
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 9309–9316 |  9309

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 9309

Dissecting the chiral recognition of TLR4/MD2
with Neoseptin-3 enantiomers by molecular
dynamics simulations†
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Toll-like receptor 4 (TLR4) is a pivotal innate immune recognition receptor that regulates intricate

signaling pathways within the immune system. Neoseptin-3 (Neo-3), a recently identified small-molecule

agonist for mouse TLR4/MD2, exhibits chiral recognition properties. Specifically, the L-enantiomer of Neo-3

(L-Neo-3) effectively activates the TLR4 signaling pathway, while D-Neo-3 fails to induce TLR4 activation.

However, the underlying mechanism by which TLR4 enantioselectively recognizes Neo-3 enantiomers

remains poorly understood. In this study, in silico simulations were performed to investigate the

mechanism of chiral recognition of Neo-3 enantiomers by TLR4/MD2. Two L-Neo-3 molecules stably

resided within the cavity of MD2 as a dimer, and the L-Neo-3 binding stabilized the (TLR4/MD2)2
dimerization state. However, the strong electrostatic repulsion between the hydrogen atoms on the chiral

carbon of D-Neo-3 molecules caused the relative positions of two D-Neo-3 molecules to continuously shift

during the simulation process, thus preventing the formation of D-Neo-3 dimer as well as their stable

interactions with the surrounding residues in (TLR4/MD2)2. Considering that L-Neo-3 could not sustain a

stable dimeric state in the bulk aqueous environment, it is unlikely that L-Neo-3 entered the cavity of MD2

as a dimeric unit. Umbrella sampling simulations revealed that the second L-Neo-3 molecule entering the

cavity of MD2 exhibited a lower binding energy (�25.75 kcal mol�1) than that of the first L-Neo-3 molecule

(�14.31 kcal mol�1). These results imply that two L-Neo-3 molecules enter the cavity of MD2 sequentially,

with the binding of the first L-Neo-3 molecule facilitating the entry of the second one. This study dissects

the binding process of Neo-3 enantiomers, offering a comprehensive understanding of the atomic-level

mechanism underlying TLR4’s chiral recognition of Neo-3 molecules.

Introduction

Toll-like receptor 4 (TLR4) is a crucial component of innate
immune recognition receptors that regulate intricate and pre-
cise signaling pathways within the immune system.1–4 TLR4 is
associated with myeloid differentiation protein 2 (MD2), a b-

cup fold structure composed of two antiparallel b sheets,
creating a large hydrophobic pocket crucial for binding diverse
ligands, particularly lipopolysaccharide (LPS) from the cell wall
of Gram-negative bacteria.5–8 Upon binding of agonistic ligands
to MD2, it results in the formation of TLR4/MD2 dimerization,
initiating the recruitment of the intracellular adaptor Toll/
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Interleukin-1 receptor (TIR) domain and subsequently activating
the downstream signaling pathway.9 Dysregulation of the TLR4
signaling pathway can lead to numerous pathological conditions,
including chronic inflammation,10 asthma,11 neuropathic
pain,12,13 etc. In addition, recent studies have indicated that
psychoactive substances, including morphine,14,15 cocaine,16 and
methamphetamine,17 can activate TLR4/MD2 to enhance reward
signaling, therefore contributing to drug addiction. Consequently,
several small molecules targeting TLR4/MD2 have been developed
to modulate TLR4 signaling.18 To date, most of the small molecule
ligands show no stereoselectivity toward TLR4. Recently Neoseptin-
3, a small-molecule TLR4 agonist with no structural similarity to
LPS, exhibited chiral recognition toward mouse TLR4/MD2.19 The
L-enantiomer of Neo-3 (L-Neo-3) efficiently activates the mouse
TLR4 signaling pathway but the D-enantiomer of Neo-3 (D-Neo-3)
shows no TLR4 activation ability. However, the mechanism by
which TLR4/MD2 achieves chiral discrimination of Neo-3 enantio-
mers remains unknown.

In this study, molecular dynamics simulations were
employed to investigate the chiral recognition of Neo-3 enan-
tiomers by TLR4/MD2. Umbrella sampling simulations were
used to dissect the binding process of L-Neo-3 with TLR4/MD2.
This study would provide an understanding of the atomic-level
mechanism underlying TLR4’s chiral recognition of Neo-3
enantiomer, which would shed light on the future development
of stereoselective TLR4 small molecule modulators.

Methods
System preparation

The (TLR4/MD2)2 complex that binds four L-Neo-3 was extracted
from the crystal structure (PDB: 5IJC),19 named as (2*L-Neo-3/
TLR4/MD2)2 complex. The (TLR4/MD2)2 complex that binds
four D-Neo-3 was obtained by manually altering the chirality of
the chiral carbon of L-Neo-3 in (2*L-Neo-3/TLR4/MD2)2 complex.
The structural details of the complexes are shown in Fig. S1
(ESI†). The missing residues and hydrogen atoms of (TLR4/
MD2)2 were added at pH = 7.0 using Maestro.20

Molecular dynamics simulations

The heterotetramer (TLR4/MD2)2 bound with Neo-3 was solvated
in an explicitly represented TIP3P water box with a concentration
of 150 mM NaCl by CHARMM-GUI web server.21 The box size was
set to 160 � 160 � 160 Å3 with periodic boundary conditions,
containing approximately 392 800 atoms. All MD simulations
were conducted using the GROMACS2019.5 program22 and the
CHARMM36 force field23,24 was applied. The electronic potential
of L-Neo-3 and D-Neo-3 molecules was calculated using the
Gaussian09 program with the B3LYP density functional method
and the 6-311+G(d,p) basis set.25–27 The partial charges of Neo-3
and other parameters, including bond, angle, torsion, and van
der Waals terms, were obtained using Antechamber.28 The LINCS
algorithm29 was used to constrain all bonds involving hydrogen.
van der Waals interactions were switched and cut off at 10 Å and
12 Å. Long-range electrostatic interactions were handled using

the particle-mesh Ewald (PME) method30 with a cut-off value of
12 Å. Pressure and temperature were maintained at 1 atm and
310.15 K using the Parrinello–Rahman31,32 and Nosé–Hoover tem-
perature coupling algorithms.33,34 Each system underwent an initial
energy minimization using the steepest descent algorithm and was
subsequently equilibrated for 1 ns. Harmonic constraints were
applied on heavy atoms of the protein (95.6 kcal mol�1 for the
backbone and 9.56 kcal mol�1 for the side chain) during the
equilibration phase. Non-constrained simulations were carried out
for 200 ns with the isobaric isothermal ensemble (NPT). Two more
replicas were run for each system to ensure the reproducibility of
results.

The root-mean-square deviations (RMSDs) and root-mean-
square fluctuations (RMSFs) were calculated through internal mod-
ules of GROMACS.22 Protein–protein and protein–ligand interac-
tions were analyzed by MDAnalysis35 and ProLIF.36 VMD37 and
PyMol38 were used to visualize the trajectories of the simulation.

Binding free energy calculation

800 snapshots were taken from the last 80 ns non-constrained
MD trajectory for every replicate to calculate the binding free
energy of L-Neo-3 and D-Neo-3 to (TLR4/MD2)2 using the mole-
cular mechanics-Poisson–Boltzmann solvent accessible surface
area (MM-PBSA) method:39,40

DGbonding = Gcomplex � (Gprotein + Gligand)

Here, Gcomplex is the total free energy of the protein–ligand
complex in the solvent. Gprotein and Gligand respectively repre-
sent the total free energies of the protein and ligand in the
solvent. The free energy for each term can be given by the
following equation:

Gx = hEMMi + hGsolvationi � TDS

EMM = Ebonded + Enobonded = Ebonded + (Evdw + Eelec)

Gsolvation = Gsol-polar + Gsol-nonpolar

where x is the protein or ligand or protein–ligand complex.
hEMMi is the average molecular mechanical potential energy in
a vacuum. The term hGsolvationi is the solvation free energy.
Ebonded is the bonded interactions consisting of bond, angle,
dihedral, and improper interactions. Nonbonded interactions
(Enonbonded) include both van der Waals (EvdW) and electrostatic
(Eelec) interactions that are modeled using the Lennard-Jones
and Coulomb potential functions. The Gsol-polar and Gsol-nonpolar

are the electrostatic and nonelectrostatic contributions to the
solvation free energy. The entropic contribution to free energy
(�TDS) was ignored because of the low reliability and computa-
tional cost.17

Potential of mean force (PMF) calculation

The Umbrella Sampling (US) method41 was employed to inves-
tigate the free energy changes associated with the binding
process of two L-Neo-3 to (TLR4/MD2)2. The reaction coordinate
(RC) was defined as the distance between the center of mass of
heavy atoms of L-Neo-3 and the center of mass of the Ca atoms
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of the b-cup fold in MD.6,17 The centers of the US windows were
evenly spaced along the reaction coordinate (RC) at intervals of
0.5 Å. The sampling range for L-Neo-3A and L-Neo-3B were set as
0 to 30.0 Å and 6.0 to 30.0 Å, resulting in 60 and 48 windows,
respectively. Each window was run for 10 ns, and only the last 8
ns were utilized to reconstruct the free energy profile.

The free energy profiles were rebuilt using the weighted
histogram analysis method (WHAM),42,43 with a tolerance set to
10�6. Statistical uncertainties were estimated using the boot-
strap method.44

Results and discussion

The Neo-3 enantioselectively activates mouse TLR4/MD2 signaling
pathway,19 yet the underlying mechanism of its stereoselective
recognition remains unclear. To address this, (2*L-Neo-3/TLR4/
MD2)2 (Fig. 1A) and (2*D-Neo-3/TLR4/MD2)2 (Fig. 1B) systems were
constructed and 200 ns MD simulations were performed. In all
systems, (TLR4/MD2)2 reached stable states during the 200 ns
(Fig. 2 and Fig. S2, ESI†). The MM/PBSA method was utilized to
calculate the binding free energies of Neo-3 enantiomers to the
TLR4/MD2 complex (Table 1). The D-Neo-3 molecules displayed
relatively poor affinity for the TLR4/MD2, with a binding free
energy of �5.21 kcal mol�1. In contrast, L-Neo-3 exhibited signifi-
cantly stronger affinity, evidenced by a binding free energy of
�34.87 kcal mol�1. Energy decomposition analysis further indi-
cated that van der Waals interactions predominantly drive the
binding of Neo-3 enantiomers to TLR4/MD2. Additionally, it was
observed that D-Neo-3 has higher polar dissolution energy, which
contributes to its comparatively higher binding free energy.

To elucidate the differences in binding energy, the interac-
tions of L-Neo-3 (Fig. 3A) and D-Neo-3 (Fig. 3B) with the TLR4/
MD2 were examined. Although L-Neo-3 and D-Neo-3 interacted
with similar types of residues in the last 80 ns of the simulation
trajectories, there was a significant difference in the frequency
of these interactions (Fig. 3C–F). Both L-Neo-3A and D-Neo-3A
engaged extensively with MD2’s surrounding residues (Fig. 3C).
Notably, L-Neo-3B was found to interact more frequently with
MD2 residues close to TLR4* compared to D-Neo-3B (Fig. 3D). This
was particularly evident with residues F126, Y131, C133, and I153.
Furthermore, both L-Neo-3A (Fig. 3E) and L-Neo-3B (Fig. 3F)
demonstrated a higher frequency of interactions with TLR4*
residues compared to their D-Neo-3 counterparts. These interac-
tions involved residues I411, M412, S413, R434, E437, F438, S439,
and L442. Notably, residues S413, R434, E437, and S439, con-
firmed to be crucial for TLR4 signaling pathway activation by
L-Neo-3 molecules through site-directed mutagenesis experiments,19

were part of these interactions. This suggests that L-Neo-3 is capable
of establishing more stable interactions simultaneously with the
MD2 and the TLR4*, compared to D-Neo-3.

To elucidate how L-Neo-3 or D-Neo-3 influences the flexibility
of (TLR4/MD2)2, the RMSF of the Ca atoms of (TLR4/MD2)2

from the (2*L-Neo-3/TLR4/MD2)2 and (2*D-Neo-3/TLR4/MD2)2 sys-
tems were calculated. The binding of D-Neo-3 made (TLR4/MD2)2

have higher RMSF values than those of (2*L-Neo-3/TLR4/MD2)2

system (Fig. S3, ESI†). These fluctuations were particularly pro-
nounced, especially in the C-terminal of TLR4 and the b-sheets of
MD2 (Fig. 4). Considering the approaching of the C-termini of two
TLR4s is essential for TLR4 signaling activation, the distance
between the C-termini of TLR4 and TLR4* was directly analyzed

Fig. 1 (A) Structure of (2*L-Neo-3/TLR4/MD2)2 complex; (B) structure of
(2*D-Neo-3/TLR4/MD2)2 complex.

Fig. 2 RMSDs of the protein backbone atoms during the simulation of
(2*L-Neo-3/TLR4/MD2)2 (blue) and (2*D-Neo-3/TLR4-MD2)2 (orange)
systems.

Table 1 MM-PBSA-derived binding free energies for L-Neo-3/D-Neo-3 binding to TLR4-MD2 (kcal mol�1). All values are derived from the average of
three independent calculations. Numbers after � present standard errors

Ligand DEvdw DEelec DGsol-polar DGsol-nonpolar DGbinding

2*L-Neo-3 �161.09 � 1.96 �27.84 � 1.92 171.79 � 4.06 �17.78 � 0.17 �34.87 � 3.06
2*D-Neo-3 �161.42 � 2.33 �43.29 � 1.80 217.15 � 4.27 �17.68 � 0.17 �5.21 � 3.27
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(Fig. 5A). During the simulations of the (2*D-Neo-3/TLR4/MD2)2

system, there was an observed increase in the distance between the
C-termini of TLR4 and TLR4*(Fig. 5B), suggesting a tendency
towards depolymerization of the (TLR4/MD2)2 complex when it
is bound to D-Neo-3 molecules. In contrast, in the (2*L-Neo-3/TLR4/
MD2)2 system, this distance remained relatively stable throughout
the simulation (Fig. 5B), indicating that L-Neo-3 binding stabilizes
the activated (TLR4/MD2)2 dimerization state. Moreover, the aver-
age contact area between TLR4* and MD2, TLR4 and MD2*, as
well as TLR4* and TLR4 were measured (Fig. 5C). It was observed
that the (2*D-Neo-3/TLR4/MD2)2 system exhibited a smaller contact
area at the dimerization interface compared to the (2*L-Neo-3/

TLR4/MD2)2 system (Fig. 5D). This finding aligns with the earlier
results, suggesting that D-Neo-3 is incapable of maintaining the
activated conformation of the TLR4/MD2.

The detailed protein–protein interactions at the dimeriza-
tion interface were then thoroughly analyzed (Fig. 6). A con-
sistent observation across (2*L-Neo-3/TLR4/MD2)2 and (2*D-
Neo-3/TLR4/MD2)2 systems was the formation of two stable
hydrogen bonds involving N415* of TLR4* and L125 of MD2.
These bonds were between the sidechain nitrogen (donor) of
N415* and the backbone oxygen (acceptor) of L125, and vice
versa, as illustrated in Fig. 6A and B. However, in the (2*D-Neo-
3/TLR4/MD2)2 system, the frequency of the hydrogen bond
between the backbone nitrogen of N415* of TLR4* and the
backbone oxygen of G123 of MD2 was lower than in the (2*L-
Neo-3/TLR4/MD2)2 system. Contrary to the (2*L-Neo-3/TLR4/
MD2)2 system, the hydrogen bond between the backbone
oxygen of E437* of TLR4* and the sidechain nitrogen of R90
of MD2 was absent in the (2*D-Neo-3/TLR4/MD2)2 system
(Fig. 6B). Furthermore, the hydrogen bonding network invol-
ving S362*, S364*, S384*, and S386* of TLR4* and the corres-
ponding residues of TLR4 in the (2*D-Neo-3/TLR4/MD2)2

system was nearly disrupted (Fig. 6D). This contrasted with
the (2*L-Neo-3/TLR4/MD2)2 system, where this hydrogen bond-
ing network was mainly preserved (Fig. 6C). Collectively, these
findings suggest that L-Neo-3, but not D-Neo-3, is capable of
maintaining the activated (TLR4/MD2)2 dimerization state
through protein–protein interactions, which may explain D-
Neo-3’s inability to activate TLR4 signaling.

The motion trajectories of two L-Neo-3 and two D-Neo-3
molecules within the MD2 cavity were analyzed to understand
the low interaction frequency between D-Neo-3 and TLR4*. As

Fig. 3 (A) and (B) The representative binding modes of L-Neo-3 (A) and D-
Neo-3 (B) with (TLR4/MD2)2. (C)–(F) Fingerprints of interaction frequen-
cies between L/D-Neo-3A (C) and (E) and L/D-Neo-3B (D) and (F) with MD2
(C) and (D) or TLR4* (E) and (F).

Fig. 4 RMSFs of the Ca atoms of protein during the last 80 ns trajectories
in the simulation of (2*L-Neo-3/TLR4/MD2)2 and (2*D-Neo-3/TLR4/MD2)2
systems. The RMSF color scale is shown at the bottom.

Fig. 5 (A) Position of the selected residues (K598-P618 of TLR4 and
TLR4*) for calculating the distance between C-termini of TLR4 and
TLR4*; (B) changes in the distance between the C-termini of TLR4 and
TLR4* during simulation of the (2*L-Neo-3/TLR4/MD2)2 and (2*D-Neo-3/
TLR4/MD2)2 systems; (C) locations of the interfaces between TLR4* and
MD2, TLR4 and MD2*, as well as TLR4* and TLR4; (D) average contact area
between TLR4* and MD2, TLR4 and MD2*, as well as TLR4* and TLR4
during the last 80 ns of the trajectories in the simulations of (2*L-Neo-3/
TLR4/MD2)2 and (2*D-Neo3/TLR4/MD2)2 systems. Data are presented as
the mean � SD.
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shown in Fig. 7A, the two L-Neo-3 molecules maintained stable
positions throughout the simulations, in contrast to the two D-
Neo-3 molecules, which demonstrated frequent positional
changes. Additionally, the occurrence of hydrogen bonding
and p–p stacking interactions was significantly less frequent
between the two D-Neo-3 molecules compared to the two L-Neo-
3 molecules (Fig. 7B). These observations suggest that the two
D-Neo-3 molecules are unable to form stable interactions with
each other inside the MD2 cavity. The analysis of interaction
energy also confirms this point, the average electrostatic inter-
action and van der Waals interaction between two L-Neo-3 were
stronger interaction than two D-Neo-3 during last 80 ns MD
simulation (Fig. S4, ESI†).

To understand why two D-Neo-3 molecules cannot form
stable interactions within the MD2 cavity, We analyzed the
charge distribution of L-Neo-3 and D-Neo-3 at the beginning of
production simulation using restrained electro static potential
(RESP) analysis.45 This method analyzes the electron density
distribution of molecules based on the electron wave function.
The charge distribution of all atoms in both L-Neo-3 and D-Neo-
3 molecules was summarized in Table S1 (ESI†). Notably, the

hydrogen atoms on the chiral carbon of the two D-Neo-3
molecules, each carrying a positive charge of 0.178 e, were
positioned close to each other (Fig. 7C). This proximity led to
strong electrostatic repulsion, disrupting the stability of hydro-
gen bonds and p–p stacking between the two D-Neo-3 mole-
cules. In contrast, the hydrogen atoms on the chiral carbon of
the two L-Neo-3 molecules were oriented in opposite directions,
effectively minimizing electrostatic repulsion. This orientation
facilitated the formation of stable hydrogen bonds and p–p
stacking interactions between the two L-Neo-3 molecules. These
findings demonstrate that the two L-Neo-3 molecules are cap-
able of establishing stable interactions with each other, thereby
effectively interacting with MD2 and the neighboring TLR4 to
stabilize the formation of TLR4/MD2 dimer. Conversely, when
two D-Neo-3 molecules attempt to interact, the strong electro-
static repulsion between the hydrogen atoms on their chiral
carbons hinders their ability to form stable interactions.
Despite frequent changes in their relative positions during

Fig. 6 Frequencies of hydrogen bond interactions between TLR4* and
MD2 protein (A) and (B) as well as the hydrogen bond interaction between
TLR4* and TLR4 protein (C) and (D) in the (2*L-Neo-3/TLR4/MD2)2 system
(A) and (C) and the (2*D-Neo-3/TLR4/MD2)2 system (B) and (D). The
interaction frequency was defined as the number of frames in which
interactions occur between specified residues divided by the total number
of frames.

Fig. 7 (A) Trajectories depicting the movement of two L-Neo-3 mole-
cules (left) and two D-Neo-3 molecules (right) in the cavity of MD2. The
positions of L-Neo-3 and D-Neo-3 were shown at 8 ns intervals during the
last 80 ns of the simulation trajectories; (B) frequency analysis of hydrogen
bonds and p–p stacking interactions between two L-Neo-3 molecules or
two D-Neo-3 molecules within the cavity of MD2; (C) positions of two L-
Neo-3 molecules (left) and two D-Neo-3 molecules (right) within the cavity
of MD2 at the beginning of the simulations. Atom colors correspond to
their partial charges, as indicated by the color scale at the bottom (unit: e =
1.602176 � 10�19 C).
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the simulation, the D-Neo-3 molecules failed to find stable
interaction patterns with each other or the surrounding resi-
dues. Consequently, the (TLR4/MD2)2 complex may dissociate
under thermal disturbance in the presence of D-Neo3, owing to
the lack of ligand-mediated protein–protein interactions.

L-Neo-3 binds as a dimer within the hydrophobic pocket of
MD2.19 To explore the potential for TLR4/MD2 directly recog-
nizing L-Neo-3 dimer, molecular dynamics simulations of L-
Neo-3 dimer was investigated to check the possibility of L-Neo-3
dimer in aqueous solution. Across three parallel simulations, it
was noted that the distance between the centers of mass of the two
L-Neo-3 molecules varied widely, ranging from 5 to 80 Å (Fig. S5,
ESI†). This suggests that two L-Neo-3 molecules struggle to main-
tain a stable dimeric state in aqueous solution. Consequently, it
appears more likely that L-Neo-3 molecules bind sequentially to
MD2, rather than entering into the MD2 cavity as a pre-formed
dimer. The crystal structure analysis of the (TLR4/MD2)2 complex
with L-Neo-3 revealed that Neo-3A has a lower average crystal-
lographic B-factor than Neo-3B (14.4 vs. 22.9 Å2).19 This difference
suggests that Neo-3A is more ordered and binds more tightly
within the receptor complex. This observation suggests a potential
sequential binding mechanism, wherein Neo-3A preferentially
binds to the complex prior to Neo-3B. Such experimental findings
lend support to our theoretical predictions concerning the sequen-
tial entry of L-Neo-3 molecules into the MD2 cavity.

To delve deeper into how L-Neo-3 molecules enter the cavity
of MD2 sequentially, umbrella sampling (US) simulations were
performed to calculate the binding free energy. The quality of
the US simulations was assessed by analyzing the overlap of
sampling histograms. As illustrated in Fig. S6 (ESI†), the
windows of each sampling simulation showed significant over-
lap with neighboring windows. The free energy profile for the
first L-Neo-3 molecule entering into the MD2 cavity is depicted
in Fig. 8, where the lowest energy well was found to be �14.31
kcal mol�1. Interestingly, the binding free energy for the second

L-Neo-3 molecule entering into the cavity of MD2 was much
lower (�25.75 kcal mol�1) compared to the first L-Neo-3 mole-
cule. This finding suggests that the entry of one L-Neo-3
molecule into the MD2 cavity facilitates the entry of another
L-Neo-3 molecule.

To gain a deeper understanding of the synergy involved in
the binding of two L-Neo-3 molecules to TLR4/MD2, the binding
process was further dissected. Initially, as L-Neo-3A approached
TLR4/MD2 from the water, it formed hydrophobic interactions
with I411*, A414*, and F438* of TLR4*, and established a
hydrogen bond with R434* of TLR4* (Fig. 9A, RC = 18 Å). It
then transitioned to the interface between TLR4* and MD2,
where it engaged in hydrophobic interactions with MD2 resi-
dues I80, L87, F119, F121, and I124, and created p–p stacking
interactions with F126 of MD2 and F438* of TLR4* (Fig. 9B,
RC = 12 Å). In the final stage, L-Neo-3A penetrated deeper into
the MD2 cavity, forming p–p stacking interactions with F121,
F126, and F151 of MD2, and F438* of TLR4*, while also
establishing hydrophobic interactions with I153 and L78 of
MD2 (Fig. 9C, RC = 8 Å). In a similar manner, L-Neo-3B
approached TLR4* from the solution (Fig. 9D, RC = 17 Å).
The key difference emerged in L-Neo-3B’s entry into the MD2
cavity, which was primarily facilitated by hydrogen bonding
and p–p stacking interactions with the already bound L-Neo-3A
molecule (Fig. 9E, RC = 11 Å; Fig. 9F, RC = 10 Å). The presence
of these interactions provided additional drive for L-Neo-3B to
enter into the MD2 cavity. This is considered to be a crucial
factor contributing to the observed synergistic effect during the
binding of two L-Neo-3 molecules to TLR4/MD2.

Conclusions

In this study, molecular dynamics simulations were employed
to investigate the chiral selective activation of TLR4/MD2 by

Fig. 8 Binding free energy profiles of two L-Neo-3 molecules sequentially
binding to the cavity of MD2. Free energy for L-Neo-3 in bulk water is set
to zero. Shaded regions represent statistical uncertainties in the free
energy.

Fig. 9 Snapshots illustrating the entry process of L-Neo-3A (A)–(C) and L-
Neo-3B (D)–(F) into the cavity of MD2 from the solvent. TLR4* and MD2
are depicted in gray and pale cyan cartoons, respectively. Hydrogen
bonding and p–p stacking interactions between L-Neo-3A and L-Neo-3B
are indicated by purple and red dashed lines.
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Neo-3 enantiomers. Our simulations demonstrated that two L-
Neo-3 molecules formed stable interactions with each other
through hydrogen bonding and p–p stacking. Concurrently,
these molecules also developed stable interactions with MD2
and the neighboring TLR4*, thereby stabilizing the dimeriza-
tion state of TLR4/MD2. Conversely, two D-Neo-3 molecules
were unable to establish stable interactions within the MD2
cavity, due to significant electrostatic repulsion between the
hydrogen atoms at their chiral centers. This led to less effective
interactions with both MD2 and the adjacent TLR4. Addition-
ally, the entry of L-Neo-3 molecules into the MD2 cavity was
sequential instead of occurring as pre-formed dimers, with the
penetration of the first L-Neo-3 molecule enhancing the entry of
the second. This research offers an in-depth atomic-level
insight into the differential recognition of Neo-3 enantiomers
by TLR4/MD2, which could inform the future development of
stereoselective small molecule modulators targeting TLR4.

Data and software availability

The initial structure of the (TLR4/MD2)2 complex was obtained
from https://www.rcsb.org/. The CHARMM-GUI platform is
accessible from https://charmm-gui.org/. The GROMACS pack-
age was downloaded from https://www.gromacs.org/. The VMD
software was downloaded from https://www.ks.uiuc.edu/Devel
opment/. The free version of PyMol was obtained from https://
github.com/schrodinger/pymol-open-source. The MDanalysis
python package was downloaded from https://www.mdanaly
sis.org/. The Prolif python package was downloaded from
https://prolif.readthedocs.io/en/latest/index.html/. The Gaus-
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able the Zenodo platform, which can be retrieved using the
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