysteine, arginine,
and aspartate residues of PTPases are located in loops connecting
elements of secondary structure. The loop connecting cysteine and
arginine is conventionally denoted as the Phosphate loop, or P-
loop, and the stretch of amino acids containing the catalytic
aspartate is denominated D-loop. The PTPases strictly specific to-
wards pTyr rely their substrate selection on a hydrophobic pocket
designed to locate the phosphate of pTyr in line with the nucleo-
philic cysteine [25,27], and to trigger an unfavourable geometry for
the nucleophilic attack when the phosphate is bound to a shorter
amino acid, i.e., serine or threonine [28]. Once pTyr is bound by
PTPases, a large conformational rearrangement occurs at the
expense of the D-loop. It was indeed shown that this loop moves
towards the P-loop by several angstroms, converting the enzyme
conformation from an open to a closed, catalytically competent,
form [25].

Structurally speaking, both the open and closed form of
M. tuberculosis MptpA were determined, by means of NMR spec-
troscopy and X-ray diffraction, respectively [29,30]. Remarkably,
the open-to-closed conformational transition of M. tuberculosis
MptpA shortens the distance between tyrosines Y128 and Y129
(belonging to the D loop) and W48 by more than 10 A, therefore
exposing W48 to different surroundings during catalysis. To take
advantage of this, we have constructed the MptpA variant W152F,
featuring W48 as the unique tryptophan [31]. Using MptpA W152F,
we previously reported that at pH 8 the enzyme features substrate
activation, obeys sigmoidal kinetics when the catalytic action is
exerted at the expense of pTYr, and that the fluorescence emission
of W48 is diagnostic of active site closure [31]. It is important to
note that we previously also compared the catalytic action of
MptpA with the performance of MptpA W152F, and that we did not
observe any significant difference between the wild-type enzyme
and the site-specific variant [31]. To further investigate the enzyme
properties under conditions to which M. tuberculosis is exposed in
macrophages, we performed structural and functional assays of
MptpA W152F (hereafter denoted MptpAswag) as a function of pH.
Accordingly, here we report on the catalytic action and on the
overall structural features of MptpAswas as affected by pH values
ranging from 5.0 to 8.0, along with the characterization of the pH-
dependent enzyme sensitivity to the competitive inhibitor L335-
M34 [32].

2. Materials and Methods
2.1. Materials

All reagents were obtained by Merck-Millipore (Burlington, MA,
USA).

2.2. Protein overexpression and purification

The UniProt accession ID for the low-molecular-weight protein
tyrosine phosphatase from Mycobacterium tuberculosis (MptpA) is
POWIAT1. The isoelectric point of MptpA was calculated using the
ProtParam software (https://web.expasy.org/protparam). The site-
specific variant W152F was overexpressed in E. coli BL21(DE3)
and purified as previously reported [31]. It is important to note that
this variant contains a single tryptophan, i.e., W48, and is thus
denoted as MptpAswas. Aliquots of the purified enzyme were stored
at —20 °C until used. Enzyme concentration was determined using
the Bradford assay [33].

2.3. Activity assays

The catalytic action at the expense of phosphotyrosine (pTyr)
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was assayed by a real time 3'P high-resolution NMR spectroscopic
approach and spectrophotometrically by taking advantage of the
different absorption of tyrosine and phosphotyrosine at a wave-
length of 282 nm [31]. At this wavelength, the Aerypyr Was pre-
viously determined as equal to 0.96 mM~! cm™! [31]. To test
activity as a function of pH, a universal buffer consisting of Tris-HCI
and Bis-Tris (25 mM each, and supplemented with 2 mM EDTA),
was used. The kinetic parameters of MptpA (Km, Vimax. Ko.5, and Hill
coefficient) were calculated with the Levenberg-Marquardt algo-
rithm in SigmaPlot 14 (Systat Software, San Jose, CA). All assays
were performed at 20 °C, using a Cary Bio 300 spectrophotometer.
The parameter Kys refers to the substrate concentration corre-
sponding to half-maximal reaction velocity under conditions of
sigmoidal kinetics.

2.4. Stopped-flow assays

The conformational changes of MptpAswasg triggered by binding
of pTyr were observed by recording the changes in fluorescence
emission of the unique enzyme tryptophan (W48). To this aim, a
KinTek SF2004 stopped-flow equipment was used, exciting the
samples at a wavelength of 290 nm and detecting emission by
means of a longpass filter. In addition, the generation of tyrosine
triggered by mixing enzyme and pTyr was detected by observing
the changes in Absorbance at a wavelength of 290 nm. The path
length of the stopped-flow observation cell used is equal to 0.5 cm.
All the assays were performed at 37 °C. The enzyme syringe con-
tained 30 pM MptpAswas, and the substrate syringe contained
20 mM pTyr. Both enzyme and substrate solutions were buffered at
the desired pH values using Tris-HCl/Bis-Tris (50 mM each), 2 mM
EDTA.

2.5. NMR spectroscopy

All one-dimensional '"H NMR spectra have been acquired at a
temperature of T = 298 K using an Avance IIl NMR spectrometer
operating at By = 14.1 T and equipped with a cryogenically cooled
TCI probe. The concentration of MptpAswss has been adjusted to
60 uM using Tris-HCl/Bis-Tris (50 mM each), 150 mM NaCl and
1 mM EDTA as buffer. The enzymatic activity of MptpA has been
observed by detecting 3'P resonance signals in real time by
continuous acquisition of one-dimensional NMR spectra using an
Avance Neo NMR spectrometer operating at By = 18.8 T equipped
with a cryogenically cooled QCI probe. The concentration of
enzyme and pTyr has been adjusted to 2 uM and 1.5 mM, respec-
tively, using Tris-HCl/Bis-Tris (50 mM each), 150 mM NaCl, and
1 mM EDTA. All one-dimensional 'H spectra have been directly
referenced to the resonance signal originating from trimethylsi-
lylpropanoic acid (TMSP). All one-dimensional 3'P spectra have
been indirectly referenced using the ratio of gyromagnetic ratios
between 'H and 3'P while considering the resonance signal origi-
nating from TMSP in corresponding 'H spectra. Data analysis of
one-dimensional 3'P NMR spectra acquired in real time have been
performed using mono- as well as bi-exponential functions on
resonance signals representing phosphate and pTyr, respectively.
Experimental data have been normalized using the maximum of
initial (in the case of pTyr) or final (in the case of phosphate) value
provided by the function used for data analysis.

2.6. Circular dichroism

CD spectra were recorded over the 200—250 nm wavelength
interval at a scan rate equal to 50 nm/min, using a Jasco J-810
spectropolarimeter. Protein samples were in PBS buffer poised at
pH values ranging from 6.0 to 8.0, and the bandwidth was set to
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1 nm. Sixteen scans per sample were acquired and averaged. In
addition, the molar ellipticity of MptpAswag over a pH interval
ranging from 5.0 to 8.0 was evaluated at 222 nm. To this aim, a
universal buffer consisting of MES and Tris-HCI (10 mM each) was
used.

2.7. Surface plasmon resonance analyses

The effect of changing pH value on the binding of pTyr to
MptpAswas Was assayed using a Biacore 3000 instrument (GE-
Healthcare, Marlborough, MA, USA) according to procedures pre-
viously reported [34]. MptpAswag was immobilized on research
grade CM5 sensor chips (GE-Healthcare) by immobilizing the
protein (100 pg/mL in 10 mM CH3COONa, pH 5.0) using a standard
amine coupling protocol, yielding an observed density of 10 kRU.
The substrate pTyr was solubilized in HPS-EP buffer (10 mM Hepes
pH 74,150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) surfactant P20)
and then diluted in HPS-EP buffer poised at different pH values (5.5,
6.0, 6.5, 7.0) to obtain a series of samples at three different con-
centrations (150, 450, and 1350 nM). Binding experiments were
performed at 25 °C, using a flow rate of 10 uL/min, with 400 and
60 s of association and dissociation time, respectively. A single site
(1:1 binding) interaction model was fitted to the observed kinetics.
The elaboration of sensorgrams was achieved using the BlAevalu-
ation software, provided by GE-Healthcare.

2.8. Synthesis of the L335-M34 competitive inhibitor

The MptpA inhibitor denominated L335-M34 was synthesized
according to previously published procedures [32]. Essentially, the
appropriate reagents mixture [32] was incubated and stirred for 3 h
at room temperature, under nitrogen atmosphere. Afterwards, the
first step of L335-M34 purification consisted of an extraction with
dichloromethane and H;O0, using a separation funnel. The organic
phase was dehydrated with MgSOy, filtered and dried under vac-
uum. It was serendipitously found that adding dichloromethane
and concentrated aqueous HCI to this residue, a white precipitate
formed, which was conveniently recovered by filtration. Subse-
quently, one-dimensional '"H NMR (using a 300 MHz NMR spec-
trometer, sample dissolved in DMSO-d6) and ESI-MS analyses
revealed that this white solid consisted in a very pure salt of L335-
M34 with 3,5-Dibromo-4-methylanilinium (Supplementary Fig.s
S1 and S2). This salt was solubilized in methanol and loaded onto
a column containing the acidic resin Dowex 50WX8-11, previously
conditioned with methanol. The eluted solution was dried under
vacuum, dissolved in CD30D and subjected to one-dimensional 'H
NMR spectroscopic analysis (300 MHz) analysis, the output of
which identified the compound eluted from the column as the
desired sulfonic acid product (Supplementary Fig. S3).

2.9. Effect of L335-M34 inhibitor on MptpAsw4g activity

Preliminary assays to test the inhibition of MptpAswag by L335-
M34 were performed according to Dutta et al. [32], in the presence
of 1 mM p-nitrophenyl phosphate (pNPP), 5 nM of enzyme and
different concentrations of inhibitor in a universal buffer containing
25 mM Tris-HCl, 25 mM Bis-Tris, and 2 mM EDTA (TBE buffer) at pH
7.0. The hydrolysis of pNPP was spectrophotometrically determined
at a wavelength of 405 nm. A control reaction lacking the enzyme
was also analysed.

To further test the inhibitory effect of L335-M34, the activity of
MptpAswag Was also assayed as a function of inhibitor concentra-
tion, in the presence of a constant pTyr concentration (10 mM) in
TBE universal buffer at pH 6.0, 7.0, and 8.0, respectively. The
enzyme (420 nM) and the inhibitor were incubated for 10 min at
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20 °C, then the reactions were started by the addition of pTyr. The
enzyme activity at the expense of pTyr was spectrophotometrically
assayed at a wavelength of 282 nm. The inhibition exerted by L335-
M34 on the MptpA catalytic action was quantitatively inspected
according to the equation [35]:

1 [S] +Kn

v Vinax[S]

K
Vinax SIK;

(1)

where K; is the inhibition constant, and [I] indicates the concen-
tration of the inhibitor.

2.10. Titration of phosphotyrosine

For the determination of the pKa, of the phosphate group of
phosphotyrosine, the procedure reported by Bradshaw and Waks-
man was used [36]. A solution containing 1 mM pTyr in 25 mM Tris-
HCI, 25 mM BisTris, 25 mM sodium acetate (pH 8.0) was prepared.
Small volumes of 1.33 M acetic acid were added to the pTyr solution
in order to decrease, stepwise, the pH of the solution from 8 to
approximately 4. After each addition of acetic acid, the pH and the
Absorbance (at wavelengths of 269 and 279 nm) were determined.
To calculate the pKa; of pTyr, the following equation was fit to the
experimental observations [36]:

(A1 — A2)

AbS = gpkazpH

+ A2 (2)

where A1 and A2 represent the Absorbance of the deprotonated and
the protonated form, respectively.

2.11. Determining the surface electrostatic potential of MptpA

The surface electrostatic potential of MptpA was determined
using the APBS plugin of PyMol (release 2.5.2) and the tertiary
structure of the enzyme reported by Madhurantakam et al. (PDB
file 1u2p, [30]). Calculations were performed taking into account
the protein formal charge. Further, an additional state of MptpA was
generated by adding a formal positive charge to each of the ten
histidines of the enzyme. This MptpA state was also subjected to
the estimation of its surface electrostatic potential.

3. Results

3.1. Kinetics of pTyr hydrolysis by MptpAswas under steady-state
conditions

As a first test of the pH-dependence of MptpAswag catalytic
performance, we assayed the enzyme activity at the expense of
10 mM pTyr in the presence of a universal buffer poised at pH
values ranging from 5.0 to 8.0. By this means, we observed that
MptpAswas performed best at neutral or slightly acidic pH, with the
enzyme activity featuring a bell-shaped dependence on pH
(Fig. 1A). In particular, we detected a very poor activity at pH < 6.0,
equal to less than 100 nM/s (Fig. 1A). To assess if the effect of pH on
MptpA activity mirrored differences in the Aerypryr at 282 nm (see
Methods) we determined the absorbance spectra of tyrosine and
pTyr at pH 6.0, 7.0, and 8.0. Over this pH interval, no significant
differences were detected neither among the spectra of tyrosine
nor among those of pTyr (Supplementary Fig. S4), indicating that
the bell-shaped curve of MptpA activity as a function of pH is
diagnostic of the enzyme performance. To analyze in detail how the
catalytic action of MptpAswag is affected by pH, we then deter-
mined the enzyme kinetic parameters over the 6—8 pH interval,
using pTyr as substrate. Remarkably, MptpAsw4s obeyed sigmoidal
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kinetics at pH values from 6.5 to 8.0, featuring Hill coefficients
ranging from 1.6 + 0.2 to 2.2 + 0.2 (Fig. 1C—F, Table 1). Further, over
this pH interval we detected an essentially constant Ky 5 for pTyr,
whereas we determined significant differences among Vi values,
with a maximum observed at pH 7 (Fig. 1C-1F, Table 1). Surpris-
ingly, activity assays performed at pH 6.0 revealed that MptpAgwas
obeyed Michaelis-Menten kinetics, with values for Kps5 and Viax
much higher than those obtained at pH 6.5—8.0 (Fig. 1B, Table 1).In
particular, Vpax was observed to undergo a rather limited
enhancement, whereas Ky s was observed to feature a significant
increase, i.e. from 2-3 to 55 mM (Table 1). To further test the
magnitude of this large increase of Ko 5 at pH 6.0, we performed an
additional independent experiment, the outcome of which yielded
Kos and Vppax values equal to 90 + 50 mM and 2038 + 1007 nM/s,
respectively (Supplementary Fig. S5). Accordingly, upon the
decrease of pH from 6.5 to 6.0 the enzyme not only faces a sharp
transition from sigmoidal to Michaelis-Menten kinetics, but does
also suffer of a very high K, value, which limits the catalytic effi-
ciency of MptpAswasg. At first glance, a similar change in enzyme
performance could be ascribed to considerable denaturation.
However, it should be noted that at pH 6.0, in the presence of
15 mM pTyr, MptpAswas features an activity level comparable to
those detected at pH values ranging from 6.5 to 7.5 (Fig. 1B—F). To
investigate this point in greater detail, we performed three addi-
tional activity assays at pH 6.0 in the presence of 420 nM enzyme
and 15 mM pTyr, obtaining a mean value equal to 271 + 22 nM/s (cf.
Fig. 1B—F). Therefore, the conformational transitions to which the
enzyme is subjected at pH 6.0 do not compromise its catalytic ac-
tion. Nevertheless, activity assays performed at pH values lower
than 6 revealed that the hydrolysis of pTyr by MptpAswag occurred
rather slowly, therefore hampering a quantitative evaluation of the
enzyme kinetic parameters under this condition (Fig. 1A).

3.2. The pKay of the phosphate group of phosphotyrosine

The observation that the K5 value of MptpAgwag for phospho-
tyrosine pronouncedly increases when the pH is lowered from 6.5
to 6.0 prompted us to investigate the ionization state of this
phosphorylated amino acid as a function of pH. In particular, we
performed a spectroscopic assay over a pH interval which is diag-
nostic of the pKa, of pTyr phosphate group, as previously reported
by Bradshaw and Waksman for a pTyr-containing peptide [36].
First, and to discriminate between the ionized and the neutral form
of pTyr phosphate group, we recorded the absorbance spectra of
phosphotyrosine solubilized in 1 M HCI or in 1 M NaOH. By this
means, we observed that pTyr dissolved under alkaline conditions
features a higher molar absorptivity over the 265—285 nm wave-
length interval when compared to the same concentration of pTyr
solubilized in the acidic solution (Fig. 2A). This is in agreement with
previous observations obtained with pTyr-containing solutions
whose pH values were equal to 1 or 13 [37]. In particular, we
detected three maxima in the difference spectrum, respectively
located at a wavelength of 269, 274, and 279 nm (Fig. 2B).
Accordingly, by using acetic acid we stepwise titrated a solution of
1 mM pTyr dissolved in a universal buffer poised at pH 8.0, and we
concomitantly determined the changes in Absorbance at a wave-
length of 269 and 279 nm. By this means, and fitting the equation
reported by Bradshaw and Waksman [36] (see Methods) to our
experimental observations, we determined pKa, values for the pTyr
phosphate group equal to 5.76 + 0.01 and 5.67 + 0.01, for A = 269
and 279 nm, respectively (Fig. 2C). Interestingly enough, this im-
plies that the large increase of Kg5 observed when the pH is low-
ered from 6.5 to 6.0 (Table 1) is related to a 3-fold decrease of the
charged/uncharged molar ratio of the pTyr phosphate group. This
suggests that the presence of a negative charge in the pTyr
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Fig. 1. Steady-state activity of MptpAsw4s at the expense of phosphotyrosine under different pH conditions

(A) Initial reaction velocity determined as a function of pH using assay mixtures containing 420 nM MptpAgwas, 10 mM pTyr, 2 mM EDTA, and a universal buffer consisting of Tris-
HCI and Bis-Tris, 25 mM each. The continuous line is used as a guide to the eye. (B—F) Dependence of the MptpAswas catalytic action on substrate concentration and pH at the
expense of phosphotyrosine, in the presence of 420 nM enzyme. Other conditions as in panel A. Assays were performed at pH 6.0, 6.5, 7.0, 7.5, and 8.0 (panels B to F, respectively).
The continuous lines represent the best fit of the Michaelis-Menten or the Hill equation to the experimental observations. See Table 1 for the corresponding numerical data.

Table 1

Kinetic parameters of MptpAsw4s determined as a function of pH under steady-

state conditions.

The corresponding data are shown in Fig. 1.

pH Vimax (nM/s) Ko5 (mM) Hill

6.0 1250 + 450 55+ 25 -

6.5 280+ 10 26+0.1 1.7+ 0.1
7.0 370 £ 20 33+03 1.6 +0.2
7.5 300 + 10 30+02 1.7+ 02
8.0 1805 36+02 22+02

phosphate group does strongly favour substrate binding.

3.3. Dissociation of the pTyr-MptpAswas complex as a function of
pH

To further inspect the effects triggered by a change of pH on the
binding of pTyr to MptpAswas, we performed Surface Plasmon
Resonance (SPR) assays. In particular, MptpA was immobilized on a
sensor chip and we analysed the binding events occurring when
the immobilized enzyme was exposed to different concentrations
of pTyr at pH values ranging from 5.5 to 7.0. We detected significant
differences in the extent of pTyr binding by MptpAswas, with pH 7.0
being the more favourable condition for the association of enzyme
and substrate (Fig. 3, Table 2). However, we note that the Kp values
evaluated at pH 7.0 and 6.5 represent the outcome of quite different
contributions by the association and dissociation rate constants
(Table 2). In particular, the ko value is lower at pH 6.5
(koff = 1.5 + 0.301073 571, Table 2) compared to the value deter-
mined at pH 7.0. This implies that MptpA features a more efficient
binding of pTyr at pH 7, and that the enzyme-substrate complex is
tighter at pH 6.5 Remarkably, at pH < 6.5 the Kp value of the
MptpA-pTyr complex undergoes a sharp increase when compared
to the values determined under neutral conditions (Fig. 3, Table 2).
In particular, the extent of this increase at pH 5.5—6.0 is too high to
quantitatively evaluate the binding of pTyr to MptpAswas (Fig. 3 A-
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B, Table 2). Overall, the observations obtained by the SPR assays
suggest that the stability of the pTyr-MptpA complex is greatly
affected by the ionization state of the pTyr phosphate group, with
dissociation greatly favoured at pH values lower than the pKa, of
the substrate phosphate group.

3.4. Stopped-flow assays of enzyme conformational transitions
triggered by pTyr binding under different pH conditions

To analyze the pH-dependence of MptpAgwag catalytic action
under pre-steady-state conditions, we took advantage of the
presence of the single tryptophan in MptpAswag. In particular,
tandem stopped-flow assays were performed to detect: i) the
generation of tyrosine, by observing the changes of Absorbance at
290 nm triggered by mixing enzyme and substrate (tyrosine does
indeed feature absorptivity at this wavelength whereas pTyr does
not, see Supplementary Fig. S4); ii) the changes of fluorescence
emission of the enzyme tryptophan induced by pTyr binding.
Surprisingly, when tested at pH 6.0 the reaction at the expense of
pTyr occurs at a rather modest, if at all, extent. We indeed observed
an initial decrease in Absorbance (lasting for about 10 s after mixing
enzyme and substrate), with a subsequent increase of Absorbance
the amplitude of which was less than 0.0015 over a 50 s time-
interval (Fig. 4A). An appropriate equation containing an expo-
nential and a linear component can be reasonably fitted to these
experimental observations, yielding the kinetic rate constants for
the initial (Absorbance decrease) and the subsequent (Absorbance
increase) phase, respectively (Table 3). Taking a Aeryrpryr at
A = 290 nm equal to 014 + 0.02 mM 'cm™! into account
(Supplementary Fig. S4), the detected rate constant for the increase
in Absorbance corresponds to 366 nM/s of tyrosine generated in the
presence of 15 uM enzyme. When changes of emission of fluores-
cence triggered by mixing enzyme and pTyr at pH 6.0 are consid-
ered, we observed an initial exponential decay of limited amplitude
(Fig. 4A, magenta circles, Table 3) which is followed by a linear
decrease in fluorescence (Fig. 4A, cyan circles, Table 3). To interpret
the observations obtained at pH 6.0, we propose that: i) the initial
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decrease of Absorbance represents binding of pTyr to MptpAswas,
the occurrence of which translates into a reduced absorptivity of
the enzyme aromatic amino acids; ii) the exponential decrease of
fluorescence emission is diagnostic of enzyme closure, with the
single tryptophan probing this conformational transition; iii) the
linear increase in Absorbance and decrease of fluorescence emis-
sion, both occurring 10 s after mixing enzyme and substrate, do
slowly lead to the attainment of a steady-state hydrolysis of pTyr
and tryptophan fluorescence, respectively. Remarkably, increasing
pH from 6.0 to 7.0 gave rise to a largely improved pre-steady-state
catalytic action of MptpAswas. First, the lag phase occurring at pH
6.0 (before the generation of product) was not detected at pH 7.0.
Moreover, both the increase of absorbance and the decrease of
fluorescence emission triggered by enzyme and substrate mixing
can be considered as rather fast processes at pH 7.0, appropriately
accounted for by fitting a double-exponential equation to the
experimental observations (Fig. 4B, Table 3). Interestingly, when
enzyme and substrate were mixed at pH 8 we detected an expo-
nential rise of Absorbance and an exponential decay of fluorescence
emission, indicating that shifting the pH to values above or below
7.0 triggers quite different effects on the pre-steady-state catalytic
action of MptpAswas (cf. Fig. 4A and 4C). In addition, it should be
noted that differences of significance were determined for the ki-
netic rate constants obtained at pH 7.0 and 8.0 (Table 3). Moreover,
at pH 7.0 the pre-steady-state amplitude of the Absorbance changes
linked to product generation was one order of magnitude higher
than the corresponding amplitude detected at pH 8.0 (cf. Fig. 4B
and 4C). This was confirmed by assaying the generation of tyrosine
at pH 8 over a shorter time interval, i.e. 10 s (Supplementary Fig. S6).
Indeed, the amplitude of the Absorbance changes detected under
this condition indicate that by selecting a time interval equal to 60 s
we did not omit early (and fast) events occurring at the onset of the
reaction (cf. Fig. 4C with Fig. S6).

3.5. Competitive inhibition of MptpAswas

Tuberculosis is usually treated with multi-drug therapies,
appropriately tailored to target latent or active disease [38]. How-
ever, the emergence of M. tuberculosis strains resistant to current
treatments is a major concern, which therefore demands for new
anti-tuberculosis drugs. Recently, a potent competitive inhibitor of
MptpA, denoted L335-M34, was synthesized and its action was
tested both in vitro and in vivo [32]. In particular, the action of this
inhibitor at pH 7.0 was evaluated in vitro using p-nitrophenyl
phosphate (pNPP) as substrate [32]. In addition, it was shown that
when L335-M34 and the MptpB inhibitor L01-Z08 were used in
combination with isoniazid, rifampicin, and pyrazinamide, the
therapeutic effectiveness of this standard ternary treatment was
significantly improved [32]. However, the effect of pH on the po-
tency of L335-M34 was not investigated in vitro, and we were
therefore prompted to assay its action as a function of pH. First,
L335-M34 was tested under assay conditions similar to those pre-
viously used [32], i.e. 5 nM enzyme, 1 mM pNPP, pH 7.0. By this
means, we detected a steep decrease of activity in the presence of
L335-M34 concentrations up to 100 nM, with this particular con-
centration responsible for a decrease of about 50% of MptpAswa4s
activity (Fig. 5A). Qualitatively speaking, this is in reasonable
agreement with the ICsg value equal to about 160 nM previously
reported [32]. We then decided to test the inhibition exerted by
L335-M34 on the MptpAswa4g catalytic action at the expense of pTyr,
under different pH conditions. Further, we selected 10 mM as the
concentration of pTyr to be used in these assays, i.e. a concentration
higher than the enzyme Kp5 at pH values > 6.0, and 5-fold lower
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Table 2

Effect of pH on the thermodynamic and kinetic dissociation constants ac-
counting for the interaction between pTyr and MptpAswas evaluated by Surface
Plasmon Resonance. The corresponding data are shown in Fig. 3.

pH Kp (M) Kot (s71)

7.0 (3.9 +0.3)e1077 (4.9 +0.3)1073
6.5 (6.8 +0.4)e1077 (1.5 + 0.3)e103
6.0 Weak binding -

5.5 Binding not detected -

than the MptpAswas Ko s at pH 6.0 (Table 1). A similar inhibition of
MptpAswas activity was observed at pH 7.0 and 8.0, and under both
these conditions the enzyme action was approximately halved in
the presence of 600 nM inhibitor (Fig. 5B). To quantitatively assess
the competitive inhibition exerted by L335-M34, an equation
relating the reciprocal of reaction velocities as a function of inhib-
itor concentration was used (see Methods) [35]. By this means, K;
values equal to 190 + 15 and 80 + 10 nM for the inhibition by L335-
M34 at pH 7.0 and 8.0, respectively, were determined (Fig. 5C). It
should be noted that these numerical values were obtained by
fitting a linear equation to the experimental observations in the
absence of any constraints. Therefore, not only the slope (ac-
counting for K;j) but also the intercept was determined by the fitting
procedure. Consequently, a direct comparison between the ex-
pected value of the intercept (calculated with the K, and Vphax data
reported in Table 1, and using [S] = 10 mM) with the value deter-
mined by this fitting procedure represents a reliability test of the
enzyme Kkinetic parameters. Notably, considering the inhibition
assay at pH 7.0, numerical values equal to 0.0036 and 0.0034 s/nM
for the expected and the fitting-determined intercept were ob-
tained (Table 1 and Fig. 5C). Further, a reasonable agreement was
also obtained for the inhibition experiment carried out at pH 8.0,
with expected and determined values of 0.0074 and 0.0062 s/nM,
respectively (Table 1 and Fig. 5C). Interestingly, when the inhibition
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assay was performed at pH 6 using 10 mM pTyr, we detected an
activity of MptpAswag equal to 120 and 25 nM/s in the absence and
in the presence of 200 nM L335-M34, respectively (Fig. 5D). This
strength of inhibition is much larger when compared to the effects
observed at pH 7 or 8 (Fig. 5B), indicating that the competitive
inhibitor L335-M34 is more effective under pH conditions that can
be considered as unfavourable for substrate binding (Tables 1 and
2). In particular, it should be considered that in the presence of
10 mM substrate (Fig. 5D) the high value of Ky, for pTyr at pH 6.0
(55 mM, Table 1) translates into a concentration of the ES complex
much lower than the total enzyme concentration. This, in turn,
implies that L335-M34 can strongly inhibit MptpAgwag at inhibitor/
enzyme molar ratios <0.5 (Fig. 5D). Finally, it should be noted that
the slow rate of the reaction at pH 6.0 hampers the determination
of a reliable K; value at this pH.

3.6. Structural and functional insights on MptpAswag obtained by
NMR spectroscopy

We have also made profit by using high-resolution NMR spec-
troscopy to probe the catalytic action of MptpAswas at the expense
of pTyr. Specifically, one-dimensional >'P NMR spectra have been
obtained as a function of time, enabling to determine the kinetics of
pTyr consumption and the concomitant generation of phosphate
for pH values equal to 7.0, 7.5 and 8.0 (Fig. 6). Remarkably, signifi-
cant displacements of the chemical shifts corresponding to pTyr
and phosphate resonance signals were detected as a function of
both pH and substrate/product concentration (Fig. 6). Whereas a
rather fast exchange process can be seen for pH 7.0 and 7.5, both the
consumption of pTyr and the generation of phosphate by
MptpAswss at pH 8.0 is not accompanied by changes in chemical
shifts. It is likely that the dependence of the association and
dissociation rate constant and thus the affinity between phosphate/
pTyr and MptpAgwag on the pH value is responsible for the spec-
troscopic differences of the 3'P signal detected here. Moreover, the
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(A) Changes in Absorbance (green dots) and fluorescence (magenta and cyan dots) induced by mixing 15 pM MptpAswa4s with 10 mM phosphotyrosine, at pH 6.0. The continuous
lines represent the best fits of appropriate equations to the experimental observations. (B) Changes in Absorbance (green dots) and fluorescence (magenta dots) induced by mixing,
at pH 7.0, 15 uM MptpAgwas with 10 mM phosphotyrosine. The continuous lines represent fits of a double-exponential equation to the experimental observations. (C) Changes in
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double-exponential equation to the experimental observations. See Table 3 for the corresponding numerical data.

Table 3

Kinetic rate constants (in units of seconds) and amplitudes determined by fitting the indicated equations to the experimental observations obtained by mixing

MptpAswas and pTyr under pre-steady-state conditions at pH 6, 7, and 8.
The corresponding data are shown in Fig. 4.

pH 6.0 pH 7.0

pH 8.0

Absorbance, f = yo + asexp™ 4 cex
Vo = (3.0 + 0.2)e10~*
a= (100 + 4)e10~°

yo=(—10.0 £ 1.3)e10°*
a=0.042 + 0.003

b =0.25 + 0.01 b =2.26 + 0.08
c—(260+5)e107 ¢ = 0.049 + 0.003
Fluorescence (0—10 s), f = yo + asexp™* d=1.11=+0.02

Yo = 5.418 + 0.005

a = 0.046 + 0.004 Yo=50+0.2

b =0.14 + 0.03 a=0.504 + 0.003
Fluorescence (10—60 s), f = yo + aex b =143 +0.02
Vo =5.5+3.7¢107% c=0.18 +0.16

a = -(2000 + 10)e10~© d = 0.03 + 0.03

Absorbance, f = yo + ae(1-exp™*) + ce(1-exp )

Fluorescence, f = yo + aeexp™ + ceexp ¥

Absorbance, f = yo + ae(1-exp™*) + ce(1-exp 9¥)
Vo= (10« 1)e1074

a=(30+1)107*

b =049 + 0.04

c=(700 + 5) 107>

d = 0.036 + 0.001

Fluorescence, f = yo + asexp™ + ceexp™*
Yo = 5.28 + 0.02

a = 0.047 + 0.002

b =0.29 + 0.03

c=0.82 +0.01

d = 0.0130 + 0.0004

observed 3'P spectra indicate that the slowest rate constant related
to pTyr hydrolysis occurs at pH 8.0 (Fig. 6). Further, the decrease
(for pTyr) and the increase (for phosphate) of signal heights
observed in the 3'P spectra was analysed as a function of time by
using a double- or a single-exponential function (Fig. 7). Interest-
ingly, these analyses revealed that: i) when the reaction was
assayed at pH 7.0 or 7.5 a fast and a slow phase were detected, with
the fast phase dominating the amplitude at pH 7.0 (Fig. 7 A-D,
Table 4); ii) at pH 8.0, pTyr hydrolysis can be interpreted as a slow
process, conveniently accounted for by a single phase (Fig. 7 E-F,
Table 4). We also note that the numerical values of the rate con-
stants determined for the decay of pTyr are in good agreement with
those calculated for generation of phosphate (Table 4 and
Supplementary Fig. S7).

To get insights into structural features of MptpAsw4g at atomic
resolution we used NMR spectroscopy, and we considered the po-
tential dependence on pH conditions of enzyme secondary and
tertiary structure. First, one-dimensional 'H NMR spectra have
been acquired enabling to precisely probe overall structural char-
acteristics (the tertiary fold of MptpAgwag) when proton signals are
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analysed for chemical shifts arising in the high field region (Fig. 8).
The decrease of pH from 8.0 to 6.0 shifts MptpAswag from well-
structured conformations to an ensemble of rather disordered
conformations known from folding-to-unfolding studies per-
formed on proteins exposed to urea or to temperature values
inducing denaturation [39,40]. Specifically, MptpAswag can be
classified as a properly folded enzyme over the pH interval from 7.0
to 8.0, as indicated by the integral determined for resonance signals
arising in the range of chemical shifts exclusively observed for
properly folded proteins (Fig. 8A and 8C). In addition, the decrease
of pH to values < 6.5 triggers a considerable drop of this pattern of
resonance signals, suggesting a significant loss of MptpAgwag ter-
tiary structure (Fig. 8A and 8C). This series of NMR experiments has
been repeated in the presence of pTyr, leading to comparable ob-
servations (Fig. 8B and 8C). We have also determined 3'P one-
dimensional NMR spectra of pTyr in the presence of MptpAswas
over a pH interval ranging between 5.0 and 8.0 (Fig. 8D). Here,
prominent changes in the chemical shifts of the pTyr resonance
signal occur at pH < 6.5 when compared to the corresponding
signals detected at 6.75 < pH < 8.0 (Fig. 8D). In particular, pTyr is
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(A) Inhibition of MptpAswag activity at the expense of p-nitrophenyl phosphate (pNPP) in the presence of 5 nM enzyme, 1 mM substrate, at pH 7.0. (B) Catalytic action of MptpAswas
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parameter used in the fitting procedure (see Methods). (D) Kinetics of phosphotyrosine hydrolysis catalyzed by 420 nM MptpAswas in the presence of 10 mM substrate, at pH 6.0.
Activity assays were performed in the absence or in the presence of 200 nM L335-M34 (magenta and blue line, respectively).

rather mildly affected when the pH is lowered from 6.75 to 6.5, as
suggested by the modest change (6 = 0.25 ppm) of the chemical
shift of the resonance signal of pTyr. On the contrary, lowering the
pH from 6.5 to 6.0, from 6.0 to 5.5 or even from 5.5 to 5.0 induces
larger changes (6 = 0.65, 0.9, and 0.65 ppm, respectively) in the
chemical shift of the resonance signal of pTyr, suggesting rather
prominent conformational rearrangements of pTyr (Fig. 8D). In
summary, pTyr features a rather broad pattern in chemical shifts
(6 = 2.2 ppm) when the pH is lowered from 6.5 to 5.0 in contrast to
the moderate 6 = 0.4 ppm determined over the pH interval ranging
from 8.0 to 6.5.

It should be noted that we acquired one-dimensional 'H NMR
spectra over pH values ranging from 5.0 to 8.0, and that the theo-
retical isoelectric point of MptpA is equal to 6.03 (see Methods).
Accordingly, the signal height of resonance signals arising in these
NMR spectra (Fig. 8A and 8B) could be potentially affected by the
solubility of MptpAswas. Therefore, two series of MptpAswag solu-
tions, prepared to contain 5 or 50 pM enzyme and poised at pH 5.0,
5.5,6.0,6.5,7.0, 7.5 were incubated for 24 h at room temperature. At
the end of the incubation, all samples were centrifuged (13,000xg,
20 min), the protein concentration of the supernatants accordingly
obtained was determined and then compared with the assayed
starting concentration. By this means, we observed the following
(Supplementary Fig. S8): i) samples containing 5 uM MptpAswa4s
and featuring pH values ranging from 6.0 to 7.5 proved to be very
stable, as indicated by a very limited, if at all, decrease of protein
concentration after 24 h of incubation; ii) samples prepared at pH
5.0 and 5.5 and containing 5 uM MptpAswsg did face a decrease
(equal to 40 and 30%, respectively) of protein concentration; iii)
remarkably, when the samples containing 50 pM MptpAsw4g are
considered, we observed a decrease of protein concentration in the
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enzyme solution prepared at pH 6.5; iv) furthermore, the samples
poised at pH 6.0 (i.e. at a pH value very close to the theoretical pl of
MptpA) and at pH 7.0 underwent a similar decrease in protein
concentration. Overall, these observations suggest that the
different patterns detected for MptpAswasg in 1D'H NMR spectra
(Fig. 8A and 8B) are not induced by effects of pH on enzyme solu-
bility. Further, this is supported by analyzing the integrals deter-
mined for the resonance signals arising between 5.86 and
10.55 ppm in the 1D'H NMR spectra of MptpAswag observed as a
function of pH (Supplementary Fig. S9). Indeed, whereas the overall
pattern of the signals originated by amide and aromatic protons
changes when the pH shifts below 6.75, the numerical value of the
integral of the signals does not feature a significant pH-dependence
(Supplementary Fig. S9). Accordingly, it can be concluded that the
amount of soluble MptpAsw4g molecules is not affected when the
pH is lowered down to 5.0. Qualitatively speaking, MptpAswag is
subjected to important conformational rearrangements when the
pH is shifted below 6.75. Actually, the well-resolved resonance
signals detected in the 1D'H NMR spectra acquired over pH values
ranging from 8.0 to 6.75 disappear at lower pH values and
contribute to a rather broad overall shape of the 1D'H NMR spec-
trum (Supplementary Fig. S9). We interpret these observations as
related to a structural transition of MptpAswag from a properly
folded to a molten globule state.

3.7. Analysis of MptpAswas structural properties by CD spectroscopy

To determine to what extent the secondary structure of
MptpAswas is affected by pH, far UV CD spectra of the enzyme over
a pH interval ranging from 6.0 to 8.0 were acquired. Interestingly,
we observed relatively invariant spectra at pH values > 7.0 (Fig. 9A).
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595, 695, 795, and 895 min after reaction was started (green, magenta, cyan, dark magenta, dark green, grey, dark cyan, black, purple, and dark grey lines, respectively). For the two
assays at pH 8.0 the spectra were obtained 5, 105, 205, 305, 405, 505, 605, 705, 805, 905, and 1005 min after reaction was started (green, magenta, cyan, dark magenta, dark green,

grey, dark cyan, black, purple, dark grey, and salmon lines, respectively).

Conversely, a significant decrease of ellipticity was detected when
MptpAswas was exposed to pH 6.5, and an even more pronounced
decrease was observed at pH 6.0 (Fig. 9A). This observation matches
qualitatively the structural changes detected for MptpAswas by
means of high-resolution NMR spectroscopy, mainly characterizing
the tertiary fold of this enzyme. Quantitatively speaking, the CD
spectrum determined here for MptpAgsws4g at pH 7.5 features an
about 25% lower amplitude when compared to that previously re-
ported for MptpA by Margenat et al. [41]. Moreover, the decrease of
mean residue weighted ellipticity detected here by exposing the
enzyme to pH 6.0 (Fig. 9A) is similar to the effect induced by the
introduction in MptpA of the site-specific mutations C11A, C16A,
and C53A whose presence is responsible for a 30% lower o-helical
content of the enzyme secondary structure [42]. To evaluate the
molar ellipticity of MptpAswa4s under strongly denaturing condi-
tions, we determined the CD spectra of solutions containing 1 M
enzyme at pH 6.0 or 7.0, in the presence or in the absence of 8 M
urea. Interestingly, the CD spectra of enzyme solutions containing
the chaotrope were not affected by pH, indicating that the action of
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urea on the secondary structure of MptpAgwag does largely domi-
nate the effects triggered by acidic conditions (Fig. 9B). It is also
interesting to note that the presence of urea induces a decrease of
molar ellipticity at 222 nm equal to approximately 50 and 70%
when compared to the observations respectively obtained at pH 7.0
and 6.0 in the absence of the chaotrope (Fig. 9B). Finally, we
determined the molar ellipticity of MptpAswag over a pH interval
ranging from 5.0 to 8.0, using samples featuring pH values differing
by 0.25 units. Remarkably, the content of secondary structure of the
enzyme was found to undergo a quite sharp decrease when the pH
was shifted from 6.25 to 6.0 (Fig. 9C). Nevertheless, this decrease is
of limited extent when compared to the effect triggered by
exposing MptpAswag to 8 M urea (cf. Fig. 9B and 9C).

These observations imply that the secondary structure of
MptpAswas is only mildly affected by changing the pH between 8.0
and 6.25. Even at pH 5.0 the enzyme is not entirely shifted to an
ensemble of unfolded conformations. Indeed, lowering the pH to
6.5 or to lower values induces a significant loss of MptpAswas ter-
tiary structure of MptpAswag (according to the data obtained by
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Fig. 7. Kinetics of phosphate generation and pTyr consumption determined by NMR spectroscopy

(A-F) Time-course of phosphate and pTyr concentration changes analysed by one-dimensional 3'P NMR spectroscopy using reaction mixtures containing MptpAgyas and pTyr (2 uM
and 1.5 mM, respectively) in Tris-HCI/Bis-Tris (50 mM each), 150 mM NaCl, and 1 mM EDTA. All assays were performed at 298 K. The kinetics of phosphate generation is reported in
panels A, C, and E, and that of pTyr consumption is shown in panels B, D, and F. The pH of the samples was equal to 7.0 (panels A and B), 7.5 (panels C and D) and 8.0 (panels E and F).
The continuous lines represent fittings of a double- or single-exponential equation to the experimental observations. Experimental data have been normalized using the maximum
of initial (in the case of pTyr) or final (in the case of phosphate) value provided by the function used for data analysis. See Table 4 for the corresponding numerical data.
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Table 4
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Kinetic rate constants (in units of hours) and normalized amplitudes determined by fitting the indicated equations to the experimental observations obtained by 'P
NMR spectroscopy to monitor the decay of substrate and the generation of phosphate during the hydrolysis of pTyr catalyzed by MptpAswas.
Experimental data have been normalized using the maximum of initial (in the case of pTyr) or final (in the case of phosphate) value provided by the function used for data

analysis. The corresponding data are shown in Figs. 6 and 7.

pH 7.0 pH 7.5

pH 8.0

Phosphate, f = ae(1-exp™) + ce(1-epx-%)

a=030=+0.04 a=0.124 + 0.015
b=0.79 + 0.10 b =0.87 +0.15
c=0.70 + 0.04 c=0.88 +0.01

d =0.187 + 0.012
pTIyr, f = aeexp™ + ceexp™®*

a=0.44 + 0.06
b = 0.66 + 0.06 b=1.10+0.19
c=0.51 +£0.05

d =0.187 + 0.020

Phosphate, f = ae(1-exp™*) + ce(1-epx-%)

¢ =0.677 + 0.008
d = 0.128 + 0.006 -

Phosphate, f = ae(1-exp™¥)
a=1.00+0.01
b =0.118 + 0.003

d = 0.126 + 0.005 —
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a=0.212 £ 0.019
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a=1.00 + 0.02
b = 0.102 + 0.005
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Fig. 8. One-dimensional "H NMR spectra of MptpAswas observed at different pH values
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(A-B) NMR spectra of 60 pM MptpAgwag in Tris-HCl/Bis-Tris (50 mM each), 150 mM NaCl and 1 mM EDTA, acquired at 298 K in the absence (A) or in the presence (B) of 10 mM pTyr.
The different samples were probed, as indicated, at pH 5.0, 5.5, 6.0, 6.5, 6.75, 7.0, 7.25, 7.5, 7.75, and 8.0 (black, red, blue, green, magenta, light brown, cyan, brown, ochre, and orange
lines, respectively). (C) Spectra shown in panels A and B have been integrated over a range of chemical shifts between 0.092 and 0.419 ppm. The data obtained in the absence or in
the presence of pTyr are reported with black squares and red circles, respectively. (D) Dependence on pH of the resonance signal originating from pTyr in one-dimensional *'P NMR

spectra. Specific pH values and color coding as in panels A and B.

NMR spectroscopy), whereas the enzyme secondary structure is
essentially preserved (as determined by CD spectroscopy). Thus, we
propose that under these conditions MptpAswss features a molten
globule state which is catalytically competent, as shown here
(Fig. 1).

3.8. lonization state of Histidines and MptpAswas surface
electrostatic potential

As previously mentioned, the pH interval considered for the
majority of the experiments reported here is rather large, and
therefore certainly affects the overall charge of MptpAgwass. In
particular, it seems reasonably to suppose that shifting the pH from
5.0 to 8.0 the enzyme's histidines undergo a transition from
charged to uncharged state, with aspartates/glutamates and ly-
sines/arginines maintaining their charge independently of the pH
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shift. Accordingly, to test the effect triggered by acidic conditions on
the surface-exposed amino acids of MptpAswag, we analysed the
electrostatic surface potential (see Methods) of the enzyme under
two conditions. To this aim, we used the tertiary structure of MptpA
reported by Madhurantakam et al. [30] and we determined (by
means of the APBS plugin of PyMol) the electrostatic surface po-
tential of two states of the protein, respectively: i) featuring a total
charge unmodified respect to the source PDB file, which is equal
to —4; ii) bearing a total charge equal to +6, with this positive net
charge obtained by adding a +1 charge to the 10 histidines of
MptpA. In our view, this comparison may help to evaluate what the
enzyme faces when exposed to pH < 6.5, i.e. to pH values lower
than the pKa values of protein histidines. Interestingly enough, we
found that the shift from —4 to +6 of the net charge of MptpA in-
duces major changes of the surface electrostatic potential (ESP) on
one side only of the enzyme (Fig. 10). In particular, viewing MptpA
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Fig. 9. CD spectra of MptpAswas in PBS buffer poised at different pH values

(A) CD spectra of MptpAswag in PBS buffer at pH 6.0, 6.5, 7.0, 7.5, and 8.0 (green, purple,
magenta, cyan, and dark green lines, respectively). (B) CD spectra of MptpAswas in
MES-Tris buffer at pH 6.0 and 7.0, in the absence or in the presence of 8 M urea. (C)
Mean residue ellipticity of MptpAswas (in MES-Tris buffer) determined at 222 nm as a
function of pH. The mean residue ellipticity of MptpAswas determined at 222 nm in the
presence of 8 M urea is also shown ([8]3220m = —2631 deg cm? dmol ).

with R159 oriented to the observer (Fig. 10A and 10D) or viewing
the enzyme from the top of the active site (Fig. 10C and 10 F), the
ESP does slightly diverge when the two enzyme states are
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compared. On the contrary, viewing MptpA from the side opposite
to R159 (Fig. 10 B and 10 E) a conspicuous shift of the ESP is
observed. Overall, the calculated changes of ESP appear significant,
albeit affecting a limited region of the enzyme. Nevertheless, the
shift to a rather positive ESP on one side of the enzyme (Fig. 10B and
10E) may trigger important structural rearrangements, such as
those detected by 1D'H NMR spectra (Fig. 8A and 8B).

4. Discussion

The catalytic action of protein tyrosine phosphatases is usually
investigated by activity assays performed using p-nitrophenyl
phosphate (pNPP) as substrate. Conversely, we report here on the
performance of Mycobacterium tuberculosis low-molecular weight
protein tyrosine phosphatase (MptpA) at the expense of phos-
photyrosine (pTyr). In particular, we analysed the pH-dependence
of the MptpAswag-catalyzed pTyr hydrolysis, inspecting this reac-
tion from both the substrate and the enzyme side.

Under steady-state conditions, the maximal catalytic effective-
ness of MptpAgwag was observed at neutral pH, with the enzyme
action being more sensitive to acidic than to alkaline pH (Fig. 1A).
This does not fully agree with previous observations obtained with
MptpA and pNPP, generating a symmetric bell-shaped curve for the
dependence on pH of enzyme activity [43]. Moreover, in the pres-
ence of pNPP MptpA obeys Michaelis-Menten kinetics and features
an invariance of the K, value over the 5.0—7.0 pH interval [43],
whereas using pTyr we observed here that a decrease of pH from
6.5 to 6.0 triggers a sharp transition from sigmoidal to Michaelis-
Menten kinetics and a large increase of enzyme Kos (Table 1).
This apparent discrepancy between previous and our observations
can be related to different properties of the phosphate group of
pNPP and pTyr. It is important to note that the pKa; value of pNPP
was reported as equal to 0.21 or 0.30 [44], whereas a value of 0.9
was determined for the pKa; of pTyr [45]. Further, and more
importantly, the pKa, of pNPP was estimated as equal to 4.96 [44],
5.18 [44] or 5.12 + 0.18 [46], with all these values significantly lower
when compared to those relative to the pKay value of pTyr, i.e.
5.55 + 0.04 [47], 5.8 + 0.1 [36], 5.67 + 0.01 (Fig. 2), and 5.76 + 0.01
(Fig. 2). Therefore, we propose that these properties represent a
major determinant of the pH-dependence of MptpAswag catalytic
action at the expense of pNPP [43] and pTyr (Fig. 1A, Table 1),
suggesting that the presence of two negative charges in the phos-
phate group favours substrate binding to the active site of the
enzyme. This was confirmed by the Surface Plasmon Resonance
experiments reported here (Fig. 3, Table 2), indicating the absence
of a detectable binding at pH < 6.0. Moreover, the quite prolonged
lag phase (lasting for about 10 s) that was observed before the
generation of any reaction product was detectable at pH 6.0 under
pre-steady state conditions (Fig. 4A) is also diagnostic of inefficient
binding of pTyr by MptpA. To interpret the alkaline limb of the bell-
shaped curve relating MptpAswasg activity and pH (Fig. 1A), the data
we obtained at pH 8.0 by NMR spectroscopy are of interest. In
particular, the fast phase observed when the reaction catalyzed by
MptpAswas was assayed at pH 7.0 or 7.5 was not detected when
activity assays were performed at pH 8.0 (Table 4). This suggests
that a particular residue of MptpAswas is engaged in general acid
catalysis, as it was shown for aspartate 356 of Yersinia enterocolitica
PTPase [26]. Accordingly, we propose to ascribe the identity of this
general acid catalyst to aspartate 126 of MptpAswa4s, an amino acid
previously shown to be essential for catalysis [43].

The repertoire of inhibitors designed and synthesized against
MptpA contains quite a number of representatives exerting a
competitive action [48—50]. Conventionally, these inhibitors are
tested at pH 7.0 using pNPP as substrate, i.e. under conditions
corresponding to maximal enzyme activity. However, it is known
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Fig. 10. Surface electrostatic potential of two alternative states of MptpA

(A-C) The surface electrostatic potential of MptpA (PDB file 1u2p) was determined using the APBS plugin of PyMol. Each of the three different orientations of the enzyme (A—C) is
defined by the indicated amino acids, which are directed to the observer. In particular, the orientations reported in (A) and (B) are reciprocally rotated by 180°. The green sphere in C
represent a chloride atom residing in the enzyme active site. (D-F) Surface electrostatic potential of MptpA the formal charge of which was modified by assigning to each of the ten
histidines a formal charge equal to +1. Enzyme orientations (D—F) as those reported in (A—C).

that macrophages feature an acidic pH, to which Mycobacterium
tuberculosis is therefore exposed in vivo [6]. Accordingly, and
considering the relatively high Ky, value for pTyr featured by
MptpAswas at pH 6.0 (Table 1), we reasoned that it would be of
interest to assay the potent MptpA competitive inhibitor L335-M34
as a function of pH. Interestingly, the highest effectiveness of L335-
M34 was observed at pH 6 when compared to the inhibition trig-
gered at pH 7.0 or 8.0 (Fig. 5), suggesting that at acidic pH the in-
hibitor takes advantage of the poor affinity of MptpA towards pTyr
(Tables 1 and 2).

The effect of pH on the hydrolysis of pTyr catalyzed by
MptpAswas was also inspected by one-dimensional 3'P NMR
spectroscopy. In particular, this approach was invaluable to monitor
the reaction kinetics by detecting both the generation of inorganic
phosphate and the consumption of pTyr (Fig. 6). Unfortunately, at
pH 6.0 the reaction was too slow, hampering its detection by NMR
spectroscopic approaches. However, we were able to observe the
time-course of pTyr hydrolysis over the pH interval from 7.0 to 8.0,
and when the generation of phosphate was investigated, we
detected a pronounced displacement of the chemical shift of this
reaction product as a function of pH (Fig. 6). Remarkably, the
observed extent of this displacement, which is related to the
dissociation of HyPOz into HPO3 according to a pKay value equal to
6.82 [51], does quantitatively agree with previous estimations
[52,53]. In addition to the pH-induced displacement of the phos-
phate chemical shift, we also observed a concentration-dependent
effect (Fig. 6). This effect can be interpreted by the inverse pro-
portionality occurring between the concentration and the pKa;
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value of phosphate [54], inducing additional dissociation of HPOZz
at neutral and slightly alkaline pH (Fig. 6A, 6C, and 6E). When the
consumption of pTyr was analysed by NMR spectroscopy, we
detected both pH- and concentration-induced displacement of the
chemical shift of this substrate (Fig. 6B, 6D, and 6F), suggesting for
these observations the same interpretation as proposed for the
release of phosphate from pTyr.

Analysing the kinetics of phosphate generation and pTyr con-
sumption observed by NMR spectroscopic assays, we determined at
pH 8.0 kinetic rate constants (for both product generation and
substrate consumption) significantly lower when compared to
those evaluated at pH 7.0 and 7.5 (Table 4). This is in full agreement
with the outcome of the experiments independently performed by
UV spectroscopy (Table 1), indicating neutral pH as the optimum
for the catalytic action of MptpA. Further, at pH 7.0 and 7.5 the
reaction featured biphasic kinetics, whereas at pH 8.0 only a single
slow phase was observed (Table 4). One-dimensional proton NMR
spectroscopy has also shown that MptpAswag preserves structural
characteristics of the native tertiary fold in a range of pH between
7.0 and 8.0, whereas under acidic conditions the enzyme undergoes
prominent structural changes leading to a rather disordered
ensemble of conformations. In particular, the tertiary fold of
MptpAswas is significantly impacted at pH < 6.5 (Fig. 8C). Moreover,
we also investigated by CD spectroscopy the secondary structure of
MptpAswas, and we have shown that the mean molar ellipticity of
the enzyme decreases when MptpAgwag is exposed to acidic con-
ditions (Fig. 9). However, we note that: i) the decrease of molar
ellipticity observed at pH 6.0 corresponds to a reduced a-helical
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content, which can be estimated as equal to ca. 75% of that featured
by MptpAswas under neutral or slightly alkaline conditions; ii) the
effect induced by 8 M urea on the enzyme secondary structure is
significantly more pronounced when compared with the structural
changes triggered by exposure of MptpAswag to pH 6.0 (Fig. 9B); iii)
the partial unfolding to which the enzyme undergoes at pH 6.0
does not translate into a significant loss of catalytic action: when
assayed at this pH in the presence of 15 mM pTyr, MptpAswas
features a level of activity quite similar to those we detected at 6.5
< pH < 8.0.

5. Conclusions

Overall, the observations reported here on the Mycobacterium
tuberculosis protein tyrosine phosphatase MptpAswas indicate that
the catalytic performance of this enzyme is severely counteracted
by acidic pH conditions. In particular, when exposed to these con-
ditions the enzyme is subjected to conformational rearrangements
increasing structural disorder, leading to a poor propensity to bind
the substrate phosphotyrosine. To avoid this, the action of MptpA is
known to antagonize the phagosomes-lysosomes fusion, the
occurrence of which would inhibit the enzyme by its exposure to
strongly acidic pH. Remarkably, the outcome of this reciprocal in-
hibition represents an important determinant of M. tuberculosis
pathogenicity. We have also shown here that the effectiveness of
the MptpA competitive inhibitor L335-M34 is favoured at pH < 7.0,
taking advantage of poor substrate binding by the enzyme.
Accordingly, we hope that our observations on M. tuberculosis
MptpA will prompt the synthesis of new inhibitors, whose design
will be conceived by taking the features of the enzyme reported
here into account.
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