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Abstract: The enoyl reductase from Mycobacterium tuberculosis (MtInhA) was shown to be a major
target for isoniazid, the most prescribed first-line anti-tuberculosis agent. The MtInhA (EC 1.3.1.9)
protein catalyzes the hydride transfer from the 4S hydrogen of β-NADH to carbon-3 of long-chain
2-trans-enoyl thioester substrates (enoyl-ACP or enoyl-CoA) to yield NAD+ and acyl-ACP or acyl-
CoA products. The latter are the long carbon chains of the meromycolate branch of mycolic acids,
which are high-molecular-weight α-alkyl, β-hydroxy fatty acids of the mycobacterial cell wall. Here,
stopped-flow measurements under single-turnover experimental conditions are presented for the
study of the transient of reactants. Single-turnover experiments at various enzyme active sites were
carried out. These studies suggested isomerization of the MtInhA:NADH binary complex in pre-
incubation and positive cooperativity that depends on the number of enzyme active sites occupied
by the 2-trans-dodecenoyl-CoA (DD-CoA) substrate. Stopped-flow results for burst analysis indicate
that product release does not contribute to the rate-limiting step of the MtInhA-catalyzed chemical
reaction. The bearings that the results presented herein have on function-based anti-tuberculosis
drug design are discussed.

Keywords: tuberculosis; InhA; enoyl reductase; mycolic acids; isoniazid; drug target; transient
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1. Introduction

The Global Tuberculosis Report 2022 published by the World Health Organization
(WHO) was based on data reported by 202 countries and territories accounting for more
than 99% of the world’s population [1]. It has been estimated that approximately one-fourth
of the world’s population is infected with Mycobacterium tuberculosis, the main causative
agent of tuberculosis (TB) in humans [1]. Deaths from TB of HIV-negative and HIV-positive
patients in 2021 accounted for 1.4 million and 187,000 people, respectively. Moreover, drug
resistance continues to be a public health threat [1]. Approximately 85% of people who
develop TB can be successfully treated with a 6-month drug regimen for drug-susceptible
TB (two months with isoniazid, rifampicin, pyrazinamide and ethambutol, followed by
four months with isoniazid and rifampicin). On the other hand, treatment of MDR/RR-TB
cases requires a course of second-line drugs, which are more expensive (≥USD 1000 per
person), and ought to be supported by counselling and monitoring for adverse events [2].
The development of new oral chemotherapeutic agents is needed to further reduce the
course of treatment of TB, and to reduce both the governmental costs of treating TB patients
and patient-incurred costs (including travel, nutrition, loss of productivity, physical and
mental issues and delayed career growth in young patients).
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The completion of the sequencing of the whole M. tuberculosis genome [3] offered a
springboard from which to launch screening campaigns focused on inhibition of target
enzymes via the use of low-molecular-mass chemical compounds. These targets were
selected based on gene product essentiality for M. tuberculosis growth (and preferentially
absence from the human host). The underlying assumption was that in vitro inhibition of
enzyme activity of purified protein by chemical compounds with lower overall inhibition
constant values would be translated into target specificity and efficacy [4]. However, these
efforts have yet to yield new anti-TB agents as target-based in vitro screening of enzyme
inhibitors neglects cell wall permeability, metabolic stability and target vulnerability [4].
Accordingly, there has been renewed interest in phenotypic screening in drug discovery
efforts to potentially address the incompletely understood complexity of diseases such
as tuberculosis and deliver first-in-class drugs [5]. Notwithstanding, it has been pointed
out that the most successful campaigns combine target knowledge with functional cellular
assays to identify drug candidates with the most advantageous molecular mechanism of
action [6]. As pointed out by Nunes et al. [7], among the advantages of the target-based
approach to the development of new chemical entities (NCEs) to treat TB, the follow-
ing ones may be highlighted: (1) availability of recombinant proteins to perform in vitro
high-throughput screening campaigns, (2) identification of leads with defined molecular
mechanisms against a specific protein target, (3) prompt analysis of compounds with fa-
vorable cost/benefit ratios, (4) priority for further development given to compounds with
selective toxicity (e.g., enzymes of essential pathways that are absent from the human host),
(5) medicinal chemistry efforts can be guided by structural data of the target to, when
needed, improve pharmacodynamics and pharmacokinetics, (6) pre-clinical evaluation of
lead compounds, (7) lowered attrition rate downstream, as found by drug discovery pro-
grams, due to off-target effects and target druggability, (8) the ability to test a combination
of compounds early to address drug–drug interactions, persistence and drug resistance,
and (9) early filing for intellectual protection if a new chemical scaffold is propounded.
Whether a low-molecular-mass chemical compound is derived from target-based drug
discovery or phenotypic drug screening, any further efforts to translate a lead into a drug
will most certainly benefit from a thorough understanding of the mode of action and target
engagement profile.

The mycolyl-arabinogalactan-peptidoglycan complex (mAGP) of mycobacterial en-
velope is formed by covalent bonds between peptidoglycan, arabinolactan and mycolic
acid macromolecules [8]. The latter are high-molecular-weight α-alkyl, β-hydroxy fatty
acids that are covalently attached to the hexaarabinosyl of non-reducing termini of the
arabinanlactan polymer in the mycobacterial cell wall [9,10]. There are two types of fatty
acid synthase systems (FASs) that catalyze β-ketoacyl synthesis, β-ketoacyl reduction,
β-hydroxyacyl dehydration and enoyl reduction chemical reactions [8–10]. The FAS-I
systems are one-gene-encoded multidomain polypeptides that catalyze these chemical
reactions and are present in most eukaryotes, except plants [9]. The FAS-II systems, which
are present in bacteria and plants, catalyze these chemical reactions by separate enzymes,
each of which is encoded by separate genes [8,10]. The FAS-I and FAS-II systems are
present in mycobacteria [8,10]. The mycobacterial FAS-I produces acyl-CoA fatty acids in a
bimodal fashion (C14:0-C16:0 to C24:0-C26:0) [10]. The shorter acyl-CoA fatty acid precursors
(C14:0-C16:0) produced by the FAS-I system undergo condensation with malonyl-ACP by
the mtFabH enzyme, which is further elongated by the FAS-II system to form the meromy-
colate branch (50–60 carbons) of mycolic acids [10]. The longer-chain acyl-CoA products
(C24:0-C26:0) of FAS-I are substrates for Claisen-type condensation with the meromycolate
moiety to form of the α-alkyl branch (20–26 carbons) of mycolic acids [10]. Total sequencing
of the M. tuberculosis H37Rv genome showed the organization of the open reading frames
of the FAS-II system enzymes [3]. In the inhA operon, the inhA gene that encodes the trans
∆2-enoyl reductase enzyme (MtInhA) is located downstream of the mabA (also fabG1 in
M. tuberculosis or fabG in E. coli) open reading frame that is transcribed and translated
into a β-ketoacyl reductase (MabA) [11]. Cloning, purification and steady-state kinetics
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measurements of MtInhA activity showed that it is a β-NADH-dependent enoyl-ACP (acyl
carrier protein) reductase enzyme and thus a member of the FAS-II system [12]. MtInhA
was also shown to be specific for long-chain (C18 > C16) enoyl thioester substrates [12].
MtInhA was shown to be a major target for isoniazid (INH) [13–15], which is the most
prescribed first-line chemotherapeutic agent for both the treatment of active TB and for
prophylaxis of this disease.

The MtInhA (EC 1.3.1.9) enzyme catalyzes the hydride transfer from the 4S hydrogen
of β-NADH to carbon-3 of long-chain 2-trans-enoyl thioester substrates (enoyl-ACP or
enoyl-CoA) and induces enolate formation, followed by protonation, yielding NAD+ and
acyl (enoyl-ACP or acyl-CoA) products [12,16,17] (Figure 1). Studies on steady-state
kinetics suggested that wild-type MtInhA follows a sequential kinetic mechanism in which
β-NADH binds first, followed by enoyl-CoA binding to form the catalytically competent
ternary complex [12]. On the other hand, primary kinetic deuterium isotope effects on
enzyme activity suggested a random-order mechanism of substrate binding to wild-type
MtInhA [16]. The latter mechanism has been supported by measurements of quench in
intrinsic protein fluorescence at equilibrium and stopped-flow rates for 2-trans-dodecenoyl-
CoA (DD-CoA) substrate binding to wild-type MtInhA [18]. A thorough description of
chemical and kinetic mechanisms, structural data and inhibitors of MtInhA enzyme activity
has recently been reported [19]. The graphical abstract of our contribution strives to provide
both a summary of past enzyme kinetic data and the conclusions reached by the studies
described herein.

1 
 

 

Figure 1. MtInhA catalyzes C-4S hydride transfer from β-NADH to 2-trans-enoyl ACP(CoA), and
protonation of enolate intermediate results in formation of NAD+ and enoyl-ACP(CoA) products.
Figure drawn using BioRender.com.

The hyperbolic equilibrium binding of NADH to free wild-type MtInhA, which was
assessed by measuring the enhancement in nucleotide fluorescence, suggested that the
initial nucleotide binding process is followed by a conformational change in the binary
complex, yielding an overall dissociation constant value of 0.57 µM [14]. The kinetics
of NADH binding to wild-type MtInhA and isoniazid-resistant mutant proteins have
been investigated via fluorescence spectroscopy with stopped-flow equipment [20]. The
stopped-flow traces showed a biphasic enhancement in nucleotide fluorescence for NADH
binding to wild-type and isoniazid-resistant MtInhA mutant proteins [20]. The proposed
mechanism included a fast phase for the rapid association of NADH to one conformer of
an enzyme and a slow phase that is rate-limited by the slow conversion of two pre-existing
conformers of free enzymes in solution [20]. Notwithstanding, the typical hyperbolic
decrease in the slow-phase rate constant values with increasing nucleotide concentration
could not be observed for wild-type MtInhA [20], as detection of this process also depends
on whether or not the equilibrium is displaced to the conformational state of free enzymes
that bind NADH. On the other hand, the overall dissociation constant derived from analysis
of the total amplitude changes for the fast and slow phases of the stopped-flow biphasic
enhancement in nucleotide fluorescence was in agreement with the values obtained from
the analysis of rate constants, thereby supporting the proposed mechanism by which free
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MtInhA enzymes exist in equilibrium between two conformers and only one of them binds
NADH [20].

Binding of the DD-CoA substrate to free MtInhA was monitored by measuring the
quench in intrinsic protein fluorescence upon binary complex formation [18]. Equilibrium
fluorescence spectroscopy data were sigmoidal, suggesting positive cooperativity upon
DD-CoA binding to free enzymes [18]. As studies on steady-state kinetics and equilibrium
binding cannot provide insights into isomerization of central complexes or individual rates
of substrate binding to free enzymes, stopped-flow measurements of partial reactions or
elementary steps were employed to remove these limitations as transient kinetics observe
the changes occurring in the enzyme molecule itself and thus help clarify the elementary
steps of enzyme reaction. Stopped-flow traces of quench in intrinsic protein fluorescence
for MtInhA:DD-CoA binary complex formation were biphasic [18]. The observed apparent
rate for the fast phase showed a linear dependence on increasing DD-CoA concentration,
suggesting a single-step reversible bimolecular association process. On the other hand,
the observed apparent rate for the slow phase displayed a hyperbolic increase, suggesting
a bimolecular association process followed by a slow unimolecular isomerization of the
MtInhA:DD-CoA binary complex [18].

On one hand, the studies on NADH binding suggested two forms of free MtInhA in
solution prior to nucleotide binding, followed by a conformational change in the binary
complex with no cooperativity. On the other hand, enoyl-CoA binding results suggest a bi-
molecular association process followed by a slow isomerization of the binary complex and
that there is positive homotropic cooperativity. There are two generally invoked allosteric
mechanisms for sigmoidal binding data: (1) the symmetry or concerted model, which
predicts that two forms of free enzymes exist at equilibrium in solution [21], and (2) the
sequential or induced-fit model, which suggests one form of free enzymes in solution and
a slow isomerization of the binary complex upon ligand binding to the enzyme [22]. The
isomerization steps are necessarily slower than the ligand binding steps in both the symme-
try and sequential models [21,22]. The symmetry model for cooperative transitions can be
divided into two systems: (1) K systems, in which the transition from low to high or from
high to low affinity is triggered by substrate binding to an allosteric site, and (2) V systems,
in which the substrate has the same affinity for the two states and acceleration or decelera-
tion can be observed only if the two states of the protein differ in their catalytic activity, and
the substrate can act as an effector if binding to an allosteric site of active (positive V system)
or inactive (negative V system) state occurs [21]. Whether or not free MtInhA exists in two
interconvertible forms and only one of them binds NADH (symmetry model), in which
no cooperativity can be observed at equilibrium, or the enoyl-CoA substrate binds to one
form of free enzymes in solution followed by binary complex conformational change with
positive cooperativity (induced-fit model) observed at equilibrium, remains to be solved.
It has long been recognized that records of time courses following either the formation of
products or detection of transient intermediates during the first turnover of enzymes are
uniquely suited for showing either the independence of sites or interactions between sites of
oligomeric polypeptides (quaternary structure) during catalysis [23]. Thus, the equivalence
or non-equivalence of the enzyme active sites may be investigated by measuring rates of
product formation under conditions in which enzyme active-site concentration is in excess
over substrate concentrations (single-turnover experiments) with varying degrees of occu-
pancy of the enzyme active sites of oligomeric proteins. For instance, single-exponential
records, regardless the degree of site occupancy, suggest a lack of interaction between the
enzyme active sites. It appears appropriate to distinguish between the transient of reactants
and the transient of intermediates [23]. Following the time course of total concentration of
product (enzyme-bound and free) informs on the transient of reactants, thereby yielding
purely kinetic information [23]. Detecting the changes in concentration of the different
forms of enzymes (free enzyme, enzyme substrate and enzyme product complexes) informs
on the transient of intermediates [23]. Accordingly, the single-turnover data presented
herein are those of studies on the transient of reactants. The relevance of our contribution
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to the target-based rational design of functional inhibitors of MtInhA enzyme activity as
potential anti-TB agents is discussed in Section 4 (Conclusions).

2. Materials and Methods
2.1. Recombinant MtInhA Expression and Purification and Enoyl-CoA Substrate Synthesis and
Purification

The recombinant MtInhA was expressed and purified as previously described [14,24].
The 2-trans-dodecenoyl-CoA (DD-CoA) substrate was synthetized from 2-trans-dodecenoic
acid and coenzyme A via anhydride formation following acylation [14], and purified via
reverse-phase HPLC using a 19 × 300 mm C18 µBondapak column (Waters Associates,
Milford, MA, USA) as previously described [16].

2.2. Single-Turnover Experiments

The decrease in NADH concentration upon double-bond reduction of the DD-CoA
substrate catalyzed by MtInhA was analyzed in single-turnover conditions in the Applied-
Photophysics SX-18MV-R stopped-flow instrument (Applied Photophysics Ltd., Leather-
head, UK), measuring absorbance at 340 nm at 25 ◦C. The time courses for all experiments
were 500 ms, using 400 data points for each time base and an optical path of 10 mm. All
concentration values for the enzyme and substrates reported herein are for mixing chamber
concentrations. In one of the single-turnover experiments, 15 µM of MtInhA tetramers was
mixed with either 5, 10 or 14 µM of NADH and 225 µM of DD-CoA with no pre-incubation
of either the substrate or the enzyme. Another experiment involved pre-incubation for
10 min of tetrameric MtInhA (15 µM) with NADH (5, 10 or 14 µM of NADH) and the
subsequent addition of DD-CoA (225 µM). An experiment was also carried out in which
15 µM of MtInhA tetramers was pre-incubated for 10 min with DD-CoA (14 µM, 30 and
39 µM) before being mixing with NADH (400 µM). The chemical control experiments were
carried out with the same concentrations of substrates and omission of MtInhA. Note that
the excess concentration values for DD-CoA and NADH were chosen to be larger their
Michaelis–Menten constants, which are the following: NADH (Km ∼= 66–113 µM) and
DD-CoA (Km ∼= 48–57 µM) [12,17,24]. The stopped-flow traces shown are for the averages
of five individual reactions of MtInhA for all single-turnover experiments.

2.3. Burst

To determine whether product release is part of the rate-limiting step, pre-steady-
state kinetic measurements of the reaction catalyzed by MtInhA were performed using an
Applied Photophysics SX 18MV-R stopped-flow spectrofluorometer on absorbance mode.
The decrease in absorbance was monitored at 340 nm (1 mm slit width = 4.65 nm spectral
band) and 25 ◦C, using a time course of 500 ms, 400 data points for each time base and
an optical path of 10 mm. The experimental conditions were 10 µM MtInhA, 300 µM
NADH and 225 µM DD-CoA in 100 mM Pipes pH 7.0 (mixing chamber concentrations).
The experimental conditions for the control experiment were 300 µM NADH and 225 µM
DD-CoA in 100 mM Pipes pH 7.0 (mixing chamber concentrations). The dead time of
the stopped-flow equipment was 1.37 ms. The stopped-flow trace shown represents the
average of ten individual reactions of MtInhA.

3. Results and Discussion

The subheadings presented below strive to provide a concise description of the ex-
perimental results, data analysis and interpretation for the transient of reactants under
single-turnover experimental conditions and for burst in product formation.

3.1. Single Turnover

The decrease in NADH concentration upon double-bond reduction of 2-trans-dodecenoyl-
CoA (DD-CoA) by MtInhA under single-turnover conditions was followed in the stopped-
flow instrument. The large excess of the second substrate (either DD-CoA or NADH) was
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employed to ensure that binding to the binary complex would not play any role in limiting
enzyme catalysis, which should hopefully simplify the reaction model.

A quadratic equation (Equation (1)) was used to estimate the occupancy of MtInhA
substrate binding sites. Equation (1) represents the solution of a quadratic equation for a
simple binding process [25].

[ES] =
([E0] + [S0] + KD)±

√
([E0] + [S0] + KD)

2 − 4([E0][S0])

2
(1)

Equation (1) was employed to provide, for instance, the MtInhA:NADH binary com-
plex ((ES)) concentration using the overall dissociation constant value of 2 µM (as described
in the Results and Discussion section), and mixing 15 µM of MtInhA tetramers with either
5, 10 or 14 µM of NADH (as described in the Materials and Method section). Hence, as the
quadratic equation provides the concentration of the binary complex, it is just a matter of
dividing the binary complex concentration by total enzyme concentration and multiplying
this value by 100 {([MtInhA:NADH]/[MtInhA]) × 100}. The NADH concentrations were
chosen to obtain an increasing number of monomers of tetrameric MtInhA enzyme active
sites occupied by this substrate (KD = 2 µM) [12]. Namely, 5 µM equals one monomer,
10 µM two monomers and 14 µM three monomers of tetrameric MtInhA occupied by
NADH (Table 1).

Table 1. Results for transient of reactants. The mixing chamber MtInhA enzyme concentration
was 15 µM.

Single Turnover (No Incubation)

(NADH) (Active Sites) kobs

(5 µM) 28% 9.3 ± 0.1 s−1

(10 µM) 52% 10.6 ± 0.03 s−1

(14 µM) 66% 11.3 ± 0.01 s−1

Single turnover (NADH incubation)

(NADH) (active sites) kobs1 kobs2

(5 µM) 28% 87.2 ± 3.7 s−1 9.1 ± 0.2 s−1

(10 µM) 52% 72.5 ± 1.1 s−1 7.0 ± 0.2−1

(14 µM) 66% 52.6 ± 0.5 s−1 14.7 ± 0.1 s−1

Single turnover (DD-CoA incubation)

(DD-CoA) (active sites) kobs

(14 µM) 14% 6.8 ± 0.03 s−1

(30 µM) 55% 7.6 ± 0.02 s−1

(39 µM) 65% 10.7 ± 0.02 s−1

The pre-steady-state time course of decreasing absorbance at 340 nm upon NADH
conversion to NAD+ was fitted to a single-exponential decay equation (Equation (2)), in
which A is the absorbance at time t, A0 is the absorbance at time zero, and kobs is the
apparent first-order rate constant for product formation (Figure 2). The kobs values for each
NADH concentration are given in Table 1. Here, it is assumed that conversion of substrates
to products goes to completion.

A = A0e−kt (2)

As pointed out above, single-turnover experiments can be used to test whether the
sites of oligomeric enzymes are kinetically identical. The results for the single-turnover
experiment without incubation show a linear relationship between kobs values and an
increasing number of MtInhA sites occupied by NADH (Figure 3). These results suggest
that the active sites of tetrameric MtInhA are kinetically equivalent, which is also borne
out by the single-exponential records for any degree of site occupancy. However, it is also
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possible that NADH binding occurs after DD-CoA substrate binding to form the ternary
complex and the ensuing turnover as there was no pre-incubation of enzymes with a
reduced dinucleotide substrate.
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Figure 2. Left panel: representative stopped-flow trace of MtInhA (15 μM) reaction showing 
decrease in absorbance at 340 nm and 25 °C upon conversion of NADH (14 μM) and DD-CoA (225 
μM) into NAD+ and dodecanoyl-CoA over the course of the experiment (left panel). The pre-steady-
state time course was fitted to a single-exponential decay equation (Equation (2)). Note: all 

Figure 2. Left panel: representative stopped-flow trace of MtInhA (15 µM) reaction showing decrease
in absorbance at 340 nm and 25 ◦C upon conversion of NADH (14 µM) and DD-CoA (225 µM) into
NAD+ and dodecanoyl-CoA over the course of the experiment (left panel). The pre-steady-state
time course was fitted to a single-exponential decay equation (Equation (2)). Note: all concentration
values for enzymes and substrates are those used for mixing chamber concentrations. Right panel:
the calculated residual values plotted against time (s) using Equation (2).
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Figure 3. Linear dependence of kobs values on the degree of occupancy of active sites of MtInhA
(15 µM) without pre-incubation with NADH concentrations of 5 µM (28% occupancy), 10 µM (52%
occupancy) and 14 µM (66% occupancy). The kobs values were derived from the best fit of the data
of Figure 2 to a single-exponential function, yielding the standard error represented by the bars in
the plot.

To try remove this ambiguity, another experiment was carried out in which the enzyme
MtInhA (15 µM of tetramers) was pre-incubated with NADH (5, 10 or 14 µM) for 10 min
before starting the reaction with a large excess of DD-CoA (225 µM) in the stopped-flow
instrument (mixing chamber concentrations). The pre-steady-state time course of the
reaction with the pre-incubation of MtInhA and NADH was fitted to a double-exponential
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function equation (Equation (3)), yielding values for the apparent rate constant for the fast
(kobs1) and slow (kobs2) phases of the reaction.

A = A1e−k1t + A2e−k2t (3)

The results for the number of active sites of tetrameric enzymes occupied by NADH
prior to catalysis are given in Table 1. The kobs1 decreased as a function of increasing NADH
concentration (Table 1, Figure 4). These data indicate an isomerization step between two
forms of the MtInhA:NADH binary complex in solution and binding of DD-CoA to one
of the conformers [20]. The fairly constant values for kobs2 (Figure 4) are in agreement
with the kcat values (9 s−1) for the MtInhA enzyme [24]. Notwithstanding, the kobs1 values
are larger than kcat and hence appear not to play a role in limiting the enzyme-catalyzed
chemical reaction. Interestingly, the double-exponential traces suggest that the active sites
are not equivalent, which is in agreement with the dependence of kobs1 on the degree
of site occupancy, suggesting an equilibrium in the solution of two conformers of the
MtInhA:NADH binary complex. The studies on the transient of reactants described herein
are in agreement with the hyperbolic NADH binding at equilibrium [14] and the pre-steady-
state transient found in intermediate studies [20].
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Figure 4. The dependence of kobs values derived from data fitting to a double-exponential function
(Equation (3)) on the degree of occupancy of active sites of MtInhA (15 µM) pre-incubated with
NADH concentrations of 5 µM (28% occupancy), 10 µM (52% occupancy) and 14 µM (66% occupancy).
The (N) represents the kobs1 for the fast phase of the biphasic reaction (in black), and (•) represents the
kobs2 for the slow phase of the biphasic reaction (in blue). The bars in the plot represent the standard
errors of data fitting to Equation (3).

For the single-turnover experiments with MtInhA pre-incubated with a DD-CoA
substrate in single-turnover kinetics, attempts were made to fit the data to the double-
exponential decay equation, as was performed for NADH. However, single and double
equations yielded statistically indistinguishable results. The values for kobs1 and kobs2 for
the double equation were fairly similar (results not shown). Accordingly, single-exponential
decay (Equation (2)) was employed, and the kobs values are given in Table 1. The results
demonstrate a non-linear increase in kobs as a function of increasing DD-CoA concentration
(Figure 5). Although the single-exponential traces indicate equivalent binding sites, the
non-linear dependence of kobs suggests positive cooperativity that depends on the number
of enzyme sites occupied by DD-CoA that increase the binding and/or turnover rate
upon NADH association with the MtInhA:DD-CoA binary complex. A slow isomerization
of the MtInhA:DD-CoA binary complex prior to NADH binding to form the ternary
complex and induce catalysis can be ruled out as kobs values would decrease as a function
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of increasing active site occupancy. The results presented herein are in agreement with
positive cooperativity upon DD-CoA binding to free MtInhA detected by fluorescence
spectroscopy at equilibrium (K’ = 8.2 µM; n = 2) [18]. Moreover, the studies on the transient
of reactants described herein are also in agreement with those in which analysis of total
stopped-flow signal amplitude showed that the changes in biphasic quench in protein
fluorescence for binary complex formation were sigmoidal (K’ = 14.1 µM; n = 2.5), and
isomerization of the MtInhA:DD-CoA binary complex was proposed [18]. Unfortunately,
the experimental conditions precluded the possibility of achieved higher subunit occupancy
and thus providing a more thorough description of the dependence of kobs on DD-CoA
concentration. At any rate, data for the initial part of a sigmoidal increase in kobs as a
function of DD-CoA appear to have been captured (Figure 5).
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3.2. Burst

Transient kinetics of the forward reaction catalyzed by MtInhA at large concentrations
of enzymes and substrates were performed to determine whether product release is part of
the rate-limiting step of catalysis. The pre-steady-state time course of the reaction (Figure 6)
was fitted to an equation describing single-exponential decay (Equation (2)). This analysis
yielded a value of 0.680 ± 0.003 s−1 for the apparent first-order rate constant. The value
of 0.68 s−1 for the change in absorbance at 340 nm for the exponential decay in the pre-
steady-state experiment for the MtInhA corresponds to 3.8 s−1 (using ∆ε 6220 M−1 cm−1,
optical path 1 cm and MtInhA subunit concentration of 10 µM). This result is in reasonably
good agreement with the kcat determined by the initial velocity experiment in steady-state
kinetics, which ranged from 2.8 s−1 in 30 mM PIPES pH 6.8 at 25 ◦C [12] and 4.6 s−1 in
30 mM PIPES 150 mM NaCl pH 6.8 at 25 ◦C [16] to 9 s−1 in 100 mM Pipes 100 mM pH 7.0
at 25 ◦C [24]. The observation of burst during a time course in the pre-steady state phase of
the reaction is evidence of a build-up of product in the active site prior to being released
into solution. If a burst is observed during the transient phase, and the concentration of
NAD+ produced is approximately equal to the enzyme subunit concentration at time zero,
it would indicate that the product release is a slower step compared to the chemical step of
the reaction [26]. The stopped-flow results indicate that product release does not contribute
to the rate-limiting step of the MtInhA-catalyzed chemical reaction as no burst in product
formation could be detected (Figure 6).
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340 nm at 25 ◦C for MtInhA (10 µM). Data were fitted to Equation (2) (single-exponential decay). The
upper time course (in black) is for negative chemical control in which 100 mM Pipes pH 7.0 buffer in
one syringe was mixed with NADH (600 µM) and DD-CoA (450 µM) in another syringe (absence of
enzyme). The lower time course (in green) is for mixing enzyme (20 µM) in one syringe mixed with
100 mM Pipes pH 7.0 buffer in another syringe (absence of substrates). The time course shown in
blue is for the chemical reaction upon mixing MtInhA (20 µM) in one syringe with NADH (600 µM)
and DD-CoA (450 µM) in another syringe. Note that the mixing chamber concentrations are 10 µM
MtInhA, 300 µM NADH and 225 µM DD-CoA.

4. Conclusions

The process by which biological macromolecules (mostly proteins) transmit the effect
of binding at one site to another, often distal and functional site, is referred to as allostery,
which is important for the regulation of biological activity [27]. As the experimental
technologies have improved in sophistication, the concepts and models of allostery have
evolved. The concept of allostery evolved from the pre-allostery Bohr effect to allostery
from conformational change in a two-state model (1965, 1966), dynamic allostery (1984),
ensembles of multiple states (1999), energetic connectivity between residues of proteins
and allosteric networks, to a unified view including thermodynamics, population shift and
three-dimensional structure [28]. The largely qualitative, static images of end point protein
structures (e.g., X-ray crystallography to provide structural information of the protein
before and after perturbation) have been replaced with more quantitative, dynamic views
of allostery [27]. Computational and experimental methods to study protein dynamics
provide access to protein shape-shifting processes that may reveal mechanisms of allosteric
communication and features such as cryptic pockets [29]. These studies may offer new
therapeutic opportunities, including a better understanding of biological systems and
diseases, and informing allosteric drug design efforts [30]. These opportunities include, but
are not limited to, enhancement (rather than inhibition) of protein function, displacement
of equilibrium to lower substrate affinity conformers, avoidance of off-target effects of
inhibitors of function of proteins belonging to large families that show a high degree of
conservation (e.g., kinases, NAD(P)-dependent enzymes) and targeting functional sites
that are apparently undruggable (e.g., protein–protein interactions, flat and extensively
solvent-exposed sites) [29]. Allosteric sites for drug discovery serve as an alternative to
enzyme active sites since their lower conservation may be translated into higher selectivity,
lower metabolic interference and lower undesirable off-targets [29]. Moreover, allosteric
sites can offer new opportunities for optimization of pharmacokinetic properties whenever
it is needed [29]. These objectives are thought to be difficult to achieve because the rational-
based approach is currently limited to employing intermolecular interactions between
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ligands and key amino acids to sterically occlude key functional sites to inhibit undesirable
biological activities [29].

An example for tuberculosis includes a synthetic azetidine derivative that is an al-
losteric inhibitor of tryptophan synthase (an allosterically regulated enzyme) and shown to
kill M. tuberculosis [31]. These authors suggested that, as the inhibitor binds to α-β-subunit
interface of tryptophan synthase and affects multiple steps in the overall enzyme-catalyzed
chemical reaction, the resulting inhibition would not be overcome by changes in the
metabolic environment [31]. This study also highlights the effectiveness of allosteric in-
hibition for dynamic protein targets that are essential in vivo despite being dispensable
under in vitro conditions [31]. The single-turnover results described herein suggest that
MtInhA displays a typical symmetry model [21] with free enzymes in equilibrium be-
tween two conformers, followed by NADH binding to one conformer and conformational
change in this binary complex. On the other hand, a sequential model [22] with only one
conformer of free MtInhA in solution to which DD-CoA binds with homotropic positive
cooperativity was invoked. Incidentally, molecular dynamics simulations have shown
a normal distribution of free MtInhA enzymes in closed and open conformations [24].
Moreover, classical molecular dynamics simulations of tetrameric MtInhA showed protein
flexibility that was borne out by the conformational space sampled by apo, binary and
ternary complex forms of enzymes [32]. Molecular dynamics has been employed to study
the influence of restrictions of structural flexibility on the A loop (F97-H121) and B loop
(D150-A167) of the substrate-binding pocket to propose a monomeric structure that mimics
the biologically active tetrameric MtInhA enzyme [33]. These efforts were made to propose
a restrained force constant monomeric model system that describes the flexibility of the
quaternary structure of MtInhA to evaluate ligands identified via virtual screening without
losing dynamics information at a lower computational cost [33]. Future efforts to develop
MtInhA enzyme inhibitors may include modeling of ligands to either the protein:DD-CoA
binary complex or free enzymes with a larger dissociation constant for the formation of the
protein:NADH binary complex.

Author Contributions: Conceptualization, M.R., L.K.B.M., P.M., C.V.B. and L.A.B.; Methodology,
M.R. and L.K.B.M.; Investigation, M.R. and L.K.B.M.; Writing—Original Draft Preparation, M.R.
and L.K.B.M.; Writing—Review and Editing, M.R., L.K.B.M., C.V.B., P.M. and L.A.B.; Supervision,
C.V.B., P.M. and L.A.B.; Funding Acquisition, C.V.B., P.M. and L.A.B. All authors have approved
the submitted version and agreed to be personally accountable for their contribution and questions
related to the accuracy and integrity of this work. All authors have read and agreed to the published
version of the manuscript.

Funding: P.M.: C.V.B. and L.A.B. would like to acknowledge financial support from the National
Institute of Science and Technology on Tuberculosis (INCT-TB) given by Decit/SCTIE/MS-MCT-
CNPq-FNDTC-CAPES (grant number 4217-03/2017-2), FAPERGS (grant numbers 17/1265-8 INCT-TB
and 19/1724-3 PQG) and BNDES (grant number: 14.2.0914.1). L.K.B.M. acknowledges a post-doctoral
fellowship awarded by INCT-TB (CNPq). M.R. acknowledges a doctoral scholarship awarded by
CNPq. L.A.B. (CNPq, grant 303499/2021-4), P.M. (305203/2018-5) and C.V.B. (311949/2019-3) are
research career awardees of the National Council for Scientific and Technological Development of
Brazil (CNPq). This study was financed in part by the Coordination for the Improvement of Higher
Education Personnel (CAPES) of Brazil—Finance Code 001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. Global Tuberculosis Report 2022; World Health Organization: Geneva, Switzerland, 2022.
2. Lee, A.; Xie, Y.L.; Barry, C.E.; Chen, R.Y. Current and future treatments for tuberculosis. BMJ 2020, 368, m216. [CrossRef]

[PubMed]

http://doi.org/10.1136/bmj.m216
http://www.ncbi.nlm.nih.gov/pubmed/32122882


Future Pharmacol. 2023, 3 390

3. Cole, S.T.; Brosch, R.; Parkhill, J.; Garnier, T.; Churcher, C.; Harris, D.; Gordon, S.V.; Eiglmeier, K.; Gas, S.; Barry, C.E., 3rd; et al.
Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature 1998, 393, 537–544. [CrossRef]

4. Yuan, T.; Sampson, N.S. Hit generation in TB drug discovery: From genome to granuloma. Chem. Rev. 2018, 118, 1887–1916.
[CrossRef] [PubMed]

5. Moffat, J.G.; Vincent, F.; Lee, J.A.; Eder, J.; Prunotto, M. Opportunities and challenges in phenotypic drug discovery: An industry
perspective. Nat. Rev. Drug Discov. 2017, 16, 531–543. [CrossRef] [PubMed]

6. Yuan, T.; Werman, J.M.; Sampson, N.S. The pursuit of mechanism of action: Uncovering drug complexity in TB drug discovery.
RSC Chem. Biol. 2021, 4, 423. [CrossRef] [PubMed]

7. Nunes, J.E.S.; Duque, M.A.; de Freitas, T.F.; Galina, L.; Timmers, L.F.S.M.; Bizarro, C.V.; Machado, P.; Basso, L.A.; Ducati, R.G.
Mycobacterium tuberculosis shikimate pathway enzymes as targets for the rational design of anti-tuberculosis drugs. Molecules
2020, 25, 1259. [CrossRef]

8. Jackson, M.; McNeil, M.R.; Brennan, P.J. Progress in targeting cell envelope biogenesis in Mycobacterium tuberculosis. Future
Microbiol. 2013, 8, 855–875. [CrossRef] [PubMed]

9. Cronan, J.E.; Rock, C.O. Escherichia coli and Salmonella: Cellular and Molecular Biology; Neidhardt, F.C., Ed.; ASM Press: Washington,
DC, USA, 1996; pp. 612–636.

10. Schroeder, E.K.; de Souza, O.N.; Santos, D.S.; Blanchard, J.S.; Basso, L.A. Drugs that inhibit mycolic acid biosynthesis in
Mycobacterium tuberculosis. Curr. Pharm. Biotechnol. 2002, 3, 197–225. [CrossRef]

11. Banerjee, A.; Sugantino, M.; Sacchettini, J.C.; Jacobs, W.R., Jr. The mabA gene from the inhA operon of Mycobacterium tuberculosis
encodes a 3-ketoacyl reductase that fails to confer isoniazid resistance. Microbiology 1998, 144, 2697–2704. [CrossRef]

12. Quémard, A.; Sacchettini, J.C.; Dessen, A.; Vilchèze, C.; Bittman, R.; Jacobs, W.R., Jr.; Blanchard, J.S. Enzymatic characterization of
the target for isoniazid in Mycobacterium tuberculosis. Biochemistry 1995, 34, 8235–8241. [CrossRef]

13. Banerjee, A.; Dubnau, E.; Quémard, A.; Balasubramanian, V.; Um, K.S.; Wilson, T.; Collins, D.; de Lisle, G.; Jacobs, W.R., Jr. inhA,
a gene encoding a target for isoniazid and ethionamide in Mycobacterium tuberculosis. Science 1994, 263, 227–230. [CrossRef]
[PubMed]

14. Basso, L.A.; Zheng, R.; Musser, J.M.; Jacobs, W.R., Jr.; Blanchard, J.S. Mechanism of isoniazid resistance in Mycobacterium
tuberculosis: Enzymatic characterization of enoyl reductase mutants identified in isoniazid-resistant clinical isolates. J. Infect. Dis.
1998, 178, 769–775. [CrossRef] [PubMed]

15. Vilchèze, C.; Wang, F.; Arai, M.; Hazbón, M.H.; Colangeli, R.; Kremer, L.; Weisbrod, T.R.; Alland, D.; Sacchettini, J.C.; Jacobs, W.R.,
Jr. Transfer of a point mutation in Mycobacterium tuberculosis inhA resolves the target of isoniazid. Nat. Med. 2006, 12, 1027–1029.
[CrossRef]

16. Parikh, S.; Moynihan, D.P.; Xiao, G.; Tonge, P.J. Roles of tyrosine 158 and lysine 165 in the catalytic mechanism of InhA, the
enoyl-ACP reductase from Mycobacterium tuberculosis. Biochemistry 1999, 38, 13623–13634. [CrossRef] [PubMed]

17. Parikh, S.L.; Xiao, G.; Tonge, P.J. Inhibition of InhA, the enoyl reductase from Mycobacterium tuberculosis, by triclosan and isoniazid.
Biochemistry 2000, 39, 7645–7650. [CrossRef]

18. Vasconcelos, I.B.; Basso, L.A.; Santos, D.S. Kinetic and equilibrium mechanisms of substrate binding to Mycobacterium tuberculosis
enoyl reductase: Implications to function-based antitubercular agent design. J. Braz. Chem. Soc. 2010, 21, 1503–1508. [CrossRef]

19. Hopf, F.S.M.; Roth, C.D.; de Souza, E.V.; Galina, L.; Czeczot, A.M.; Machado, P.; Basso, L.A.; Bizarro, C.V. Bacterial enoyl-
reductases: The ever-growing list of Fabs, their mechanisms and inhibition. Front. Microbiol. 2022, 13, 891610. [CrossRef]

20. Oliveira, J.S.; Pereira, J.H.; Canduri, F.; Rodrigues, N.C.; de Souza, O.N.; Azevedo, W.F., Jr.; Basso, L.A.; Santos, D.S. Crys-
tallographic and pre-steady-state kinetics studies on binding of NADH to wild-type and isoniazid-resistant enoyl-ACP(CoA)
reductase enzymes from Mycobacterium tuberculosis. J. Mol. Biol. 2006, 359, 646–666. [CrossRef]

21. Monod, J.; Wyman, J.; Changeux, J.P. On the nature of allosteric transitions: A plausible model. J. Mol. Biol. 1965, 12, 88–118.
[CrossRef]

22. Koshland, D.E., Jr.; Némethy, G.; Filmer, D. Comparison of experimental binding data and theoretical models in proteins
containing subunits. Biochemistry 1966, 5, 365–385. [CrossRef]

23. Gutfreund, H. Kinetic analysis of the properties and reactions of enzymes. Prog. Biophys. Mol. Biol. 1975, 29, 161–195. [CrossRef]
[PubMed]

24. Rotta, M.; Timmers, L.F.S.M.; Sequeiros-Borja, C.; Bizarro, C.V.; de Souza, O.N.; Santos, D.S.; Basso, L.A. Observed crowding
effects on Mycobacterium tuberculosis 2-trans-enoyl-ACP (CoA) reductase enzyme activity are not due to excluded volume only.
Sci. Rep. 2017, 7, 6826. [CrossRef] [PubMed]

25. Birdsall, B.; King, R.W.; Wheeler, M.R.; Lewis, C.A., Jr.; Goode, S.R.; Dunlap, R.B.; Roberts, G.C. Correction for light absorption in
fluorescence studies of protein-ligand interactions. Anal. Biochem. 1983, 132, 353–361. [CrossRef] [PubMed]

26. Hiromi, K. Kinetics of Fast Enzyme Reactions; Halsted Press: New York, NY, USA, 1979; pp. 187–253.
27. Motlagh, H.N.; Wrabl, J.O.; Li, J.; Hilser, V.J. The ensemble nature of allostery. Nature 2014, 508, 331–339. [CrossRef] [PubMed]
28. Liu, J.; Nussinov, R. Allostery: An overview of its history, concepts, methods, and applications. PLoS Comput. Biol. 2016, 12,

e1004966. [CrossRef] [PubMed]
29. Knoverek, C.R.; Amarasinghe, G.K.; Bowman, G.R. Advanced methods for accessing protein shape-shifting present new

therapeutic opportunities. Trends Biochem. Sci. 2019, 44, 351–364. [CrossRef]

http://doi.org/10.1038/31159
http://doi.org/10.1021/acs.chemrev.7b00602
http://www.ncbi.nlm.nih.gov/pubmed/29384369
http://doi.org/10.1038/nrd.2017.111
http://www.ncbi.nlm.nih.gov/pubmed/28685762
http://doi.org/10.1039/D0CB00226G
http://www.ncbi.nlm.nih.gov/pubmed/33928253
http://doi.org/10.3390/molecules25061259
http://doi.org/10.2217/fmb.13.52
http://www.ncbi.nlm.nih.gov/pubmed/23841633
http://doi.org/10.2174/1389201023378328
http://doi.org/10.1099/00221287-144-10-2697
http://doi.org/10.1021/bi00026a004
http://doi.org/10.1126/science.8284673
http://www.ncbi.nlm.nih.gov/pubmed/8284673
http://doi.org/10.1086/515362
http://www.ncbi.nlm.nih.gov/pubmed/9728546
http://doi.org/10.1038/nm1466
http://doi.org/10.1021/bi990529c
http://www.ncbi.nlm.nih.gov/pubmed/10521269
http://doi.org/10.1021/bi0008940
http://doi.org/10.1590/S0103-50532010000800014
http://doi.org/10.3389/fmicb.2022.891610
http://doi.org/10.1016/j.jmb.2006.03.055
http://doi.org/10.1016/S0022-2836(65)80285-6
http://doi.org/10.1021/bi00865a047
http://doi.org/10.1016/0079-6107(76)90022-5
http://www.ncbi.nlm.nih.gov/pubmed/1135418
http://doi.org/10.1038/s41598-017-07266-w
http://www.ncbi.nlm.nih.gov/pubmed/28754992
http://doi.org/10.1016/0003-2697(83)90020-9
http://www.ncbi.nlm.nih.gov/pubmed/6625170
http://doi.org/10.1038/nature13001
http://www.ncbi.nlm.nih.gov/pubmed/24740064
http://doi.org/10.1371/journal.pcbi.1004966
http://www.ncbi.nlm.nih.gov/pubmed/27253437
http://doi.org/10.1016/j.tibs.2018.11.007


Future Pharmacol. 2023, 3 391

30. Wodak, S.J.; Paci, E.; Dokholyan, N.V.; Berezovsky, I.N.; Horovitz, A.; Li, J.; Hilser, V.J.; Bahar, I.; Karanicolas, J.; Stock, G.; et al.
Allostery in its many disguises: From theory to applications. Structure 2019, 27, 566–578. [CrossRef]

31. Wellington, S.; Nag, P.P.; Michalska, K.; Johnston, S.E.; Jedrzejczak, R.P.; Kaushik, V.K.; Clatworthy, A.E.; Siddiqi, N.; McCarren, P.;
Bajrami, B.; et al. A small-molecule allosteric inhibitor of Mycobacterium tuberculosis tryptophan synthase. Nat. Chem. Biol. 2017,
13, 943–950. [CrossRef]

32. Tarabini, R.F.; Timmers, L.F.S.M.; Sequeiros-Borja, C.E.; Norberto de Souza, O. The importance of the quaternary structure to
represent conformational ensembles of the major Mycobacterium tuberculosis drug target. Sci. Rep. 2019, 9, 13683. [CrossRef]

33. Chitolina, L.D.; de Souza, O.N.; Basso, L.A.; Timmers, L.F.S.M. Rethinking the MtInhA tertiary and quaternary structure flexibility:
A molecular dynamics view. J. Mol. Model. 2022, 28, 140. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.str.2019.01.003
http://doi.org/10.1038/nchembio.2420
http://doi.org/10.1038/s41598-019-50213-0
http://doi.org/10.1007/s00894-022-05135-6

	Introduction 
	Materials and Methods 
	Recombinant MtInhA Expression and Purification and Enoyl-CoA Substrate Synthesis and Purification 
	Single-Turnover Experiments 
	Burst 

	Results and Discussion 
	Single Turnover 
	Burst 

	Conclusions 
	References

