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ABSTRACT: The shikimate pathway, which produces aromatic
amino acids and key intermediates, is critical to the viability of the
tuberculosis-causing pathogen Mycobacterium tuberculosis. The
enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase
(DAHPS) catalyzes the first committed step of this pathway and
possesses regulatory functions. Its active site contains two
cysteinyls: one (Cys87) bound to a metal ion, while the other
(Cys440) is in proximity to the first but is located on a connecting
loop. This arrangement seemingly appeared as a disulfide linkage. However, Cys440 is not metal binding, and its positioning indicates
that it could collapse the disulfide linkage. Hence, its potential role may be more than simply structural support of the active site fold.
Using a multiscale computational approach, molecular dynamics (MD) simulations, and DFT-based calculations, the influence of
Cys440 on the active site properties has been investigated. MD simulations reveal an unusually long disulfide bond, more than 3.0 Å,
whereas DFT calculations identified two stable active site conformers in the triplet and quintet spin states. Analysis of group spin
density distribution identified antiferromagnetic coupling in each conformer, which suggests their relatively low potential energy and
stable conformations. The conformer in the triplet spin state could favor enzyme reactivity due to its low HOMO−LUMO energy
gap. In addition, reduction of the Cys440 thiolate group results in collapse of the active site metal−ligand configuration with large
exothermicity. Hence, Cys440 could activate and inactivate the enzyme. For the first time, the study revealed the role of Cys440 as
being vital for the catalytic activity of the enzyme rather than solely for the structural stabilization of its active site. Thus, the findings
may lead to a novel basis for antituberculosis drug design and development that would disrupt the contributions of the Cys440.

1. INTRODUCTION
Mycobacterium tuberculosis (Mt) is the causative agent of
tuberculosis, an infectious respiratory system disease that
affects millions of people globally.1,2 Notably, it utilizes the
shikimate pathway to produce aromatic amino acids and
important aromatic intermediates. Hence, the unhindered flux
of the shikimate pathway is important for the survival and
viability of M. tuberculosis.3 While this pathway is also present
in plants and microorganisms including apicomplexan parasitic
organisms4,5 it is lacking in humans and other higher animals.6

Thus, it is recognized as a key target for the development of
antibiotics including antimycobacterial agents.

The enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate
synthase (DAHPS) is vital to the shikimate pathway, as it
allosterically regulates the pathway’s flux of substrates and
products.6−10 Furthermore, it catalyzes the first committed
step in the pathway: conversion of phosphoenolpyruvate
(PEP) and erythrose-4-phosphate (E4P), via an aldol-like
condensation reaction, to inorganic phosphate and 3-deoxy-D-
arabino-heptulosonate 7-phosphate (Scheme 1). The latter is
then converted, via a series of reactions catalyzed by six other
enzymes in tandem, to give the key metabolite chorismate,

from which three aromatic amino acids and other phenolic
compounds are derived.7

DAHPS has been shown to have at least four possible
allosteric regulatory mechanisms. First, these may in part be
elicited by the singular and/or separate action of each of the
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Scheme 1. Condensation Reaction Catalyzed by DAHP
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three aromatic amino acids as found, for example, in E. coli
DAHPS isozymes, whereby activity is feedback inhibited by
either phenylalanine, tyrosine, or tryptophan.11 Second, it can
involve the synergistic actions of tyrosine and tryptophan and
noncovalent association with chorismate mutase in M.
tuberculosis MtDAHPS.12,13 Third, an N-terminal linked
ferredoxin-like regulatory domain can help alter the con-
formation of the substrate-binding channel upon binding of
phenylalanine or tyrosine.14−16 Lastly, the regulatory activity of
a N-terminal linked chorismate mutase-like domain responds
to chorismate and prephenate binding.17−19 DAHPS members
belong to one of the two distinct family types, I and II, which
have distinct molecular size and amino acid sequences.20,21

More specifically, type I’s are smaller than type II, with the
former having masses of <40 kDa, whereas the latter have
masses >50 kDa. Type 1 members, while sharing a common
(β/α)8 TIM barrel fold and an additional structural domain
relevant for allosteric control,10,22 can be further subdivided
into type Iα and Iβ sequence subfamilies.

Despite low sequence homology between types I and II, less
than 10%, the fold of the monomeric unit, the structural
arrangement of key active site residues, substrate binding
modes, and divalent metal ions within the catalytic site are
similar, thus indicating a common ancestral relationship.22

Type II DAHPS occurs in many disease-causing bacteria and
as a result are seen as key drug targets, particularly in
developing narrow-spectrum antibacterial agents. MtDAHPS is
an example of a type II isozyme,22 and hence, a detailed
understanding of the roles of its key active site residues could
lead to the design and development of new and targeted
antimycobacterial agents.

The active site of MtDAHPS (Figure 1) is dependent on the
presence of a divalent metal ion for the catalytic activity.
Experimentally, treatment of apo-MtDAHPS with EDTA and
various divalent metal ions found Co(II) and Mn(II) most
effective at restoring activity to 100% and 76%, respectively.22

The metal ion plays a structural role by coordinating key
residues to help form an active site catalytic motif, which seems
to favor binding of a water molecule for activation.23 In the
native state, Mn(II) is hexacoordinated to the side chains of an
aspartyl (Asp441), glutamyl (Glu411), histidyl (His369), and
cysteinyl (Cys87), with a water molecule filling the sixth
position. Although DAHPS is a transferase, its active site
arrangement resembles the motif of many nonheme transition-
metal-dependent oxygenases and sulfoxidases that aid oxy-
functionalization of carbon and C−S activation of organic
substrates.24−27

However, a unique feature of theMtDAHPS active site is the
presence of a second cysteinyl residue (Cys440) that is
purported to form a disulfide link with the proposed Mn(II)-
ligating cysteinyl (Cys87). Unfortunately, it is unclear if this
purported disulfide bond is consistent throughout the catalytic
mechanism or only transiently formed and at a specific step(s),
such as in regulation of metal binding. Furthermore, its
possible structural and electronic roles in conferring transferase
activity to DAHPS are also unknown.

In this study, we have applied a multiscale computational
approach to investigate possible structural and electronic roles
and impacts of Cys440 on the active site of 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase (DAHPS) from Myco-
bacterium tuberculosis (Mt). More specifically, we have used
molecular dynamics (MD) simulations and density functional
theory (DFT)-based quantum mechanical (QM)-cluster
approaches to examine structural and electronic contributions
of Cys440 to the catalytic site properties of MtDAHPS.

2. RESULTS AND DISCUSSION
As noted in the Introduction, 3-deoxy-D-arabino-heptulosonate
7-phosphate synthase (DAHPS) is the first enzyme of the
multienzyme shikimate pathway. More specifically, DAHPS
converts phosphoenolpyruvate (PEP) and erythrose-4-phos-
phate to inorganic phosphate and 3-deoxy-D-arabino-heptulos-
onate 7-phosphate via a condensation reaction. Importantly,
the enzyme fold consists of a catalytic domain and a regulatory
domain.12

The active site of MtDAHPS has Mn2+ ions bound to four
residues via their amino acid side chains (with bonding
contributions from S(γ) of Cys87, N(ε2) of His369, O(ε2) of
Glu411, and O(δ2) of Asp411), and a water molecule. In
addition, Cys440 is also positioned in the vicinity of the metal
center and is spatially close to the metal−ligand Cys87
resembling a cystine.22 In the setup of the active site, we
considered the sixth ligand coordination to the metal center.
As such, that position was filled with a water molecule in place
of the E4P carbonyl O. Essentially, the water-liganded metal
active center represents the starting reactant manifold in the
catalytic cycle of the enzyme. We sought to understand the
details of this structural complex in this current study.

To investigate the roles of Cys440, we performed a series of
molecular dynamics (MD) simulations on the full enzyme.

2.1. Molecular Dynamics Simulations of MtDAHPS.
The MD simulations performed can be considered as being of
four systems (I, II, III, and IV) which differed only in
structural restraints applied:

I. all key elements of the active site (i.e., Mn2+, the four
metal-ligated residues (Cys87, Asp411, Glu411, and His369),
water ligand, and Cys440) were kept restrained for the 40
ns MD simulation;

Figure 1. Active site of MtDAHPS. Manganese (purple), oxy atom of
water bound to Mn (black) (PDB ID 3NUE).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07662
ACS Omega 2023, 8, 14401−14409

14402

https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


II. as for system I, but Asp441, Cys87, and Cys440 were
unrestrained during the MD simulation, which was run
for 75 ns;

III. as for system I, except Cys440 was unrestrained over the
40 ns MD simulation; and

IV. as for system I, except Cys87 and Cys440 were
unrestrained over the 35 ns MD simulation (see text).

That is, in system I, all key elements of the active site (i.e.,
the catalytically important Mn2+ ion, its four ligated residues
Cys87, Asp411, Glu411, and His369, and water), as well as Cys440
were held constant. In the other systems (II, III, and IV), one
or more selected metal-ligated residues and Cys440 were
allowed to fluctuate over the course of the MD simulations.
The systems I, III, and IV showed similar conformational
variability over the course of the MD simulations, with root
mean squared deviations (RMSD) in the range between ∼1.5
and 3.2 Å. Meanwhile, the RMSDs of system II showed great
variability lying in the approximate range of ∼1.5−6.0 Å
(Figure S1). It is noted that for system II, the longer duration
of the MD simulation was in response to the greater variation
in RMSD to help ensure it was not an artifact of an
unequilibrated system (see Figure 2).

The conformational variability in II could, in part, be due to
the large but flexible domains of the protein fold. However, to
focus on the region that is relevant to the study, RMSD plots
of the three key residues Asp441, Cys87, and Cys440 in the four
MD simulations were obtained and are shown in Figure 2. The
largest variation (RMSD range: ∼0.23−1.5 Å) in the plots due
to conformational fluctuations of the three residues was
observed in the MD simulation on system II (green). Although
it appeared that the fluctuation was similar to that by IV (red),
a critical observation of the structure over the course of the
simulations revealed the trailing pattern was conferred by only
the Cys440 but the metal-S(γ) (of Cys87) bond distance was
maintained all the time (Figure S2) and so the simulations of
IV were discontinued at 35 ns.

Focus was then placed on the dynamic behavior observed
for system II. To help identify the key residues responsible for
the large conformational variability observed, RMSD values of
the Asp441 and Cys440 residues for all four systems were plotted
and are shown in Figure 3. These clearly illustrate that the
fluctuations are due to the presence of Asp441 and Cys440.
However, the differences in observed RMSD value ranges, i.e.,
0.00 to ∼1.53 Å for Asp441 (Figure3A) versus 0.00 to ∼0.79 Å
for Cys440 (Figure 3B) indicate that the fluxionality of Cys440 is
dependent on Asp441, even as the Asp441 O(δ2) center
remained bonded to the metal site during the course of the
MD simulations. This dependence may not be unconnected to
the location of the two residues; both are located on the
connecting loop between the β-strand and α-helices in the C-
terminally situated active site.22 It was observed that this
connecting loop maintained its fold over the course of the MD
simulations and, thus, contributes to the preservation of the
structural integrity of the active site.

For specific analysis of the MD simulations trajectory of II,
its RMSD plots revealed only two residues; Asp441 and Cys440
exhibited apparently large conformational variability, therefore
eliminating the contributions of Cys87, whose structural role
seems to be coordination to the metal site for catalytic
function, because of the observed conformational convergence
throughout the period of the simulations (Figure 4a). In
addition, for visual inspections of the positions of the atoms,
four conformations (pdb) were sampled along the MD
trajectory whereby snapshots (pdb frames) taken at 10, 30,
and 70 ns were overlaid on the equilibrated structure (Figure
4b). It is obvious that although most amino acid residues

Figure 2. Plots of the root-mean-square deviation (RMSD) values
obtained for the Asp441, Cys87, and Cys440 residues in systems I
(black), II (green), III (turquoise blue), and IV (red).

Figure 3. Plots of the RMSD values obtained for only the (A) Asp441 and (B) Cys440 residues during the MD simulations on systems I (black), II
(green), III (turquoise blue), and IV (red).
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within the second coordination environment of the active site
metal site were not constrained except Cys440, they did not
deviate considerably from their initial positions. Of course,
among the metal-coordinating residues, only Asp441 and Cys87
were allowed to move, but it can be seen in Figure 4b that
Cys87 and Asp441 (for Asp441, regardless of movements of side
chain) remained bound to the metal ion, Mn2+, whereas Cys440
changes positions several times, thus adjusting the Cys87(Sγ)···
Sγ(Cys440), i.e., S−S, distances.

In addition to the four conformations discussed above, five
more snapshots (at 19, 25, 27, 40, and 60 ns) were sampled. In
all, the S−S distance ranges between 3.24 and 4.92 Å, with

∼3.60 Å within the equilibrated structure and 4.14 Å in pdb at
70 ns. These S−S distances are somewhat longer than the
typical range of 2.0−3.0 Å in disulfide bonds found in most
proteins and peptides.37−40 Moreover, either the torsion angles
(Cβ-Sγ-Sγ-Cβ) or the Cβ(of Cys87)-Sγ-Sγ/Cβ(of Cys440)-Sγ-
Sγ angles, which measured approximately −4.1°, −8.5°,
−45.5°, −6.1° or 116.4°/76.6°, 123.4°/83.4°, 131.0°/76.7°,
121.2°/78.4° found within the conformations of equilibrated
structure, and those at 10, 30, and 70 ns, respectively, deviate
from optimal values for cystinyl disulfides of proteins and
peptides. It has been reported that even slight deviation from
the optimal values is associated with energy cost by several kcal

Figure 4. (a) RMSD plots of Cys87, Asp441, and Cys440 residues of MD simulations in which the three amino acid residues were not constrained for
75 ns (II); (b) overlay of the initial equilibrated structure (purple) and snapshots of the MD trajectory at 10 ns (red), 30 ns (blue), and 70 ns
(green) of MtDAHPS. Mn(II) ion (cyan).

Figure 5. Optimized geometries of low-lying spin states of the metal-coordinated active site atoms of MtDAPHS as obtained at the UB3LYP/
BS1//BS2 level of theory. Bond lengths are in angstroms (Å), and energy is in kcal mol−1. ZPE: zero-point energy correction. Atom labels are S
(yellow), Mn (purple), C (dark brown), H (gray), O (red), and N (blue).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07662
ACS Omega 2023, 8, 14401−14409

14404

https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07662?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mol−1 as the torsion angle is critical for the stability of a
disulfide bond.41

Surprisingly, the varying S−S distance of the Cys87-Cys440,
which leads to deviation from optimal characteristics of a usual
cystine, did not lead to structural collapse of the metal-
containing active site architecture. It is obvious that the
positioning of Cys440 is strategic, and its roles, possibly, could
be beyond structural stabilization of the active site. As such, we
suggest Cys440 could be an actual participant in the catalytic
function of the enzyme, whereby its contributions are at the
quantum chemical or electronic level. Hence, to investigate its
quantum chemical contributions, we decided to perform
quantum mechanics, QM (DFT), calculations on the active
site cluster model.

2.2. DFT Studies of MtDAHPS. A cluster model of the
active site was obtained at 1.2 ns in the MD simulation on
system I. The connecting loop, which bears Cy440 but consists
of the pentapeptide, Pro442-Asp441-Cys440-Ala439-Thr438, was
included in the model in order to retain the fold as in the pdb
(see Computational Methods). To investigate the quantum
chemical contributions of Cys440, we performed geometry
optimizations, geometry scans, and analytical frequency
calculations on the active site model of MtDAHPS. Geometry
optimizations were done at singlet, triplet, and quintet spin
states on the QM atoms at the unrestricted hybrid UB3LYP/
BS1//BS2 level of theory, which gave the structures 1S1, 3S1,
and 5S1, respectively. The B3LYP method has been reported
several times to be successful on transition metal-containing
metalloenzymes.42 The relative energies and subsequent results
calculated for the three structures revealed a high energy path
for 1S1, therefore, we will focus on 3S1 and 5S1 (Figure 5). The
3S1 and 5S1 states have relative energies ΔE + ZPE of −9.01
and −58.85 kcal mol−1, respectively. Although these values
suggest that structures 3S1 and 5S1 are relatively stable, the
energy gap between them is quite large at −49.84 kcal mol−1.
Interestingly, the quintet high-spin ground state found for the
water-ligated manganese(II) complex is consistent with
theoretical and experimental studies that involve biomimetic
nonheme manganese and manganese-porphyrinoid com-
plexes.45−49

Comparably, there are subtle differences in the geometric
properties of the two structures. For instance, the Mn-water
bond lengths, rMn−OH2, are 2.16 and 2.34 Å in 3S1 and 5S1,
respectively, and the Mn−S distance is 2.43 Å in the former
and 2.58 Å in the latter. Nonetheless, similar bond lengths
were found in enzymes that have Sγ of cysteinyl ligand to the
metal center.26,27,43,44 The water molecule is bound at ∼90° in
both spin states. These geometric characteristics are not
dramatically different and do not seem to account for the large
energy gap of the low-lying states of the two structures. Thus,
we suggested the energy difference might be occasioned by the
electronic distribution pattern of each geometric state.
Nonetheless, before we probed further, we did geometric
scans of several atoms in an effort to search for global and local
minima including transition states, i.e., probable reaction
pathways that may emanate from the stable structures, 3S1 and
5S1.

The three geometric scans involved stepwise reduction of
bond distances between the target atoms and, therefore, were
between (1) Sγ atoms of Cys440 and Cy87, (2) Nβ (peptide
bonds) of Asp441 and the Sγ atom of Cys440, (3) the amide H
atom of Asp441 and the Sγ atom of Cys440 on the three low-
lying spin states, singlet, triplet, and quintet. Each geometric

coordinate in 2 and 3 followed a high energy path that gave no
candidates for the transition-state structure and energy search.
By contrast, only in 1 did the scan follow a lower energy path
and only on the triplet and quintet spin surfaces (Figure S3).
Geometric optimization of structures at the lower end of the
energy troughs results in a new conformer, S2, that is much
lower in energy, ΔE + ZPE = −32.84 kcal mol−1, on the triplet
spin surface, 3S2, and another lower-energy conformer, 5S2,
relative to S1 (Figure 6). Note that the S−S distance had been

reduced from 4.30 Å in S1 to 3.12−3.13 Å in S2 conformers,
which are 0.12−0.13 Å longer than the usual 2.0−3.0 Å found
for reversible and structural disulfides.37−40 In fact, two
conformers, 3S2 and 5S1, are implicated, which could be
related to the results of the MD simulations discussed earlier,
vide supra, whereby the Sγ�Sγ distance adjusts values within
different conformational states.

Furthermore, as shown in Figure 7, small but not dramatic
changes were observed in 3S2 and that include the Mn−OH2
bond length which had increased by 0.2 to 2.36 Å and a

Figure 6. Potential energy landscape of two active site conformers of
MtDAHPS in the low-lying spin states. Relative energies are in the
format ΔE + ZPE[ΔG](ΔEBS2 + ZPE) in kcal mol−1 as obtained at
the UB3LYP/BS1//BS2 level of theory.

Figure 7. Optimized geometry of an active site conformer, 3S2, of
MtDAHPS as obtained at the UB3LYP/BS1//BS2 level of theory.
Bond lengths are in angstroms (Å) and energy in kcal mol−1. ZPE:
zero-point energy correction. Atom labels are S (yellow), Mn
(purple), C (dark brown), H (gray), O (red), and N (blue).
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decrease in H2O−Mn−S angle from 90° to 86.4° because of
the stretched Mn−OH2 bond length. The Mn−S bond length
of 2.4 Å remained intact. Importantly, the question here is
what could be the origin of the geometric stabilization of these
conformers? Hence, analysis of the group spin densities and
molecular orbital occupations of the electrons in the
conformers revealed an interesting result.

In Table S3, the details of the group spin densities of S1 and
S2 in the low-lying spin states are given. Here, we will
summarize the most relevant spin densities distributions. In 3S1
and 5S1 there were spin densities of 1.07 (α) and 4.82 (α) on
Mn(II), and 0.93 (α) and 0.95 (β) on the cysteinyl group
(Cys440) mostly localized on the thiolate group, respectively.
Redistribution of these spin densities had occurred in 3S2 and
5S2 such that Mn(II) now bears 2.99 and 4.76 α and then 0.79
and 0.76 β on the Cys440 atoms. Note that α/β is up-spin/
down-spin electrons. Interestingly, while β-spins of the Cys440
group remained antiferromagnetically coupled to α-spins of
Mn(II) in both 5S1 and 5S2 conformers, which makes them
lower-energy conformers, the α-spins of Cys440 in 3S1 turned to
β-spins in 3S2, resulting in antiferromagnetic coupling to the
metal 3d unpaired electrons, which is suggested to have caused
a sudden drop in electronic energy and made the second
conformer, 3S2, stable.

Furthermore, the orbital occupation of 5S1 is πxy2πyz1σx2 − y2
∗

1σz2
∗ 1πz, Cys4401 in the quintet spin state, whereas that of 3S2 is

πxy2σz2
∗ 2σx2 − y2

∗ 1πz, Cys4401 in the triplet spin state. In 5S1, the
metal 3d orbital mixed less with the surrounding atomic orbital
of the metal−ligands, but more mixing was seen in the 3S2,
particularly along the metal-Sγ(Cys87)-Sγ(Cys440) axis by σz2

∗

and σx2 − y2
∗ orbital (Figures S4 and S5). The molecular orbital

σz2
∗ and σx2 − y2

∗ are ordered in a way that σx2 − y2
∗ is singly

occupied before σz2
∗ in the quintet spin state and vice versa in

the triplet spin state, even as the latter carried two electrons.
Specifically, the difference in energy of the HOMO−LUMO
gap between the two spin states is 11.66 kcal mol−1 in favor of
3S2. These differences in molecular orbital interactions and
orbital ordering might contribute to the energy gap between
5S1 and 3S2 and, consequently, could determine chemical
reactivity in the enzyme subsequent reactions. These results
pointed to the significance of the contributions of electronic
distributions in the conformers with respect to spin-state
preference and molecular orbital interactions with consequent
antiferromagnetic coupling of electrons (spins) of key atoms in
the active site, which led to the most preferred low-energy
conformer and spin state in the ground state. The current
study presents the first study of the intricate details of the
thiolate interaction between two cysteinyl residues within the
active site of MtDAHPS.

Lastly we examined the reduction of Cys440. By adding a
hydrogen atom to the Sγ atoms of 3,5S, the active site
configurations drastically became destabilized with most of the
metal−ligand coordination lost in both triplet and quintet spin
states. Thermochemical calculations of the (destabilization/
inactivation) reactions indicated a large exothermicity,
−144.49 kcal mol−1 and −129.15 kcal mol−1 for 3S and 5S,
respectively, with the water molecule completely detached in
the quintet spin state. This suggests that an oxidized Cys440 is
required for maintaining the enzyme activity and a reduced
Cys440 would cause the enzyme to lose activity, which contrasts
the proposition of Webby et al. that the enzyme was

inactivated under oxidizing conditions by forming a disulfide
bond between the two cysteinyl groups.22

3. CONCLUSIONS
In this study, a multiscale computational approach has been
applied to investigate the influence of Cys440 uniquely present
in the active site fold of DAHPS from Mycobaterium
tuberculosis, MtDAHPS. This approach includes the application
of molecular dynamics (MD) simulations to the full enzyme as
well as density functional theory (DFT) calculations to a QM-
cluster model of the enzyme’s active site.

The results of the MD simulations revealed the dynamic
behavior of thiolate group of Cys440 toward the thiolate of
Cys87 involved in metal binding. Importantly, on an
intermittent basis, the Sγ(Cys440) was brought into the S−S
distance that resembles a disulfide, although with distances
above 3.0 Å, the upper value for the structural disulfide bond.
Despite the ranging S−S distance occasioned by the Cys440
manifold, the structural configuration of the metal−ligand
active site remained intact. These results suggested that Cys440
positioning makes it possible to contribute at the electronic
level to the energetics of the enzyme reaction and enzyme
activation−inactivation, as evident by subsequent quantum
chemical calculations.

In addition, the DFT results revealed two energetically stable
conformers on the triplet and quintet spin surfaces. An
antiferromagnetic coupling of the Sγ electron to the 3d metal
electrons found in both conformers is suggested to have
contributed to their relative stability. Although the two
conformers are proposed to be able to initiate chemical
reactivity in the enzyme, it is more likely to proceed faster on
the triplet spin state since a HOMO−LUMO gap of 11.66 kcal
mol−1 was found to be in favor of the conformer on the triplet
spin state.

Furthermore, reduction of the thiolate group of Cys440 by
addition of a hydrogen atom resulted in destabilization of the
metal−ligand active site fold, which, in fact, led to release of
metal-bound water molecules and reduction in metal−ligand
coordination of key residues in the triplet and quintet spin
states. These results indicated that the enzyme is inactivated
once Cys440 is reduced and activated when it is oxidized. The
current study presents the first study of the intricate details of
thiolate interaction between two cysteinyl residues within the
active site of MtDAHPS. This also revealed, for the first time,
that disulfide link formation between the metal−liganded
cysteine (Cys87) and the proximal cysteine (Cys440) was not
important but that the thiolate group of Cys440 is required to
energy stabilize the ground state reactant. Thus, revealing the
role of Cys440 being vital for the catalytic activity of the enzyme
rather than solely for structural stabilization of its active site.
The findings may lead to a novel basis for antituberculosis drug
design and development that would disrupt the contributions
of the Cys440.

Finally, we conclude that the presence of Cys440 in
MtDAHPS confers vital structural and electronic properties
to its active site which, consequently, would determine enzyme
reactivity and, also, whether the enzyme is active or inactive
dependent on the oxidation−reduction state of the thiolate
group of Cys440. Importantly, this study has provided detailed
understanding of the roles of a vital active site residue and,
thus, provides a prospect for drug discovery that targets this
residue in the fight against tuberculosis.
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4. COMPUTATIONAL METHODS
In order to unravel the role that Cys440 plays in the active site
of MtDAHPS, we performed both molecular dynamics (MD)
simulations and QM-cluster density functional calculations of
the enzymes. Details of these computational methods were
outlined in our previous work27,28 that focused on enzymes.
Thus, herein, only succinct descriptions of the methods used in
this study are highlighted. All DFT calculations and MD
simulations were performed using Gaussian0929 and
AMBER16,30 respectively.

4.1. Molecular Dynamics Simulations. A suitable X-ray
crystal structure (PDB ID 3NUE) of the enzyme with a 2.50 Å
resolution was obtained from the protein data bank
repository.12 Using the H++ Web server,31 the protein was
protonated at pH 7.0. For the titratable amino acid residues,
arginyls and lysyls were protonated, while glutamyls and
aspartyls were chosen to be in their deprotonated (i.e., negative
charge) states. Of the histidyls, 12 were neutral, singly
p r o t o n a t e d a t N δ ( H i s 1 9 8 , 3 6 9 , 4 0 9 ) o r N ε -
(His164,195,277,292,326,341,373,383,398), while four (His98,247,359,404)
were charged, i.e., protonated at both Nδ and Nε.
Consequently, the overall charge of the system is −9.
Parameterization of the active site, using the metal center
parameter builder (mcpb.py version) in ambertools,32 was
done following its geometry optimization and electrostatic
potential charge fitting with Gaussian09 at the UB3LYP33,34/
BS1 level of theory (BS1:6-31G(d)35 on all atoms except Mn,
which has the LANL2DZ ECP36 basis set). The TIP3 water
model was used for explicit solvation of the system which was
immersed in a truncated octahedron waterbox of radius 14 Å.
The solvated system was then made charge neutral by adding
nine sodium ions. A water molecule bound to the Mn was
retained and was part of the active site in all calculations.
Therefore, the entire system consisted of 49 222 atoms, which
included 14 045 molecules of TIP3 water model. A series of
minimization steps were performed on the solvated system: (i)
hydrogen atoms on heavy atoms with the SHAKE algorithm;
(ii) the protein backbone; and (iii) all heavy atoms except the
active site metal−ligand residues. Next, solvent water
molecules were energy-minimized, and the temperature was
raised to 300 K by heating using Langevin dynamics with the
collision frequency gamma_In_2, at a constant pressure and
with periodic boundary conditions (ntp = 1). Finally, all atoms
except those of the key active site residues, which were
restrained, were minimized. The whole solvated system was
then submitted for a 40 or 75 ns production MD simulation,
after equilibration, and the structures sampled were analyzed to
select a suitable structural template for subsequent DFT
calculations.

4.2. DFT Calculations. A suitable structure for construct-
ing the QM-cluster model was obtained from the 1.2 ns
snapshot in the MD simulation. The resulting QM-cluster
consisted of the Mn(II) ion and models of the residues to
which it is ligated: the imidazole of His369, methyl carboxylic
moieties of Glu411 and Asp441, the methyl sulfide moiety of
Cys87, and a water molecule. In addition, contributions from
the second coordination sphere of the Mn(II) were also
included: the guanidino moieties of Arg126 and Arg382, the
acetamide moiety of Gln130, and a pentapeptide unit (Pro442-
Asp441-Cys440-Ala439-Thr438). In total the system consisted of
119 atoms. All geometry optimizations were performed at the
UB3LYP/BS1 level of theory and on the singlet, triplet, and

quintet spin states. The general polarity of the surrounding
environment was modeled using the default integral equation
formalism polarized continuum (IEFPCM) solvation model in
Gaussian 0929 with a dielectric constant (ε) of 4.24. Harmonic
vibrational frequencies were obtained for all optimized
structures to also confirm that they were all energy minima.
Relative energies were obtained by performing single-point
calculations on the above optimized structures at the
UB3LYP/BS2 level of theory (BS2:6-311+G* on all atoms
except Mn which has the LANL ECP). It is noted that several
geometry scans were performed on initial optimized structures
at each spin state to explore the potential energy surfaces
between the optimized structures.
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