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Abstract

In this thesis, we report molecular dynamics (MD) investigations of two major contem-
porary biological concerns, (i) providing distinct functioning mechanisms of promising
next-generation antibacterials and (ii) a detailed structural analysis along with the
elucidation of Na™ ion permeation pathway of acetylcholine receptor (AChR) trans-
membrane proteins.

In the first part, we outline different molecular mechanisms adopted by novel antibac-
terials to exert their bactericidal action against Gram-positive and Gram-negative
bacterial membranes. The motivation behind this work arises from the rapid emer-
gence of multi-drug resistant bacteria and the quest for new-generation antibacteri-
als with minimal probability to induce bacterial resistance acquisition. Membrane-
directed antibacterials such as polycations and two-dimensional (2D) nanomaterials
that disrupt the bacterial membrane integrity as their mode of action can effectively
address the concern. A comprehensive understanding of the molecular interactions
responsible for the membrane destructing action is essential to efficiently modulate
their antimicrobial potency. We first studied the antibacterial action of quaternary
ammonium-substituted derivative of a natural polysaccharide, pullulan, against both
Gram-negative (FEscherichia coli (E. coli)) and Gram-positive (Staphylococcus aureus
(S. aureus)) bacterial membranes. Next, we explored the molecular basis of broad-
spectrum antibacterial activity of 2D molybdenum disulfide (MoS,) against the cellular
membranes of E. coli and S. aureus bacterial strains. The efficacy of these materi-
als has been evaluated in terms of their deleterious impact on the structural features
of the bacterial membranes. The primary interactions responsible for the destruc-
tive action of these prospective antibacterial candidates have been assessed through
their pair interactions energies and H-bonds with the lipid components of the bacterial
membranes. The emergence of inhomogeneity in lateral distribution of lipids has been
deciphered using computed lateral number density profiles. Various other structural
properties of bacterial membranes such as tail fluidity, surface roughness, lipid lateral
diffusion, membrane thickness etc. have been computed to quantitatively estimate the
disintegrating action of these antibacterial candidates.

In the second part of the thesis, we have elucidated the mechanism of hydrophobic



gating in the acetylcholine receptor (AChRs) channel pore. Neuromuscular AChRs
are hetero-pentameric, ligand-gated ion channels, which play critical roles in muscle
contraction and cognition. The binding of the neurotransmitter acetylcholine (ACh)
to two target sites promotes a global conformational change of the receptor that opens
the channel and allows ion conduction across the channel pore. The ‘gate’ is a com-
plex, independent, macromolecular machine in AChR, channel pore that regulates ion
conduction. We have performed both equilibrium and non-equilibrium atomistic MD
simulations for the structural analysis and deciphering the underlying free energy of
Na' ion permeation in recently solved structures of ligand-gated AChRs. In addition,
the impact of leucine (hydrophobic) to serine (hydrophilic) mutation at the lower end of
the hydrophobic barrier was studied to elucidate the probable presence of hydrophobic

residue interactome.
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and (c) water on successive addition of CP4 molecules. Reprinted with

permission from Ref. [67], Copyright 2022 American Chemical Society.
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3.6

3.7

3.8

3.9

3.10

Variation in order parameter of snl and sn2 tails of (a,b) AMPG and
(c,d) LPG lipids (outer and inner leaflets) on addition of varying con-
centrations of CP4 tetramer molecules. Reprinted with permission from

Ref. |67], Copyright 2022 American Chemical Society. . . . . . . . . ..

Representative snapshots showing water translocation across the lipid
hydrophobic region in presence of varying concentration of CP4
tetrameric chains, thus manifesting the ease of water movement across
hydrophobic barrier induced by CP4. The water molecules present to-
wards the lipid hydrophobic region are shown in red (O) and white (H)
spheres while rest of the representation scheme is same as Figure 3.1.
Lipid tails are omitted for clarity. Reprinted with permission from Ref.

[67], Copyright 2022 American Chemical Society. . . . . ... ... ..

Average electrostatic interaction energies of anionic (AMPG+ACL) and
cationic (LPG) lipids with 3 cationic CP4 tetramers in presence of vary-
ing salt concentration. Reprinted with permission from Ref. [67], Copy-

right 2022 American Chemical Society. . . . . . . ... ... ... ...

Snapshots showing time dependent evolution of partially penetrated
CP4 tetramer in configuration C1 illustrating its stability on the mem-
brane surface only. Ochre and tan colored beads represent the anionic
and cationic lipid head phosphorus atoms, respectively while the other
representations are followed as per Figure 3.1. Lipid tails are omit-
ted for clear visualization. Reprinted with permission from Ref. [67],

Copyright 2022 American Chemical Society. . . . . . .. ... ... ..

Snapshots showing time-dependent evolution of partially penetrated
CP4 tetramer molecule in configuration C2. The representations are
kept same as in Figure 3.9. Lipid tails are omitted for clear visual-
ization. Reprinted with permission from Ref. [67], Copyright 2022

American Chemical Society. . . . .. . ... ... ... L.
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3.11 (a) Pictorial representations illustrating minimal interacting behavior

4.1

4.2

4.3

of 3 CP4 tetramers with homogeneous POPC membrane at 0 ns, 100
ns, and 200 ns timescale. POPC lipids and CP4 molecules are shown in
licorice representation with atoms colored as the standard color scheme
implemented in VMD.[255] Na® and Cl~ ions are omitted for clear vi-
sualization. (b) Time evolution of distance between center of mass of
CP4 tetramers with head group P atoms of outer leaflet POPC lipids
along membrane normal. (c) Pair interaction energy for CP4 interac-
tions with POPC lipids. (d) Comparison of order parameters of POPC
lipid tails before and after addition of CP4 tetramers. Reprinted with
permission from Ref. [67], Copyright 2022 American Chemical Society.

The top-view (upper panels) and lateral-view (lower panels) of the MoS,
nanosheets used in this study, (a) 2 nm x 1.7 nm, (b) 3.1 nm x 3 nm,
(c) 6.4 nm x 4.3 nm. The Mo and S atoms are displayed as pink and
yellow spheres, respectively. Reprinted with permission from Ref. [242],
Copyright 2022 Royal Society of Chemistry. . . . . . . .. .. ... ..
Trajectory snapshots of S33 system displaying the various steps of MoS,
sheet insertion in bacterial membrane with time. The membrane lipid
tails are represented in cyan color with their head phosphorus atoms
highlighted in tan colored beads. MoS, sheet is shown in ball and stick
representation with Mo and S colored as pink and yellow, respectively.
The DOPE and DOPG lipids in the vicinity of MoS, sheet are shown as
iceblue and orange sticks, respectively. Subfigures (b-e) show the step
I i.e. surface interaction and lipid extraction and figures f-i represent
MoS, penetration (step II). Reprinted with permission from Ref. [242],
Copyright 2022 Royal Society of Chemistry. . . . . .. . ... ... ..
Trajectory snapshots of S64 system displaying the various steps of MoS,
sheet interactions with bacterial membrane with time. The display set-
tings are the same as in Figure 4.2. Subfigures (b-f) show step I i.e.
surface interaction and lipid extraction and subfigures (g-i) represent
MoS, penetration (step II). Reprinted with permission from Ref. [242],
Copyright 2022 Royal Society of Chemistry. . . . . ... ... ... ..
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4.4

4.5

4.6

4.7

Temporal evolution of center of mass distance between bilayer center
and MoS, nanosheet (upper panel) along with induced surface roughness
(lower panel) for (a) S22, (b) S33, and (c¢) S64 systems. The black
vertical dotted lines are used to differentiate various stages of MoSsy
interaction. Reprinted with permission from Ref. [242], Copyright 2022
Royal Society of Chemistry. . . . . ... ... ... .. ... ... ..

Three-dimensional surface of the bilayer leaflets depicting the extent of
surface deformations in presence of MoS, nanosheets at specified times.
The three panels (from left to right) depict the surface morphology at
the initial frame, sheet interacting at the surface, and the end frame
(complete sheet insertion) of the simulation, respectively. Reprinted

with permission from Ref. [242], Copyright 2022 Royal Society of Chem-

Trajectory snapshots illustrating structural perturbations induced by
surface interactions (step I) of MoS; nanosheets at the specified time;
(a-c) lateral view depicting lipid extraction via adsorption by MoS,
nanosheet, (d-f) the resultant formation of a cavity in the outer leaflet,
and (g-1) subsequent water intrusion in the lipid hydrophobic region due
to membrane deformations. The lipid head group P atoms are shown
as tan colored beads. The Mo and S atoms are rendered as pink and
yellow colored spheres, respectively. In subfigures (a-f), the PE and PG
lipids in contact with MoS5 sheet are highlighted in iceblue and orange
licorice representation, respectively. Rest of the PE and PG lipids are
represented by cyan and orange faded lines. In figures (g-f), water is
represented as transparent surface with Nat and Cl~ ions rendered as
golden and cyan spheres, respectively. Reprinted with permission from

Ref. |242], Copyright 2022 Royal Society of Chemistry. . . . . ... ..

The (a) van der Waals (vdW) and (b) electrostatic interaction energies
of the MoS, nanosheet with membrane lipids for single nanosheet sys-
tems. Reprinted with permission from Ref. [242], Copyright 2022 Royal
Society of Chemistry. . . . . . .. . ... o
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4.8

4.9

4.10

4.11

4.12

Variation in bilayer thicknessmap in presence of different MoS,
nanosheets with respect to the pure E. coli bilayer. S64 system shows
an exceptional rise in thickness around the nanosheet penetration site.
Reprinted with permission from Ref. [242], Copyright 2022 Royal Soci-
ety of Chemistry. . . . . . . ... o o o

2D number density profiles for membrane lipids (without hydrogens)
in (a) S22, (b) S33, and (¢) S64 systems. The arrows highlight the
formation of lipid layers around inserted MoSs nanosheet (dark blue
region). Reprinted with permission from Ref. [242], Copyright 2022
Royal Society of Chemistry. . . . . . ... ... .. ... .. ......

Representative snapshots displaying the layerwise arrangement of lipid
molecules around inserted MoS, nanosheets. The layers become more
and more defined with increasing size of the nanosheet. Reprinted with

permission from Ref. [242], Copyright 2022 Royal Society of Chemistry.

Layer-wise and total orientation order parameter of the snl tails of PE
and PG lipids of (a) S22, (b) S33, and (c) S64 systems. The "reference"
data represents the order parameter of E. coli membrane in absence of
any nanosheet. Reprinted with permission from Ref. [242], Copyright
2022 Royal Society of Chemistry. . . . . . .. ... ... ... .....

Lateral MSDs of lipids present in lipid layers and compared with aver-
aged total for (a) S22, (b) S33, and (c) S64 systems, (d) Lateral diffu-
sion coefficient of membrane lipids of pure membrane and the studied
membrane-MoS, systems. Reprinted with permission from Ref. [242],

Copyright 2022 Royal Society of Chemistry. . . . . ... ... ... ..
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4.13

4.14

0.1

Trajectory snapshots illustrating various stages of nine MoS, nanosheets
(2 nm x1.7 nm) interacting with E. coli bacterial membrane (522-9
system). Subfigures (a-c) represent stage I i.e. the surface interaction
of aggregated nanosheets and phospholipid extraction, and figures (e-g)
show step II, nanosheets partial insertion. Figures (d) and (h) display
the resultant cavity formation of the bilayer (outer leaflet only) at 100
ns and 370 ns time frames, respectively. The representation scheme is
followed as per Figure 4.6(a-f). Reprinted with permission from Ref.
[242], Copyright 2022 Royal Society of Chemistry. . . . . . . ... . ..

Trajectory snapshots illustrating the process of three MoS, nanosheets
(3.1 nm x 3 nm) interacting with the bacterial membrane (S33-3 sys-
tem). Subfigures (a-c) represent the surface interactions of aggregated
nanosheets and phospholipid extraction followed by nanosheets inser-
tion in subfigures (e-g). Figures (d) and (h) display the cavity forma-
tion in the outer leaflet of the bilayer at 50 ns and 450 ns time frames,
respectively. The representation scheme is kept same as Figure 4.6(a-
f). Reprinted with permission from Ref. [242], Copyright 2022 Royal

Society of Chemistry. . . . . . .. . ... oo

Trajectory snapshots illustrating interaction of freely dispersed MoS,
nanosheets with S. aureus bacterial membrane via "wrapping-trapping"
mechanism (Set I systems). MoS, nanosheets are shown in yellow (S
atoms) and pink (Mo atoms) bead and stick model. Lipid fatty acyl tails
are shown as gray sticks with head P atoms highlighted in tan colored
spheres. Lipid molecules present in direct contact to the surface of
nanosheets (contacting lipids) are demonstrated as thicker sticks. These
fatty acyl tails of contacting lipids are observed to be more ordered than
the neighbouring lipids. Reprinted with permission from Ref. [243],
Copyright 2023 American Chemical Society. . . . . . .. ... ... ..
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5.2

5.3

0.4

9.5

Time-dependent evolution of CoM distance between MoS,; nanosheet
and the membrane plotted with corresponding orientation of the
nanosheet with respect to bilayer normal (upper panel) in Set I sys-
tems. The lower panel depicts the simultaneous change in the surface
roughness of inner and outer leaflets with time. The reference/pure
data in lower panel indicates the average surface roughness in pure S.
aureus membrane in water. Reprinted with permission from Ref. [243],

Copyright 2023 American Chemical Society. . . . . . ... .. ... ..

Leaflet wise lateral number density profiles for membrane lipids in pres-
ence of MoS, nanosheets adsorbed to bilayer outer leaflet surface (Set I
systems), compared with pure S. aureus membrane (left panel). Forma-
tion of densely packed lipid domains at the site of nanosheet adsorption
can be clearly observed. Reprinted with permission from Ref. [243],

Copyright 2023 American Chemical Society. . . . . . ... .. ... ..

Variation in fatty acyl tail order parameters of lipid molecules in di-
rect contact (contacting lipids), the peripheral lipids and inner leaflet
lipids in (a) MS33, and (b) MS64 systems, plotted with pure S. aureus
membrane taken as "reference". The term "contacting lipids" refers to
the lipid molecules present within 5 A distance of the adsorbed MoSs
nanosheet and the remaining lipid molecules in outer leaflet are referred
as "peripheral lipids". Reprinted with permission from Ref. [243], Copy-
right 2023 American Chemical Society. . . . . . . ... ... ... ...

Trajectory snapshots of MS64gpg system displaying the surface interac-
tion of MoS, nanosheet on S. aureus membrane at varying time frames.
The representation scheme is kept same as in Figure 5.1. Reproduced
with permission from Ref. [243|, Copyright 2023 American Chemical
Society. . . ..



0.6

5.7

0.8

2.9

Spontaneous insertion of substrate-bound vertically aligned nanosheets
of different sizes and subsequent rearrangement of lipid molecules in
their locale at varying time scales in (a) MS33ggy and (b) MS64spy
systems. It should be noted that the timescale of MoS, insertion in
larger nanosheet is faster than the smaller sheet and the time-frame for
upper snapshots in both the systems are chosen according to it. The
representation scheme is followed as per used in 5.1. The restrained Mo
atom on one corner of the nanosheet is highlighted as a larger bead. The
polar head group atoms (O and N) of lipid molecules in direct contact
with the nanosheet are also highlighted in bigger red and blue balls,
respectively. Reprinted with permission from Ref. [243], Copyright
2023 American Chemical Society. . . . . . ... .. ... ... ... ..

(a-b) Time evolution of CoM distance between the nanosheet and the
bilayer along with a corresponding change in lipid-nanosheet interaction
energies (top panel) and the consequent change in surface roughness (ry,)
of the inner and outer leaflets (lower panel) in MS33sgy and MS64spy
systems, respectively. The reference surface roughness depicts the av-
erage value for pure S. aureus membrane surfaces. Figures (c) and (d)
display the lateral (xy) number density plots of lipid molecules (with-
out hydrogen), conveying a layer-wise lipid arrangement around inserted
nanosheets in MS33ggy and MS64ggy systems, respectively. Reprinted
with permission from Ref. [243|, Copyright 2023 American Chemical
Society. . . . .

Variation in two-dimensional (lateral) membrane thickness in presence
of inserted nanosheets of varying sizes (Set II systems) with respect to
the pure S. aureus membrane. Reprinted with permission from Ref.

[243], Copyright 2023 American Chemical Society. . . . . . . ... . ..

Time-dependent variation in electrostatic and van der Waals pair inter-
action energies of MoSy nanosheet interactions with lipid components
of S. aureus membrane in Set II systems. Reprinted with permission

from Ref. [243], Copyright 2023 American Chemical Society. . . . . . .
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5.10 Orientational order parameter of snl and sn2 fatty acyl tails of mem-
brane lipids present in sequential layers formed in the vicinity of embed-
ded nanosheet in (a) MS33gpy and (b) MS64spy systems. For compari-
son, the order parameter of lipid molecules in pure S. aureus membrane
has also been added as "reference/pure". The layerwise lipid arrange-
ment is more distinctive with higher ordering of lipid tails in presence
of larger nanosheet (in MS64ggy system). Reprinted with permission

from Ref. [243|, Copyright 2023 American Chemical Society. . . . . . . 112

5.11 Time-dependent variations in (a) CoM distance between MoS,
nanosheet and the bilayer, (b) pair interaction energy of the nanosheet
with membrane lipids and (c¢) orientation angle of the nanosheet with
respect to the membrane normal in MS64 and MS64gpg system at in-
creased temperatures. Figures d-f display the change in surface rough-
ness of both the leaflets resultant to the nanosheet interaction and lipid
extraction at elevated temperatures. The reference surface roughness
depicts the average value for pure S. aureus membrane surfaces. In fig-
ures (a, ¢, d-f), the variations in the properties of these systems are also
shown at 310 K as a benchmark for comparison at elevated temperatures
(mentioned in legends). Figures (g-i) illustrate the originated three-
dimensional deformations in the membrane inner and outer surfaces by
virtue of phospholipid extraction prompted by the nanosheet, account-
ing for surface roughness at the mentioned time frames. Reprinted with

permission from Ref. [243|, Copyright 2023 American Chemical Society. 115
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5.12 The pattern of phospholipid extraction (left) with consequent formation
of a concavity in outer leaflet (middle) and the transmembrane aque-
ous flux (right) at the mentioned time frames in presence of (a) freely
dispersed nanosheet and (b) substrate-bound nanosheet at 330 K tem-
perature. The representation scheme for lateral and top view of bilayer
(left and middle panel) is kept same as Figure 5.1. In right panel, the
aqueous phase is shown as transparent iceblue surface. Na® and Cl™
ions are rendered as golden and cyan colored beads, respectively. The
phosphorus atoms of lipid head groups are shown as tan colored spheres.
The restrained Mo atom on one corner of the nanosheet in figure (b)
is highlighted as a larger bead. The polar head group atoms (O and
N) of the lipid molecules present in direct contact with the nanosheet
are also highlighted in red and blue balls, respectively. Reprinted with
permission from Ref. [243], Copyright 2023 American Chemical Society. 116

5.13 Trajectory snapshots illustrating various destructing events occurring
by virtue of interaction of substrate-bound MoSs nanosheets (MS64spg
350 K) with S. aureus bacterial membrane at 350 K temperature. Fig-
ure (a,b) demonstrate lateral view of lipid extraction and nanosheet
insertion, (c) visualizes concavity formation in outer leaflet due to lipid
displacement, and (d) shows the consequent water pore formation. The
representation scheme is kept same as Figure 5.12. Reprinted with per-

mission from Ref. [243|, Copyright 2023 American Chemical Society. . . 117
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6.1

6.2

6.3

6.4

(a) HOLE diagram showing pore dimensions of WT-C and O AChR
conformations. Pore dimension is blue, narrow, and red, wide (> 4.2
A diameter). The front a-subunit is not shown. (b) Pore diameter for
the WT-C (4AQ5) vs WT-O (4AQ9) and the mutant (4AQ5) AChRs,
calculated using HOLE program.|287| The pore diameter in O state at
13’ position is ~3.9 A wider compared to in C (highlighted by orange
arrow). (¢) Equilibrium snapshots depicting the pattern of pore hydra-
tion in WT closed (4AQ5), its mutated variants and WT open (4AQ9).
A clear gap in the water distribution is apparent in the constricted hy-
drophobic gating region of the closed channel. Note the progressive
increase in water density in the mutants and in the open conforma-
tions. (d) Water density along the pore calculated within a 10 A x 10
A window in xy-plane perpendicular to the pore axis. In figures (a,c),

subunits are colored as « orange, /3 green, 6 magenta, and ¢ cyan.

Averaged superimposed structures of WT-C (4AQ5) and O (4AQ5) con-
formations of AChRs (synaptic view (a), and membrane view (b)) ob-
tained from the equilibrated part of the simulations. Purple, C and
green, O. Note the side chain rotations, orthogonal translation and

straightening of the M2 helices in the O structure. . . . . . . . ... ..

Overlay of the Car backbones of different subunits of 4AQ5 (purple) and
6UWZ (green). 9L residue of 4AQ5 and 6UWZ structures are shown

as sticks. The dotted line represents the 9’ equatorial position. . . . . .

HOLE diagram showing pore dimensions of WT AChR structures in (a)
a-Btx bound, (b) closed (7TQKO), and (c) open (7QL6) conformations.
Pore dimension is blue for narrow, and red for wide (> 4.2 A diameter).
The channel subunits are rendered in silver. The front subunits are not
shown for clarity. The side chains of pore residues contributing to the

hydrophobic constriction (9, 13’ and 16’) are highlighted in the insets.
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6.5

6.6

6.7

6.8

6.9

Superimposed structures of C (blue) and O (silver) conformations of
AChRs (synaptic view (a-c), and membrane view (d)) for structural
comparison. The side chains of 9’ (a), 13’ (b), and 16’ (c) residues are
shown to illustrate the twisting of M2 helices such that these side chains
point away from lumen in O conformation. The membrane view show

relative straightening of M2 helices in C conformation. . . ... .. ..

(a) Pore diameter for the WT (C vs O) and the mutant AChRs, calcu-
lated using HOLE program.|287| Note the progressive increase in pore
diameter at 9’ level with increasing number of L9’S mutants. (b) Dis-
tribution of water density along the pore calculated within a cylinder of
radius 5 A along the pore axis. (¢) Equilibrium snapshots showing dis-
tribution of water molecules in the pore of closed state (TQKO) AChR.
Red spheres are water molecules (O atom). The side chains at 9" and

16’ positions in S-subunit are shown by licorice representation. . . . . .

(a) Equilibrium snapshots depicting the pattern of pore hydration in
WT closed (7TQKO), its mutated variants and WT open (7QL6). Note
the progressive increase in water density in the mutants (at 9’) and in
the open conformations. The channel subunits are shown in silver and
the subunits in front have been removed to aid visualization of the water
pore. (b) Distribution of water molecules along pore axis with time in
WT closed, the mutated closed and open channel. A gradual increment
in water intrusion at 9’ position can be visualized in agreement with the

snapshots of pore hydration. . . . . .. ... ... ... ... .....

PMF profiles for permeation of Na™ ion through WT closed (7TQKO),
WT open (7QL6), and mutated closed (7TQKO) channel pores (/3L9’S,
apL9’S, and 36¢1L9’S). The positions of the key amino acids at the gate
are shown in dotted lines. The profiles from right to left indicate the

movement of Nat ion from extra- to intracellular region. . . . . . . ..

Comparison plots of (a) water density along the pore axis in all the
studied WT-C conformations, (b) pore diameter of studied WT-C and
O structures, (¢) PMF profiles of Na™ ion permeation in the studied

WT-C channels 4AQ5, 6UWZ and 7TQKO channel pores. . . . . .. ..
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Al

A2

A3

A4

A5

A6

Simulation snapshots showing undesired movement of CP4 tetramers to
the inner leaflet of the membrane through PBC membrane in (a) ECM-
3CP4, (b) ECM-4CP4, and (¢) ECM-6CP4 systems. The representation

scheme is followed as used in Figure 2.3. . . . . . ... ... ... ...

Variation in electron density profiles of (a) Na®, and (b) Cl~ along

membrane normal in E. coli membrane in presence of CP4 molecules. .

Orientational order parameter of snl and sn2 fatty acyl tails of (a-b)
DOPG, and (c-d) DOPE lipids of the inner leaflet at varying concen-

tration of CP4 tetramers. . . . . . . . . . . ...

Simulation snapshots showing the movement of additional CP4 molecule
to the inner leaflet through periodic boundary conditions in S. aureus
membrane system containing 4 CP4 tetramers. The representations
and color scheme is kept the same as in figure 3.1.Reproduced with

permission from Ref. [67], Copyright 2022 American Chemical Society.

(a) Lateral (left) and top (right) views of three CP4 tetramers inter-
acting with the SAM at 0.1 M NaCl concentration. The representa-
tion scheme for Lateral and top views are follow as in Figures 3.1 and
3.3, respectively. (b) Leafletwise lateral number density plots for an-
ionic lipids (AMPG+ACL) in presence of three CP4 tetramers and 0.1
M NaCl (SAM-3CP4-0.1 systems).Reprinted with permission from Ref.
[67], Copyright 2022 American Chemical Society. . . . . ... ... ..

Variations in order parameter (S,,) of (a-b) AMPG, and (c-d) LPG
lipids of SAM-3CP4 systems at 0.1 and 0.15 M salt concentrations and
comparison with the S,, data obtained in absence of CP4. Reprinted
with permission from Ref. [67]|, Copyright 2022 American Chemical
Society. . . ..
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A.7 Initial simulation setup of (a) S22, (b) S33, and (c) S64 systems. The

A8

A9

representation of MoS,; nanosheets are kept same as Figure 4.1. The
DOPE and DOPG lipids are shown in cyan and orange sticks with
their head P highlighted in tan and orange colored beads, respectively.
Water boundaries are represented by grey surfaces. lons are omitted
for clarity. Reprinted with permission from Ref. [242], Copyright 2022
Royal Society of Chemistry. . . . . . . .. ... .. ... ... .....

Initial simulation setup (lateral and top views) of (a) S22-9, and (b)
S33-3 systems. The representation scheme is kept the same as Figure
A.7. Reprinted with permission from Ref. [242], Copyright 2022 Royal

Society of Chemistry. . . . . . .. . ... o

Trajectory snapshots of S22 system displaying the various steps of MoS,
nanosheet interaction with bacterial membrane with time. The repre-
sentation scheme is kept the same as in Figure 4.2. Subfigures (b-c)
show the step I i.e. surface interaction and lipid extraction and sub-
figures (d-f) represent MoSs penetration in bilayer core region (step
IT). Reprinted with permission from Ref. [242], Copyright 2022 Royal
Society of Chemistry. . . . . . .. . ... o

A.10 Time-dependent evolution of MoSy nanosheet orientation with respect

to membrane normal (z-axis). Note that after complete insertion, the
nanosheets orient nearly parallel to z-axis with orientation angle ap-
proximately equal to 0°. Reprinted with permission from Ref. [242],
Copyright 2022 Royal Society of Chemistry. . . . . ... ... ... ..

A.11 The interaction energy of PE and PG lipids with MoS; nanosheet.

There occurs sharp decrease in van der Waals interaction energy as
more and more lipids come in contact with the nanosheet; first dip at
surface contact and spontaneous lipid extraction and second during in-
sertion in the membrane. Reprinted with permission from Ref. [242],

Copyright 2022 Royal Society of Chemistry. . . . . ... ... ... ..
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A.12 Layer-wise and total orientation order parameter of ths sn2 tails of PE
and PG lipids of (a) S22, (b) S33, and (c¢) S64 systems. The “reference”
data represents the order parameter of pure bilayer in absence of any
nanosheet. Since the S22 system does not have a well-defined 3¢ layer,
the data is reported for first two layers for this system. Reprinted with
permission from Ref. [242], Copyright 2022 Royal Society of Chemistry. 148

A.13 Trajectory snapshots showing considerable water intrusion in lipid hy-
drophobic region of bacterial membrane in presence of multiple (a) 2
nm x 1.7 nm sized nanosheets (S22-9) and (b) 3.1 nm x 3 nm sized
nanosheets (S33-3). Two snapshots are shown per system at (i) repre-
sentative time frame where the nanosheets are mostly interacting at the
surface while (ii) represents the last frame. Representation scheme is
followed as in Figure 4.6(g-i). Lipid tails and MoS, nanosheets are omit-
ted for clarity. Reprinted with permission from Ref. [242], Copyright
2022 Royal Society of Chemistry. . . . . . .. ... ... ... ..... 149

A.14 Initial simulation setup depicting the arrangement of MoS, nanosheet
in (a) set I and (b) set II systems. For set III, the initial setups were
kept same as their original systems (at 310 K temperature), albeit the
simulation temperature was increased. MoS, nanosheets are shown in
yellow (S atoms) and pink (Mo atoms) bead-and-stick model. Lipid
fatty acyl tails are shown as gray sticks with head P atoms highlighted
in tan colored spheres. The restrained Mo atom in set II systems is
shown as a larger sphere. Water molecules and ions are not shown.
Reprinted with permission from Ref. [243], Copyright 2023 American
Chemical Society. . . . . . . . . . . 150

A.15 Trajectory snapshots illustrating surface adsorption (“wrapping-
trapping” mechanism) of a larger nanosheet (8.1 nm x 5.3 nm) on a
bigger bacterial membrane with 586 lipid molecules at increasing times.

The representation scheme is kept the same as in Figure 5.1. Reprinted
with permission from Ref. [243|, Copyright 2023 American Chemical
Society. . . .. 150



A.16 Number density profiles for (a) water (b) total lipids, and the major lipid
constituents (c) AMPG, and (d) LPG lipids along membrane normal for
set I systems. A dip in the water number density at z > 20 A depicts
the partial dehydration of outer leaflet due to nanosheet adherence.
Reprinted with permission from Ref. [243], Copyright 2023 American
Chemical Society. . . . . . . . ...

A.17 Variation in the order parameters of fatty acyl tails of lipid molecules in
direct contact (contacting lipids), the peripheral lipids and inner leaflet
lipids in MS33-3 system (set I) plotted with the order parameters for
S. aureus membrane for comparison. Reprinted with permission from

Ref. [243], Copyright 2023 American Chemical Society. . . . . . . . ..

A.18 Transient water movement across membrane hydrophobic core in pres-
ence of surface anchored MoS,; nanosheets in set I systems. MoS,
nanosheets are shown in yellow (S atoms) and pink (Mo atoms) bead-
and-stick model. The water molecules present toward the lipid hy-
drophobic region are shown as red (O) and white (H) spheres, while the
aqueous phase beyond lipid /water interface is shown as transparent ice-
blue surface with Na® and Cl~ ions colored as yellow and orange beads,
respectively. Lipid head group P atoms are highlighted in tan colored
spheres and the fatty acyl tails have been omitted for clarity. Reprinted
with permission from Ref. [243|, Copyright 2023 American Chemical
Society. . . . .

A.19 Pair interaction energies of MoSs nanosheet absorbed on the bilayer
surface with anionic (AMPG and ACL) and cationic (LPG) lipids per
lipid molecule of outer leaflet. Cardiolipin (ACL) molecule has been
considered equivalent to 2 AMPG molecules for averaging of interaction
energy over the lipid molecules. Reprinted with permission from Ref.

[243], Copyright 2023 American Chemical Society. . . . . . . ... . ..
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A.20 The initial system setup for the (a) WT closed (4AQ5), open (4AQ9),
a-Btx bound (top panel) and mutated 4AQ5 ion channels (bottom
panel), embedded in POPC lipid bilayer. The mutated serine residues
are shown as scaled van der Waal spherical representation with default
atomic colors as implemented in VMD. The color scheme for subunits:
« orange, [ green, 6 magenta, and ¢ cyan. (b) Time evolution of Co
RMSDs of equilibrium simulations for all the WT and mutant AChRs
over the TMD. . . . . . . .. .

A.21 The initial system setup for the (a) WT closed (7TQKO), and open
(7TQL6), and (b) mutated 7QKO ion channels, embedded in POPC lipid
bilayer. The representation scheme is kept the same as in Figure A.20.
(c) Time evolution of Cae RMSDs of equilibrium simulations for all the

WT and mutant AChRs over the TMD. . . . . .. .. .. ... ....
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