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Tuberculosis (TB) treatment becomes challenging due to the unique cell wall structure of
Mycobacterium tuberculosis (M. tb). Among various components of the M.tb cell wall, mycolic acid (MA)
is of particular interest because it is speculated to exhibit extremely low permeability for most of the
drug molecules, thus helping M.tb to survive against medical treatment. However, no quantitative
assessment of the thermodynamic barrier encountered by various well-known TB drugs in the mycolic
acid monolayer has been performed so far using computational tools. On this premise, our present
work aims to probe the permeability of some first and second line TB drugs, namely ethambutol,
ethionamide, and isoniazid, through the modelled mycolic acid monolayer, using molecular dynamics
(MD) simulation with two sets of force field (FF) parameters, namely GROMOS 54A7-ATB (GROMOS) and
CHARMM36 (CHARMM) FFs. Our findings indicate that both FFs provide consistent results in terms of
the mode of drug—monolayer interactions but significantly differ in the drug permeability through the
monolayer. The mycolic acid monolayer generally exhibited a higher free energy barrier of crossing
with CHARMM FF, while with GROMOS FF, better stability of drug molecules on the monolayer
surface was observed, which can be attributed to the greater electrostatic potential at the monolayer—
water interface, found for the later. Although both the FF parameters predicted the highest resistance
against ethambutol (permeability values of 8.40 x 107* cm st and 9.61 x 1073 cm st for the
CHARMM FF and the GROMOS FF, respectively), results obtained using GROMOS were found to be con-
sistent with the water solubility of drugs, suggesting it to be a slightly better FF for modelling drug—
mycolic acid interactions. Therefore, this study enhances our understanding of TB drug permeability and
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1. Introduction

The efficacy of many drugs against infectious diseases, whose
targets reside within the bacterial cells, depends on their pene-
trative capacity through the bacterial membrane. Many infec-
tious pathogens exhibit significant resistance against drug
penetration, leading to drug resistance in conventional thera-
peutic routes. One prime example of such infections/diseases is
tuberculosis (TB), the world’s top infectious killer. TB is respon-
sible for ~10.6 million infections and around 1.5 million deaths
annually.” The majority of TB infections and related deaths
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highlights the potential of the GROMOS FF in simulating drug—mycolic acid interactions.

occurred in poor and developing countries like India, China,
Bangladesh, Nigeria, and South Africa.> Among these countries,
India holds the largest share of global TB infections." In 2019,
more than 2.4 million TB cases were found in India.> Although
TB mainly infects the lungs, infections can be found in other
parts as well. TB is contagious and spreads through air when a
patient with lung TB sneezes, coughs, or spits. Co-infections like
HIV, emergence of multi-drug resistance TB, lack of healthcare
infrastructure, and discontinuation of the treatment midway are
some of the root causes behind the drastic global impact of TB.>

Mycobacterium tuberculosis (M.tb) is the causative agent
of the infectious disease tuberculosis, and it belongs to the
Gram-positive bacteria family, Mycobacteriaceae.* It is distinct
from most other Gram-positive bacteria because of the presence
of an extra thick cell wall structure located outside the peptido-
glycan layer found in Gram-positive bacteria.” This extraordinarily
thick cell wall structure is divided into several layers. The outer-
most layer consists mainly of proteins and gluten, with a small
amount of lipids.® The next layer is named the mycomembrane,
which acts as the main permeability barrier. The inner leaflet of
the mycomembrane contains tightly packed, parallelly arranged
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long chain fatty acids, namely mycolic acids (MA), covalently
bonded to a polysaccharide called arabinogalactan (AG).” The
mycolic acid leaflet (monolayer) bestows M.tb with unique proper-
ties that defy medical treatment by lowering the efficacy of
antibiotics/biocides by acting as a hydrophobic permeability
barrier mainly for hydrophilic molecules, making the organism
more resistant to chemical damage and dehydration.® Mycolic
acids are also responsible for the bacterium growth inside macro-
phages, effectively hiding it from the host immune system.
Mycobacterial mycolic acids possess some distinct charac-
teristics. They are longer and contain 70-90 total carbon atoms,
among which typically 24 carbon atoms belong to a fully
saturated R-branch and the rest are part of the unsaturated
mero chain.’ Usually two positions are there in the mero chain,
which may be occupied by functional groups.” The proximal
position (near the o-hydroxy acid) contains exclusively cis- or
trans-olefin or cyclopropane.'® However, the distal position may
be the same as the proximal position or contain one of a variety
of oxygen moieties such as R-methyl ketone, R-methyl methyl
ether, methyl-branched ester, or R-methyl epoxide.” The M.tb
cell wall contains three kinds of mycolates: a-mycolates, meth-
oxymycolates, and ketomycolates, with relative abundances of
51%, 36%, and 13%, respectively.” The exact packing of the
mycolic acids in the bacterium cell wall remains elusive. Pre-
viously, it was reported that the mycolic acids can fold into
three distinct “W”, “U” and “Z” conformers,'" although addi-
tional conformations have also been listed in the literature.™
Because of the important role of mycolic acid in the drug
resistance of M.tb, it is of utmost importance to study the
interactions of existing standard TB drugs or any potential TB
drug candidate with the mycolic acid monolayers and to obtain
a quantitative idea about the permeability of drug molecules
through them. Machine learning based approaches have been
utilized to determine the permeability probability of drug-like
compounds through the M.tb cell wall, but those models do not
provide the thermodynamic details of drug diffusion through
the cell wall."*™*> Previously, Hong et al. explored drug-mycolic
acid interactions by computational means and calculated the
diffusivity of several drug molecules inside the mycolic acid
monolayer; they did not consider the anomalous diffusion of
the drugs within the mycolic acid clusters, which usually takes
place inside a tightly packed biomembrane.'® Moreover,
although the permeability of water, oxygen, small organic
molecules, and potential drug candidates through lipid bilayers
has been widely explored through computational means
together with the development of newer methods of perme-
ability calculation,'®® no such investigation has been carried
out on the mycolic acid monolayer. Against this background,
we tried to compute the effective resistance and permeability of
the mycolic acid monolayer against some of the well-known
first- and second-line hydrophilic TB drugs, namely ethambutol,
ethionamide, and isoniazid. For simplicity, we have modelled
only a-mycolates, the abundant type found in the M.tb bacterial
cell wall. It is noteworthy that the success of such modelling
crucially depends on many factors like the generation of correct
molecular structures, the level of structural detailing, and the
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choice of atom-atom interaction parameters or force field para-
meters. Apart from quantitative assessment of the permeability of
the mycolic acid monolayer, the present study also aims to dissect
the influences of some of the governing factors stated earlier on
the outcomes of our in silico modelling. To achieve this goal, we
have modelled the mycolic acid chain and the TB drugs using two
levels of molecular detailing. In the first approach, we have
explicitly considered all the atoms and implemented the widely
used CHARMM36 all-atom (CHARMM) FF to describe the atomic
interactions. On the other hand, we have also designed mycolic
acid and drug molecules using the united atom approach, where
hydrogen atoms bonded to carbons are modelled as a single bead.
The GROMOS 54A7-ATB (GROMOS) FF was employed to describe
the intra- and inter-atomic/molecular interactions. We have com-
pared the outcomes of these two approaches and commented on
the advantages and disadvantages of each approach. Summing
up, the present study not only explores the permeability of the
mycolic acid monolayer in a quantitative manner, but also delves
into the effects of the choice of force field parameters and level of
detailing on such studies.

2. Simulation details
2.1 Modelling of mycolic acid-drug systems

a-Mycolic acid was modelled using both all-atom and united atom
representations. Packing of 100 a-mycolic acid molecules in a
rectangular single monolayer was performed using MEMGEN and
PACKMOL 20.3.1.>*%*” 100 water molecules per mycolic acid chain
were added to the simulation box, and the water molecules were
placed above and below the monolayer. For all-atom representa-
tions, the systems were modelled using CHARMM all-atom FF
parameters and a CHARMM-modified TIP3P water model.**°
The parameters were generated using CHARMM-GUI and
CGENFF web interfaces.*** For the united atom representations,
GROMOS FF parameters, generated using an Automated Topology
Builder and the SPC/E water model, were used to compute the
molecular interactions.**>® The initial configurations of the
systems together with the structures of the drug molecules used
for the study are depicted in Fig. 1.

The systems were then subjected to energy minimization
in 200 000 steps using the steepest descent algorithm to remove
any close contacts between atoms. The minimized system was
subsequently subjected to a 10 ns equilibrium MD run in the
NVT ensemble at 300 K, followed by a 100 ns run in the NPT
ensemble at 1 bar pressure. The drug molecule (ethambutol/
ethionamide/isoniazid) was then added to the equilibrated
system, 1.0 nm above the surface of the MA monolayer, replacing
the necessary number of water molecules. The drug molecules
were placed on the side of the monolayer containing the -COOH
groups of the a-mycolic acids (head region). The drug-monolayer
systems were again energy minimized using the steepest descent
algorithm to remove any close contacts. The minimized systems
were then again equilibrated in the NVT ensemble for 1 ns
(at 300 K), followed by a second phase of equilibration in the
NPT ensemble (at 1 bar pressure) for 10 ns. Position restraints
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Fig. 1 Molecular structures of drug molecules and initial configurations of the drug—monolayer systems. Structures of tuberculosis drug molecules used
in this study are shown in the upper-middle panel of the figure. The structure of a-mycolic acid is depicted in the middle. Initial configurations of the
ethambutol-monolayer system is presented for (a) CHARMM36 and (b) GROMOS 54A7-ATB FFs. Starting configurations of the ethionamide—monolayer
system is shown in (c) and (d) for the CHARMM36 FF and the GROMOS 54A7 FF, respectively. Snapshots of isoniazid—monolayer systems at O ns are
shown for () CHARMM36 and (f) GROMOS 54A7 FFs. Colour code for mycolic acid: C, pale blue; O, red; H, white. Colour code for the drug molecule is
based on atomic mass. For ethambutol/isoniazid: H, red; O, blue; N, light blue; C, whitish blue. For ethionamide: S, deep blue; H, red; C, reddish white; N,

white. Water is presented using an ice-blue transparent surface.

were put on the drug molecules during the equilibration phases.
The equilibrated systems were then subjected to a production
run of 250 ns and steered molecular dynamics simulation for
either 1 ns (for all-atom representation) or 750 ps (for united
atom representation). A modified Berendsen thermostat with a
coupling constant of 0.1 ps was used for temperature coupling,
while the pressure was maintained using a Parrinello-Rahman
barostat with a coupling constant of 0.5 ps.>**® A semi-isotropic
coupling scheme (pressure can vary independently in the
z-direction and in the x/y-direction) was employed to account
for the anisotropic structure of the mycolic acid molecules.
Throughout the simulation time, all bonds involving hydrogen
atoms were restrained using the LINCS algorithm.*" A simula-
tion box of 6.32 x 6.32 x 12.51 nm?® was used for the systems
with the CHARMM FF, while the dimension of the simulation
box was 6.58 x 6.51 x 11.95 nm’ for the GROMOS FF. Periodic
boundary conditions were employed in all three directions with a
cut-off distance of 1.2 nm to compute the short-range LJ inter-
actions and short-range part of the Coulomb interactions. The
particle mesh Ewald (PME) summation technique was used to
calculate long-range coulombic interactions.*> The integration
time step used was 2 fs and the trajectories of the systems
were saved at an interval of 10 ps for subsequent analysis.

This journal is © the Owner Societies 2024

All simulations were performed using the GROMACS-2022.3 pack-
age and the visualization was done using VMD 1.9.3 software.*>**
All of the analyses were carried out using gmx modules and in-
house python scripts. We have studied a total of six drug-mono-
layer systems.

2.2 Steered MD simulations and umbrella sampling

Steered MD simulations were performed to pull the drug
molecules through the monolayer with a constant velocity of
0.01 nm ps~'. During pulling, a harmonic spring with a spring
constant of 1000 k] mol™' nm™> was applied on the drug
molecule along the pulling direction, while the monolayer
was taken as the static reference. The trajectory was recorded
for every 0.1 ps. In the case of isoniazid using all-atom repre-
sentation (CHARMM36 force field), a spring constant of
1500 k] mol™' nm~> was used to keep the pulling motion
steady and to ensure overlapping among the probability dis-
tributions of various windows during umbrella sampling.
Windows/configurations for the umbrella sampling were
generated from the steered MD simulations at an interval of
0.1 nm along the z-direction. A 10 ns run was performed on
each window to obtain the probability distribution of the
systems for every configuration. For isoniazid and CHARMM

Phys. Chem. Chem. Phys., 2024, 26, 21429-21440 | 21431
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FF parameters, an uneven sampling scheme (windows with
0.05 nm spacing for up to 1.5 nm distance from the COM of the
monolayer and after that windows with 0.1 nm spacing were
taken) was opted to ensure the overlap between the probability
distributions of two consecutive sampling windows. The PMF
profile was computed using the weighted histogram analysis
method (WHAM) embedded in GROMACS, from the probability
distribution obtained for each window.*

We have used the umbrella sampling technique (US) to
further compute the local resistance (R(z)), effective resistance
(Regr), and effective permeability (Peg) of the membrane in the
following manner. First, the position dependent diffusion
coefficient (D(z)) was calculated for every umbrella sampling
window using the following equation:***”

oy var(2)?
D(z=(z)) = W &)
where
1 Nsamples — 1
exlt) = (3:00)9(0)) = - s2()oz(t+i)  (2)
samples 7

Here, var(z) corresponds to the variance of positional z-
coordinates of the COM of the drug molecule and c,,(¢) is the
positional autocorrelation function. The local resistance value
R(z) for each umbrella sampling window was obtained using
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eqn (3) given below.
(3)

Here, AG or the free energy difference was obtained from the
PMF curve at different values of z.

Effective resistance (Reg) and effective permeability (Peg) of
the monolayer were calculated by integrating eqn (3) and are
given by eqn (4).

l Z
P = Refr = J R(Z)dZ (4)
eff 0

3. Results and discussion

In this section, thermodynamic free energy barriers of crossing
the monolayer will be illustrated using both the CHARMM36
all-atom FF and the GROMOS 54A7-ATB united atom FF
together with a description of the drug-MA monolayer interac-
tions during the passage of drugs through the monolayer.

3.1 Drug-monolayer interactions during steered MD
simulations

Different drugs interacted differently with the MA monolayer
while being pulled through the latter. The various modes of the
drug membrane interactions during pulling for two different
force fields are shown in Fig. 2. With the CHARMM FF, the
primary mode of drug-membrane interaction is the vdW
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Fig. 2 Different modes of drug—monolayer interaction during the pulling of drug molecules through the monolayer. Spatial variation of drug—
membrane vdW interaction energy during the passage of drugs through the MA monolayer for (a) CHARMM and (b) GROMOS FFs. Positional dependency
of electrostatic interactions for (c) CHARMM and (d) GROMOS FFs. In the figures, vertical black dashed lines represent positions of water—monolayer

interfaces.
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interactions (Fig. 2(a)). The strength of vdW interactions was
found to be the highest for ethambutol, followed by ethiona-
mide and isoniazid (Fig. 2(a)), respectively. For all three drug
molecules, the highest vdW interaction strength was recorded
between distances of ~—1 nm and ~2 nm from the COM of
the monolayer, i.e. around the middle portions of the mycolic
acid assembly (Fig. 2(a)). The magnitude of vdW interaction
energy decreased toward both ends of the mycolic acid layer
(Fig. 2(a)).

The nature of coulombic (electrostatic) interactions were
noticeably different for different drug molecules (Fig. 2(c)).
Electrostatic interaction of isoniazid was the highest in the
head group region on the mycolic acid and became zero after-
ward (Fig. 2(c)) while pulling through the MA monolayer.
Ethionamide showed a similar trend, but the strength of
interaction was lower (Fig. 2(c)). Ethambutol interacted with
the membrane more strongly than ethionamide and unlike the
other two molecules, it electrostatically interacted with the
middle region of the membrane as well (Fig. 2(c)). The hydro-
gen bond formation also followed a similar pattern with the
CHARMM FF. Isoniazid formed the highest number of H-bonds
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with the head region of the MA monolayer but did not form any
after that (Fig. S4(a) in the ESIt). Ethambutol formed H-bonds
with the head and middle portion of the monolayer, while
ethionamide formed H-bonds with every region of the
membrane (Fig. S4(a) in the ESIY).

A similar trend in vdW interactions was observed with
GROMOS parameters with the highest strength for ethambutol,
followed by ethionamide and isoniazid (Fig. 2(b)). The coulom-
bic interactions are also similar to CHARMM force fields, but
for isoniazid, non-zero coulombic interaction is observed for
every region of the MA monolayer (Fig. 2(d)). Moreover, iso-
niazid formed hydrogen bonds with both head and tail regions
of MA with the GROMOS FF (Fig. S4(b) in the ESIY}).

The strength of vdW interactions for each drug molecule was
found to be very close for CHARMM and GROMOS FF parameters
(Fig. 2(a) and (b)). Significant differences have been observed in
terms of electrostatic interactions. The CHARMM FF offered
stronger coulombic interactions for ethambutol for the head
region of the monolayer and slightly less electrostatic interactions
for ethionamide (Fig. 2(c)). The most significant difference
is noticed for isoniazid, which has been mentioned earlier. No
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Fig. 3 Mycolic acid monolayer offers high free energy barrier for drug molecules. Potential of mean force (PMF) for various pharmaceutical molecules
for (a) CHARMM and (b) GROMOS FFs. Free energy barrier was found to be higher for ethambutol and ethionamide for the CHARMM FF, compared to the
GROMOS FF. Snapshots of different drug—monolayer systems have been depicted at various points of the PMF curve, with the colour code for mycolic
acid: C, pale blue; O, red; H, white. Colour code for the drug molecule is based on atomic mass. For ethambutol: H, red; O, blue; N, light blue; C, whitish
blue. For ethionamide: S, deep blue; H, red; C, reddish white; N, white. In the figures, vertical black dashed lines represent positions of water—monolayer

interfaces.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 21429-21440 | 21433


https://doi.org/10.1039/d4cp02659d

Published on 29 1403. Downloaded on 12/12/1404 09:01:18 ..

Paper

significant change in the number of hydrogen bonds was probed
for ethambutol and ethionamide with the change of the force field
parameters (Fig. S4 in ESI}). Notable changes in the number of
hydrogen bonds appeared for isoniazid, as mentioned earlier.

3.2 Free energy barrier and membrane permeability

We have employed a 1-dimensional umbrella sampling (1D-US)
technique to calculate the potential of mean force (PMF). It should
be noted here that although 1D-US is one of the most widely used
methods for free-energy calculation, it is reported that for some
cases, it does not generate an appropriate description of the free
energy of the systems.*® Computationally challenging procedures
like 2D Hamiltonian replica exchange umbrella sampling or 2D
metadynamics can determine the free energy landscape more
accurately and with respect to more degrees of freedom.*® How-
ever, 1D-US is sufficient for the permeability calculation, and thus,
we have stuck to 1D-US. The PMF obtained from 1D-US for all
three drugs using the CHARMM FF is plotted in Fig. 3(a). From
the figure, it is evident that the free energy barrier is the highest
for ethambutol (41.30 kcal mol™"), followed by ethionamide
(39.39 kecal mol™") and isoniazid (20.07 kcal mol™"). The free
energy reached its minimum on the surface of the monolayer for
all of the drug molecules, which, in corroboration with the other
results, indicates that the drug molecules prefer to remain on the
surface of the monolayer. The maxima of the free energy barrier
for all three drugs were observed to be around the distance of
2 nm (Fig. 3(a)). It is worth stating that the order of the free energy
barrier also followed the order of vdW interaction strength (Fig.
2(a) and 3(a)). Two peaks appeared in the free energy profile for
every drug molecule, specifically for isoniazid because of the
spatial change in the coulombic interactions and H-bond for-
mation (Fig. 2(c) and Fig. S4(a) in ESIT), which are most promi-
nently seen for isoniazid. Local minima can be seen at an ~3 nm
distance (Fig. 3(a)), which is at the vicinity of the lower surface of
the monolayer. These minima appeared because of the preference
of the drug molecules to attach to the membrane surface.

The shape of the PMF profiles of the different drug mole-
cules with GROMOS FF parameters is plotted in Fig. 3(b). The
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major differences between the GROMOS PMF profiles and the
CHRAMM PMF profiles are the following:

(1) with GROMOS parameters, ethambutol exhibited the
highest free energy barrier (37.79 kcal mol ') like CHARMM; it
is followed by isoniazid (27.99 kcal mol™") and ethionamide
(21.78 keal mol ™) (Fig. 4(c)).

(2) Two distinct peaks that appeared in the CHARMM PMF
profile is not noticed for GROMOS parameters.

The other characteristics of the GROMOS PMF profiles are
similar to those of CHARMM. For instance, the affinity of drug
molecules for the membrane surfaces can be clearly seen from
GROMOS PMF profiles. Besides this, the height of the free
energy generally followed the spatial strength of the drug-
membrane vdW interactions (Fig. 2(b)). However, although the
strength of isoniazid-mycolic acid vdW interactions was slightly
lower than that between ethionamide and the membrane, the
free energy barrier for the former is higher (Fig. 3(b)).

The disappearance of the dual peaks in the GROMACS PMF
profiles can be attributed to the significantly altered spatial
profile of coulombic interactions and the number of H-bonds,
compared to CHARMM parameters (Fig. 2(c), (d) and Fig. $4 in
the ESIt). More importantly, from Fig. 2(d), it is clear that the
electrostatic interaction between isoniazid and mycolic acid is
stronger than that between ethionamide and the mycolic acid
monolayer in the tail region of the molecules. This significantly
affected the PMF profile and lowered the free energy barrier of
ethionamide compared to isoniazid. This feature is absent for
CHARMM parameters, and thus, the free energy barrier of
ethionamide was higher than that of isoniazid.

The position-dependent resistance of the mycolic acid
membrane against all three drug molecules, which follows
the same pattern as the free energy barrier, has been repre-
sented using a log scale in Fig. 4, which followed a similar
pattern like the PMF profile (Fig. 3), for both the FFs. The
diffusion constant is presented in Fig. 5, and it shows that the
diffusivity is extremely low for the mycolic acid monolayer, in
agreement with the existing literature.® The effective perme-
ability of the membrane for different drug molecules is tabu-
lated in Table 1 for both CHARMM and GROMOS FFs. For
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Fig. 4 Mycolic acid membrane is responsible for low drug penetration properties of the TB bacterium. Resistance of the mycolic acid monolayer against
different drug molecules for (a) CHARMM and (b) GROMOS FFs. Higher resistance recorded for ethambutol and ethionamide for the CHARMM FF,
compared to the GROMOS FF. In the figures, vertical black dashed lines represent positions of water—-monolayer interfaces.
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CHARMM force field parameters, isoniazid was found to be the
most effective in penetrating the mycolic acid monolayer, and
ethambutol is the least effective. However, ethionamide was
found to be more effective in terms of permeability under the
GROMOS FF (Table 1). It should be noted that the effective
permeability was found to be higher for ethambutol and
ethionamide for the GROMOS FF (Table 1). Besides this, the
position dependent diffusion constant was always calculated to
be higher for the GROMOS FF for all of the drug molecules
(Fig. S5 in the ESI}), which is also a reason for the higher
permeability of ethambutol with GROMOS parameters (Table 1).

3.3 Insight into the in silico behaviours

We will start the current sub-section with a brief description
of the physicochemical properties of the TB drugs used for the
study, followed by a summary of the characteristics of each FF
employed for modelling. We will then summarize the pre-
viously described observed behaviors of different drug mole-
cules with the underlying probable causes. Lastly, we shall
comment on the advantages and disadvantages of each FF.

Along with isoniazid, ethambutol is a first-line drug used to treat
TB. Ethambutol diffuses into the M.tb cell and inhibits arabinosyl-
transferases, hindering the process of cell wall formation and cell
division.”" Isoniazid, on the other side, is a prodrug that is
activated by bacterial catalase. Once activated, it inhibits mycolic
acid synthesis.>® Ethionamide is a second-line drug for the treat-
ment of TB and is used in combination with other drugs. Like
isoniazid, ethionamide is also a prodrug that requires activation.>®
Once activated, it disrupts the fatty acid synthesis necessary for the
cell wall.>® It is noteworthy that all of the drug molecules used in
the present study are hydrophilic in nature and have less affinity
toward the lipid phase. Hence, it is expected that the mycolic acid
monolayer will act as a permeability barrier for all of these drugs, as
depicted in the above-mentioned observations. Some essential
characteristics, such as solubility and lipophilicity of the drug
molecules, are tabulated in Table S1 in the ESL{

As far as the FF parameters are concerned, both CHARMM
and GROMOS FFs are well-known for the simulation of the lipid
and lipid-like molecules. Historically, CHARMM27 was the first
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Table 1 Effective permeability (cm s™%) of different drug molecules using

two different FFs: the CHARMM36 all atom FF (CHARMM) and the GRO-
MQOS 54A7-ATB (GROMOS) united-atom FF

Name of the drugs GROMOS CHARMM

Ethambutol 9.61 x 103! 8.40 x 10**
Ethionamide 3.57 x 107 *° 1.45 x 10731
Isoniazid 1.68 x 10 *? 2.94 x 107"

all-atom force field, which was widely used for different kinds of
lipids.>*>> Further modifications of the lipid parameter were
incorporated in the later version, CHARMMS36, and specific
focus was given to the description of the lipid head group
structure.’® The CHARMM force field also includes a general
version, the CHARMM general force field (CGENFF), for small
biomolecules.>*> The functional form includes various internal
degrees of freedom like the bond, proper and improper dihedral
terms, including the Urey-Bradley term for the covalent bonds,
determined mainly using quantum mechanical calculations.””
CHARMM parameters are optimized to work within a 1.0-1.2 nm
cut-off distance for the LJ interactions and they use Lorentz-
Berthelot combination rules for L] parameters.® Moreover,
CHARMM parameters should be used in combination with a
modified TIP3P water model (TIP3PM).>® It is worth mentioning
that the CHARMM FF family sometimes underestimates the area
per lipid for constant pressure simulations.®”

In contrast, the GROMOS FF is a united atom force field,
where non-polar CH, CH,, and CH; groups are represented as a
single bead.>” Bonded parameters and charge distributions in
the GROMOS FF are optimized based on electronic structure
computations, while the development of non-bonded para-
meters is more focused on the reproduction of thermodynamic
properties like enthalpy and free energies of solvation of model
compounds.’” Both CHARMM and GROMOS families of FFs
exclude nearest and next-nearest non-bonded (1-2 and 1-3)
interactions between bonded atoms from the sum over non-
bonded terms. For the GROMOS FF, 1-4 interactions are also
excluded for atoms within an aromatic ring.*®* *® The GROMOS
family uses a geometric combination rule for L] interactions
and can be used with SPC or SPC/E water models.®* GROMOS

7
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Fig. 5 Mycolic acid monolayer acts as a diffusion barrier for drug molecules. Position-dependent diffusion coefficients of various pharmaceutical
molecules in the mycolic acid monolayer for (a) CHARMM and (b) GROMOS FFs. In the figures, vertical black dashed lines represent positions of water—

monolayer interfaces.
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parameters, in many instances, overestimated the surface area/
lipid for various kinds of lipids like DOPC, DLPC, DMPC and
POPC, and such overestimation led to enhanced water penetra-
tion in the membrane.®!

In the current study, we observed that the drug molecules
differed in terms of their affinity toward the monolayer surface
as a function of FF parameters. In the case of ethionamide and
isoniazid, the GROMOS FF provided better stability of the drug
molecules on the monolayer surface, whereas the affinity of
ethambutol toward the monolayer surface was found to be
similar for both the FFs (Fig. S11, ESIT). The underlying reasons
can be explained in the following manner.

From Fig. S13 (ESI{), it is clear that the vdW interaction was
almost similar for both sets of FFs in the case of ethambutol,
but weaker for the CHARMM FF for ethionamide for approxi-
mately the first 125 ns. For isoniazid, vdW interaction was
found to be weaker for the CHARMM FF almost throughout the
simulation window (Fig. S13(c), ESIt). This weaker vdW inter-
action may contribute to the less stable dynamics, observed for
ethionamide and isoniazid under the CHARMM FF. One inter-
esting observation is that ethionamide electrostatically inter-
acted with the monolayer (with the CHARMM FF), while the
magnitude of coulombic interaction for the other two drugs
(ethambutol and isoniazid) is not that significant (Fig. 5). This
strong electrostatic interaction helped ethionamide to have
more stability on the monolayer surface, compared to isoniazid
under the CHARMM FF, as seen from the evolution of the
minimum distance (Fig. S11(b) and (c), ESIt).

While comparing the dynamics of ethionamide using two
different FFs, one interesting aspect that appears is that despite
having greater coulombic interaction, ethionamide was found
to have less affinity toward the monolayer under the CHARMM
FF. To figure out the underlying reason, we have computed the
radial distribution function (g{r)) of water oxygen atoms sur-
rounding the drug molecules to assess the hydration effect on
the dynamics of the drug molecules, and the calculated g(7)
values for both sets of FFs are presented in Fig. S5 of the ESL}
From Fig. S5 (ESIt), it can be clearly seen that under the
CHARMM FF, ethionamide and isoniazid had been surrounded
by a greater number of water molecules compared to the
GROMOS FF. Higher solvation contributed to the less stable
behavior of ethionamide and isoniazid on the mycolic acid
monolayer surface under the CHARMM FF, despite having
greater drug-monolayer electrostatic interaction (for ethiona-
mide). The solvation behavior was quite similar for ethambutol
for both sets of FFs (Fig. S5(a) in ESIt), and it exhibited a
similar affinity toward the monolayer surface for CHARMM and
GROMOS.

It is a well-known fact that the GROMOS FF, in many
instances, overestimated the surface area/lipid for various
kinds of lipids like DOPC, DLPC, DMPC, and POPC, and such
overestimation led to enhanced water penetration in the
membrane.®’ In the present study, the area per lipid head
group was found to be higher for the GROMOS FF (Fig. S6 in
ESIY). This gives rise to higher diffusivity for ethambutol, when
the GROMOS FF is used. For the other two molecules, several
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other factors, like the drug-monolayer interactions, played an
important role in determining the diffusivity, and this is
reflected in the observed trend in permeability, as presented
in Table 1.

Apart from the above-mentioned facts, we have computed
the electrostatic potential and electric field across the
membrane for both the FF in the absence of any drug molecule
in order to obtain a better insight into the behavior of the drug
molecules inside the membrane, and they are presented in
Fig. S7 of the ESIL.{ The electrostatic potential was found to be
higher at the water-monolayer interface for GROMOS
(Fig. S7(a) in the ESIt), which, we believe, helped to better
stabilize the drug molecules on the surface as well (Fig. S11,
ESIT). Also, for the GROMOS FF, the electrostatic potential
changed more smoothly inside the membrane, compared to
that for the CHARMM FF. As per a previous report, a higher
electrostatic potential compared to the other FF is a character-
istic of the GROMOS FF.** This difference also may have played
a role in the notable difference in the PMF profile of the drug
molecules discussed earlier. Another important fact is the
drastic difference in the effective membrane permeability of
different drug molecules, which arises from the exponential
dependency of effective permeability on the free energy profile
(see Section 2), because of which a slight change in the PMF
profile results in a drastic change in effective permeability.®* In
the current study, the possibility of passive transport of some
first and second-line tuberculosis drugs has been explored
using two different well-known FFs. Now, the general question
arises about the suitability of the force field between GROMOS
and CHARMM for modelling mycolic acid and drug interac-
tions. We can pen a few points to answer this query. Firstly, the
experimentally observed area per molecule for mycolic acid is
>50 A with a limiting molecular area of 48 A%.°>®* Both FF sets
estimate this quantity closer to the limiting molecular area (Fig.
S6 in the ESIt), but the area per lipid is slightly close to the
experimental values for the GROMOS FF. Secondly, the better
stability of drugs on the monolayer surface while using the
GROMOS FF probably represents a more realistic scenario as it
is well known that the drugs used in this study can diffuse
through the M.tb cell wall, and the first step of such phenom-
ena is a steady attachment to the surface.

Lastly and most importantly comes the reliability of the
permeability values we obtained from both sets of FFs. It is a
well-known fact that the transport across membranes takes
place in two major ways: active (proteins are involved) and
passive (diffusion of small molecules across the membrane).®®
Relatively more hydrophobic/less soluble molecules can pas-
sively transport across the membrane comparatively easily than
more soluble molecules.®®> From Table S1 in the ESL 7 it is
clear that among the drug molecules, ethambutol has the
highest water solubility, followed by isoniazid and ethiona-
mide. Therefore, the general expectation is that ethambutol
will experience the highest free energy barrier, followed by
isoniazid and ethionamide. This corroborates well with the
GROMOS FF results. It should be iterated at this point that the
permeability of drug molecules complexly depends on many
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physico-chemical characteristics other than solubility like the
number of H-bond acceptors/donors, lipophilicity, molecular
weight, size, shape, polar surface area, pK,, minimum inhibi-
tory concentration (MIC) etc.™® Less permeability of ethambutol
also gets reflected in its higher MIC value (Table S1 in the ESI¥).
Generally, the majority of the drug compounds face an
energy barrier in the range of 5-50 kcal mol™" in the lipid
assembly, and our results agree with this range for both
FFs.®°"%® Permeability of isoniazid has been previously mea-
sured both computationally and experimentally against the
POPC bilayer and artificial membrane.®®’® Experimental
results suggest that isoniazid is a low permeable drug (perme-
ability <10 x 107° cm s~ ). Also, the permeability of isoniazid
varies significantly with the change in membrane properties
(from 0.3 + 0.1 cm s~ " t0 5.4 4+ 0.07 x 10 ® ecm s~ *).°*7% In the
current study, we obtained even lower effective permeability
values for all the drugs against the MA monolayer for both sets
of FFs (Table 1), which is expected because mycolic acid is
known to act as a very efficient permeability barrier.® Unfortu-
nately, to the best of our knowledge, there are no experimental
observations about permeability of drugs against the MA
monolayer to directly compare our results. Hence, considering
all the points stated above, we can conclude that although
GROMOS appears to be a slightly better FF for modelling drug-
MA interactions, it is impossible to draw a final conclusion as
to which FF is better to study the drug-MA interactions at the
present state because of the deficit of experimental studies.

4. Conclusions

In the current study, we have successfully employed the ato-
mistic MD simulation method to obtain a molecular level
insight into the experimentally reported resistance of the MA
monolayer toward conventional drug molecules. Our study
delved into the phenomenological causes behind the observed
low permeability of the MA monolayer and illustrated the
importance of FF parameters to model such systems. The
following key conclusions can be drawn from the present work.

(a) The MA monolayer offers a high free energy barrier of
penetration toward drug molecules. The MA molecules significantly
interacted with the drug molecules during their passage through
the monolayer, which led to such high free energy barrier.

(b) For both the FFs, the drug molecules preferred to stay on
the monolayer surface and interacted with the monolayer
mainly via vdW interactions. However, better stability of drug
molecules on the surface of the monolayer was observed for
GROMOS FF, specifically for ethionamide and isoniazid. This
can be attributed to the lower solvation of drug molecules
together with a higher electrostatic potential at the water-
membrane interface found for GROMOS FF. On the other hand,
ethionamide exhibited affinity toward the tail of the mycolic
acid monolayer for adsorption, which was not observed for
simulations using the GROMOS FF.

(c) The PMF profile of different drug molecules looked
significantly different for GROMOS and CHARMM FFs because
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of the notable difference in drug-mycolic acid coulombic
interactions within the monolayer (during the passage of the
drugs through the monolayer). The free energy barrier height
also differed significantly under the two FFs because of the
same reason. However, ethambutol was found to experience the
highest free energy barrier for monolayer crossing for both
the FFs.

(d) Apart from the drug-monolayer interaction, the height of
the free energy barrier and diffusivity of the drug molecules
were also found to depend on the area per lipid. A higher
diffusivity was observed for the GROMOS FF, compared to that
for the CHARMM FF, because of the higher area per head group
of lipid obtained for the former FF set. Our simulation results
indicate that the drugs will typically take time on the order of
milliseconds to cross the monolayer through passive diffusion.

(e) GROMOS appeared to be a better FF for similar studies.
But, lack of experimental evidence prohibits us from drawing a
deterministic conclusion.

To summarize, the current work provides an atomistic
insight into the origin of the thermodynamic barrier and low
permeability of the MA monolayer for some of the well-known
TB drugs. We also present a detailed comparison of two well-
known FFs and their influences on the free energy barrier and
permeability. From the current work, it has been clear that the
interactions between MA molecules and drugs play an immense
role in the permeability of the former and this knowledge
provides a guideline for modeling drug-membrane systems
with more details to design more potent TB drug candidates,
as similar studies can be performed with potent drug-like
molecules to assess their interactions with the M.tb cell wall
and in turn their ability to diffuse within bacterial cells.
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