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The opioid inactive isomer (+)-naltrexone is one of the rare Toll-like receptor 4 (TLR4) 

antagonists with good blood-brain barrier (BBB) permeability, which is a lead with promising 

potential for treating neuropathic pain and drug addiction. (+)-Naltrexone targets the 

lipopolysaccharides (LPS) binding pocket of myeloid differentiation protein 2 (MD-2) and blocks 

innate immune TLR4 signaling. However, the details of the molecular interactions of (+)-

naltrexone and its derivatives with MD-2 are not fully understood, which hinders the ligand-based 

drug discovery. Herein, in silico and in vitro assays were performed to elucidate the innate 

immune recognition of the opioid inactive (+)-isomers. The results showed that the conserved LPS 

binding pocket of MD-2 accommodated these opioid inactive (+)-isomers. The calculated binding 

free energies of (+)-naltrexone and its derivatives in complex with MD-2 correlated well with their 

experimental binding affinities and TLR4 antagonistic activities. Hydrophobic residues in the 

MD-2 cavity interacted directly with these (+)-naltrexone based TLR4 antagonists and principally 

participated in ligand binding. Increasing the hydrophobicity of substituted group at N-9 improved 

its TLR4 antagonistic activity, while charged groups disfavored the binding with MD-2. Molecular 

dynamics (MD) simulations showed the binding of (+)-naltrexone or its derivatives to MD-2 

stabilized the “collapsed” conformation of MD-2, consequently blocking the binding and signaling 

of TLR4. Thermodynamics and dynamic analysis showed the topology of substituted group at N-9 

of (+)-naltrexone affected the binding with MD-2 and TLR4 antagonistic activity. This study 

provides a molecular insight into the innate immune recognition of opioid inactive (+)-isomers, 

which would be of great help for the development of next-generation of (+)-opioid based TLR4 

antagonists.

Graphical Abstract

Introduction

The innate immune Toll-like receptor 4 (TLR4) is capable of detecting pathogen-associated 

molecular patterns (PAMPs)1, damage-associated molecular patterns (DAMPs)2, 3, and 

xenobiotic-associated molecular patterns (XAMPs)4–6. Myeloid differentiation factor 2 

(MD-2), an accessory protein of TLR4, is responsible for recognizing PAMPs, DAMPs and 

XAMPs, whose signaling via TLR4’s Toll/Interleukin-1 receptor (TIR) domain results in the 

induction of profound pro-inflammatory factors.7–9 Deregulation of TLR4 signaling 

contributes to the molecular pathology of various diseases including sepsis, autoimmune 
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disease, neuropathic pain and drug addiction.10–16 Therefore, targeting MD-2 is an 

important strategy for the discovery of therapeutics in inhibiting TLR4 signaling.17–19

A variety of TLR4 signaling inhibitors targeting MD-2 have been reported.19, 20 Lipid IVa is 

one of the lipid-like antagonists that competitively blocks lipopolysaccharide (LPS) binding 

by four acyl chains invading the hydrophobic cavity of MD-2.21–23 Several non-lipid 

compounds, most of which target MD-2 and show good TLR4 antagonistic activities, have 

been reported.24–26 Among them, the (+)-opioid inactive isomer (+)-naltrexone is one of the 

few TLR4 antagonists with good blood-brain barrier (BBB) permeability.16, 27 (+)-

Naltrexone inhibits TLR4 signaling by targeting the LPS binding pocket of MD-2 and has 

demonstrated great potential for treating neuropathic pain and drug addiction.27–30 However, 

the details of the molecular recognition of (+)-naltrexone with MD-2 are not fully 

understood, which hinders further structure-activity relationship (SAR) optimization. Herein 

both in silico and in vitro assays were performed to dissect the innate immune recognition of 

(+)-naltrexone and its derivatives at the atomic level. The novel molecular insights obtained 

from this study will guide the development of next-generation of (+)-opioid based TLR4 

antagonists.

Materials and Methods

In Silico Simulations

Structure preparation and molecular docking: The initial structure for MD-2 was 

extracted from the crystal structure of TLR4-MD-2-lipid IVa complex (PDB ID: 3VQ1)31. 

The missing hydrogen atoms were added under pH 7.0 using Maestro32. (+)-Naltrexone and 

N-9 substituted derivatives (Figure 1) were constructed by GaussView 533. All compounds 

were optimized by Gaussian 09 software using B3LYP density functional method and 6–

31G (d, p) basis set.34–36 Physicochemical properties of (+)-naltrexone and its derivatives 

were calculated by Chemicalize37. The docking poses were determined by AutoDock 

Vina38, where the Iterated Local Search Globule Optimizer39, 40 was applied to locate the 

most favorable binding site. Optimal binding sites were searched in a box of 51×48×56 Å3 

that covered the entire protein. It should be noted that semi-flexible molecular docking was 

carried out and MD-2 was treated as a rigid body. The top 20 poses were picked up based on 

the calculated binding affinity using the scoring function in AutoDock Vina.38

Molecular dynamics simulations: The best binding poses of (+)-naltrexone and its 

derivatives with MD-2 were refined using MD simulations with NAMD 2.10 program.41 

The AMBER 03 force field42, 43 was used for MD-2 protein. Atomic charges of (+)-

naltrexone and its derivatives were fitted by R.E.D. based on the quantum mechanics 

calculations,44 while other atomic parameters were treated with the general AMBER force 

field (GAFF)43. Meanwhile, MD simulations of apo-MD-2 and lipid A-MD-2 (lipid A is the 

head of LPS) were also performed. All systems were solvated with TIP3P water molecules 

in a cubic box, with a minimum distance of 10 Å between the protein and the edge of the 

box. Na+ and Cl− atoms were added to neutralize the system and mimic the physiological 

conditions. Periodic boundary conditions were applied in all three directions. The integration 

time step was set to 2 fs, and the frames were recorded every 20 ps. All bonds involving 

hydrogen were constrained by SHAKE algorithm45. The Particle-mesh Ewald (PME) 

Zhang et al. Page 3

J Chem Inf Model. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



method46 was used to calculate the long-range electrostatic interactions. Temperature was 

kept at 310 K using Langevin dynamics with the collision frequency of 5 ps−1. Pressure was 

scaled at 1 atm with Nosé-Hoover Langevin piston method47.

All systems were firstly minimized with 5000 steps using the conjugate gradient algorithm, 

following by heating gradually to 310 K in 310 ps. After that, the volumes of all systems 

were adjusted under a constant number, pressure and temperature (NPT) ensemble for 2 ns. 

Subsequently, three independent MD simulations with 100 ns length were performed under a 

constant number, volume and temperature (NVT) ensemble for each system.

Binding free energy calculation: Based on the 300 snapshots extracted from the last 30 

ns equilibrated MD simulations, the binding free energies of derivatives with MD-2 were 

calculated using the molecular mechanics Poisson-Boltzmann solvent accessible surface 

area (MM-PBSA) method48

ΔGbinding = ΔGcomplex − ΔGprotein + ΔGligand
ΔG = ΔEMM + ΔGsolvation + TΔS
= ΔEele + ΔEvdw + ΔGsol − polar + ΔGsol − nopolar

(1)

where Eq 1 consists of the molecular mechanical energy in the gas phase (ΔEMM), the 

solvation free energy (ΔGsolvation) and the penalty of entropy (-TΔS). The entropy 

contributions were ignored in present work due to the high computational cost and the low 

reliability.49–51 ΔEMM can be divided into the van der Waals interactions (ΔEvdW), 

electrostatic interactions (ΔEele). ΔGsolvation contains polar solvation free energy (ΔGsol-polar) 

and nonpolar solvation free energy (ΔGsol-nonpolar). Free energy was also decomposed into 

residue level (ΔGdecomp).

Principal component analysis (PCA): PCA was carried out using the Bio3D 

program52 to understand the collective motions of MD-2. Before calculating the covariance 

matrix, the translation and rotation of the whole molecule were removed by superimposing 

each frame of production run onto the “core positions” of ten X-ray structures. All PCA 

calculations were performed from the first frame of the production run. The elements Cij of 

covariance matrix C was defined as

Ci j = (xi − xi ) x j − x j (i, j = 1, 2, …, 3N) (2)

where xi represents the Cartesian coordinates of the ith Cα atom, the angular brackets 〈〉 
denote an ensemble average. The eigenvectors or the principal components (PCs) were 

obtained via diagonalization of the covariance matrix C.

Free-energy landscape (FEL): FEL were used to characterize the different 

conformational states of the MD simulations ensemble.53 Conformations sampled of the 
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production run were projected on the two-dimensional plane, and the number of points was 

grided. The free energies were calculated by the following equation,

ΔG = − kBT ⋅ ln Pi/Pmax (3)

in which kB is the Boltzmann constant, T is the absolute temperature (310K), Pi is the 

estimation of the probability density function obtained from a histogram of MD data of the 

ith grid, and Pmax is the probability distribution of the grid containing the maximum number 

of points.

In Vitro Assays

Fluorescence titrations: MD-2 expression and purification was performed as described 

previously.4, 5, 27 Fluorescence measurements were performed on a Cary Eclipse 

spectrofluorimeter (Agilent Technologies, Santa Clara, CA, USA). All measurements were 

carried out under room temperature in a 2×10 mm quartz cell (Starna Cells, Atascadero, CA, 

USA). 295 nm was chosen as the excitation wavelength of MD-2 intrinsic Trp fluorescence 

and emission at 310–450 nm was measured. Appropriate controls were subtracted from 

spectra obtained on the samples. Fluorescence was also corrected by the equation, Fcorr = 

Fobsanti − log ((ODex + ODem) / 2) for the inner filter effect when necessary, where ODex 

and ODem are the optical densities at excitation and emission wavelengths, respectively.54

0.5 μM MD-2 was titrated with different concentrations of ligand. The fluorescence intensity 

at 337 nm was plotted against compound concentration. The raw data was fitted by non-

linear least square method using the equation:

F = 0.5 × 2 × F0 − FRL × KD + LT + PT − KD + LT + PT
2 − 4 × LT × PT

0.5

(4)

where F, the observed fluorescence; F0, initial fluorescence of protein in the absence of 

ligand; FRL, adjustable parameter for protein-ligand complex molar fluorescence; KD, 

dissociation constant; [LT], total concentration of the ligand; [PT], total protein 

concentration.

Cell based assay: (+)-Naltrexone derivatives were kindly provided by Dr. Kenner Rice of 

the National Institute of Drug Abuse, National Institute of Health (NIH). BV-2 murine 

microglia was grown in supplemented (Dulbecco Modified Eagle Medium (DMEM), 

including 10% Fetal Bovine Serum (FBS), 50 unit/mL penicillin, and 50 μg/mL 

streptomycin). BV-2 cells were detached from the flask by cell lifter when confluence was 

reached. Cells were seeded at a density of 4×104 cells per well in 96-well plates. After 
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overnight incubation, media was aspirated and changed to DMEM media without FBS. Cells 

were then treated with 200 ng/ml LPS and various concentrations of compound.

100 μL of supernatant media was removed after cells were treated for 24 h and added to flat 

black 96-well microfluor plates (Thermo Scientific, MA, USA). Subsequently, 10 μL of 2, 3-

diaminonaphthalene (0.05 mg/Ml−1 in 0.62 M HCl) was added to each well and incubated 

for 15 min. The reaction was quenched by addition of 5 μL of 3 M NaOH and the plate was 

read on a SYNERGY H1 Micro-plate Reader (BioTek Instruments, Carlsbad, CA, USA) 

with excitation at 360 nm and emission at 430 nm. The NO of LPS (200 ng/ml) treated 

group was set as 100%.

Statistical analysis: Data are expressed as mean ± s.e.m. Fitting and analysis of variance 

were carried out using OriginPro 2016 (Northampton, MA, USA), where p < 0.05 was 

considered significantly.

Results and discussion

Biophysical binding:

(+)-Naltrexone (1, Kd = 13.7 ± 0.3 μM) and (−)-naltrexone (2, Kd = 15.5 ± 3.5 μM) bind to 

MD-2 with the similar dissociation constants.27 1 and 2 are equi-potent inhibitors of LPS-

induced TLR4 downstream signaling and induction of the pro-inflammatory factors.29 3, a 

(+)-naltrexone derivative substituted at N-9 with a butyl group (Figure 1), had a dissociation 

constant of 5.0 ± 0.8 μM (Figure S1a) when binding to MD-2, and showed ~4 times better 

TLR4 antagonist activity than 1 and 2.55 The N-9 site of (+)-naltrexone was substituted by a 

methylcyclopropyl, which has the same carbon chain length as butyl group. Compared to 1, 

3 showed greater MD-2 binding affinity and TLR4 antagonistic activity, which indicated the 

topology of the substituted groups at N-9 affects the molecular recognition with MD-2.

Increasing the hydrophobicity of substituted group at N-9 (Figure 1) by octyl chain (4, Kd = 

2.3 ± 0.6 μM, Figure S1b) or phenylethyl group (5, Kd = 2.1 ± 0.3 μM, Figure S1c) 

improved the binding affinity with MD-2, which was ~8 times better than 1 and 2. 4 and 5 
showed ~75 times better TLR4 antagonist activity than 1 and 2.55 However, adding a methyl 

group onto N-9 of (+)-naltrexone leads to quaternary ammonium cation (6, Figure 1), which 

showed poor MD-2 binding affinity (Kd > 40 μM) and lost the TLR4 antagonistic activity 

(Figure S2).

Together, these in vitro results showed that increasing hydrophobicity of substituted group at 

N-9 improved its binding affinity with MD-2 and its TLR4 antagonistic activity, while 

charged group disfavored the binding with MD-2. This is consistent with the previous 

finding that (+)-naltrexone targets hydrophobic LPS binding pocket of MD-2 and indicates 

that the hydrophobic interactions are dominated in the innate immune recognition of the 

opioid inactive isomer (+)-naltrexone derived TLR4 antagonists.

Molecular simulations:

In order to elucidate the molecular insight of these opioid inactive (+)-isomers interacting 

with MD-2, computational simulations were performed. (+)-Naltrexone and its derivatives 
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(Figure 1) were firstly docked into MD-2. The best docking pose with lowest energy of each 

molecule in MD-2 is given in Figure S3. All were located at the conserved hydrophobic 

cavity of MD-2 with subtle differences in their backbones orientations. Specifically, 5 with a 

bulky phenylethyl at N-9 occupied a large portion of the LPS binding location (acyl chains 

R2′, R2″ and R3; Figure 2). These docking results supported the hypothesis that (+)-

naltrexone derived TLR4 antagonists target the LPS binding pocket of MD-2.

In order to explore the dynamics of the binding with MD-2, MD simulations were 

performed. The root-mean square deviation (RMSD) values of MD-2 (Figure 3) and TLR4 

antagonists (Figure S4) reached a stationary state during 100 ns MD simulation. The RMSD 

value of lipid A-MD-2 stabilized at ~1.3 Å, while that of apo-MD-2 gradually converged at 

~2.6 Å. The RMSD values of MD-2 bound with opioid based TLR4 antagonists were less 

than that of apo-MD-2. Protein flexibility revealed by RMSD showed that binding with 

opioid based TLR4 antagonists stabilized MD-2. Compared to Lipid A (Mw: ~1900 Da), 

opioid based TLR4 antagonists (Mw: ~300 Da) are much smaller and less hydrophobic. 

Therefore, it is not surprising that opioid based (+)-isomer TLR4 antagonists seem less 

potent in stabilizing MD-2 when compared to Lipid A. In addition, the MD-2 cavity volume 

calculated using the CASTp package56 were correlated well with the molar mass of ligands 

(Figure S5, R2=0.88). These results are consistent with previous observation reported by 

Bond group, where a strong correlation between MD-2 cavity volume and lipid tail size of 

endotoxin was found.57

The MM-PBSA method was used to calculate the binding free energy. A total of 300 

snapshots were taken from the last 30 ns stable MD simulations. The calculated binding free 

energies are shown in Table 1, which were correlated well with experimentally determined 

binding affinities (Figure 4a, R2=0.95) and TLR4 antagonistic activities (Figure 4b, R2 

=0.78). Interestingly, the calculated octanol-water partition coefficients log P, which is a 

measure of molecular hydrophobicity, were also correlated well with the binding free 

energies (Figure 4c, R2 =0.90). In addition to (+)-naltrexone and its derivatives, it should be 

noted that two more TLR4 small molecule modulators curcumin (Kd = 0.37 ± 0.12 μM)58 

and paclitaxel (Kd = 0.027 ± 0.0028 μM)59 were also included in the plot of calculated 

binding free energies versus dissociation constants to improve the validity and reliability of 

the fitting. Interestingly, binding energies of lipid A to MD-2 calculated by MM-PBSA 

method were 48.5±0.4 kcal/mol, which is in agreement with the observation that 

approximately 3–4 kJ/mol increments per lipid tail carbon were obtained for binding of LPS 

analogues to MD-2.60

The decomposition of free energies was performed to elucidate the driving forces of the 

binding. As shown in Table 1, the contribution of van der Waals interactions (ΔEvdW) was 

positively correlated with experimentally determined dissociation constants (Figure S6a, R2 

= 0.85), while the polar solvation free energy (ΔGsol-polar, Figure S6b, R2 = 0.77) and 

nonpolar solvation free energy (ΔGsol-nonpolar, Figure S6c, R2 = 0.73) were negatively 

correlated with dissociation constants. Electrostatic interactions (ΔEele) showed no apparent 

correlation with the experimentally determined binding affinity (Figure S6d, R2 = 0.04). 

Combining van der Waals interactions with the nonpolar solvation free energy improved the 

correlation with experimentally determined dissociation constants (Figure S6e, R2 = 0.95). 

Zhang et al. Page 7

J Chem Inf Model. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This indicates the binding of (+)-naltrexone and its derivatives to MD-2 are primarily driven 

by hydrophobic interactions. However, polar interactions, which includes both electrostatic 

interactions and polar solvation free energy, were negatively correlated with experimentally 

determined binding affinities (Figure S6f, R2 = 0.56). These were further supported by the 

experimental results that the (+)-naltrexone derivative 6 with a quaternary ammonium cation 

at N-9 site, significantly lost its MD-2 binding affinity and TLR4 antagonistic activity 

(Figure S2).

To further investigate how van der Waals interactions regulate the binding of (+)-naltrexone 

and its derivatives to MD-2, the van der Waals interactions were analyzed by per-residue free 

energy decomposition. The major van der Waals interactions were contributed by Ile52, 

Phe76, Phe119, Phe121 and Phe151 residues (Figure S7), which formed hydrophobic 

interactions with the backbone or substituted group at N-9 of (+)-naltrexone and its 

derivatives (Figure 5). The flexible butyl group substituted at N-9 of 3 (Figure 5b) has better 

hydrophobic contact with MD-2 than the methylcyclopropyl group (Figure 5a) of 1, which 

was consistent with the results that the binding energy contribution of van der Waals 

interactions of 3 is greater than of that of 1 (Table 1). Therefore, it was not surprising that 3 
showed stronger MD-2 binding affinity and better TLR4 antagonistic activity than 1. 

Though 4 had similar binding energy as 5, they behaved differently. The binding site of 4 
was located at the region spanning the mouth of the MD-2 cavity, where a hydrogen bond 

formed between the 14′-OH of 4 and Ser120 of MD-2. Meanwhile, the octyl group of 4 was 

buried inside in the LPS binding pocket of MD-2 through hydrophobic interactions (Figure 

5c). Compared to flexible octyl group of 4, the bulky phenylethyl group of 5 showed better 

hydrophobic contact with MD-2. The substituent phenylethyl group of 5 was sandwiched by 

Phe119 and Phe151, its central benzene of backbone was stabilized by the Phe76, Phe147 

and Phe149 with π-stacking interactions (Figure 5d).

Dynamic behavior analysis:

Principal component analysis (PCA) was used to analyze the collective motions of MD-2 

during MD simulations. The first two principal components (PC1 and PC2) accounted for 

approximately 50%~65% of the amplitude motions of MD-2 (Figure S8). Therefore, the 

projections of MD simulation trajectories onto the first two PCs are sufficient to explain the 

collective motions61. Apo-MD-2 had the largest conformational space, while its 

conformational space shrank after the binding of lipid A or (+)-naltrexone and its derivatives 

(Figures 6 and S9). This indicated that binding with opioid based TLR4 antagonists 

stabilized MD-2, which is in good agreement with previous RMSD analysis.

The free energy landscape (FEL) was constructed to correlate the collective motions of 

MD-2 with the thermodynamics of the conformational transition61. There were two well-

defined minima during the apo-MD-2 MD simulation, which was connected by a relatively 

high (~2 kBT) and long energy path. The representative structure of the first minimum was 

similar to the initial structure with slight fluctuation. After ~60 ns, the apo-MD-2 overcame 

the relatively high barrier (~2 kBT) and passed through the long energy path to a deeper FEL 

basin (minimum ІІ), where the cavity of MD-2 collapsed to an approximately “collapsed” 

state (Figure 7a). The “openness” of the hydrophobic cavity of MD-2 was defined by a 
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collective distance between the center of mass of MD-2 and to each center of mass of β 
strand.62 In the presence of lipid A, MD-2 was trapped in a single broad basin, where MD-2 

slightly fluctuated around the initial structure and the collapse of MD-2 cavity was not 

observed (Figure 7b). Unlike lipid A, the sizes of (+)-naltrexone and its derivatives are 

relatively small. Upon binding with these opioid based TLR4 antagonists, MD-2 structure 

transformed from the “expanded” state (minimum I) to the “collapsed” conformation 

(minimum III) through a “meta-state” corresponding to the minimum II (Figures 7 and S10). 

RMSD and PCA analysis showed that the binding of opioid based TLR4 antagonists 

stabilized the MD-2 final state when compared to apo-MD-2. Therefore, the binding of (+)-

naltrexone or its derivatives stabilized the “collapsed” MD-2 conformation, which blocks the 

binding and signaling of LPS.

Among the (+)-naltrexone derivatives, binding of 5 clearly reduced the energy barrier (~1 

kBT) and facilitated the MD-2 conformation transition into the “collapsed” conformation 

(minimum III in Figure 7c). During MD simulations, 5 moved into the deep side of cavity of 

MD-2 from its initial pose (Figure S11d). The binding of 5 induced the rapid collapse of 

MD-2 cavity to the intermediate state (minimum II) in 5 ns. MD-2 remained in the 

intermediate basin for ~50 ns, and then evolved into the “collapsed” state (minimum III) 

overcame an energy barrier of ~1 kBT. In order to track the clamshell-like motion57 of 

MD-2, the H-bonds at the mouth of MD-2 cavity were monitored. Surprisingly, binding of 5 
induced a new H-bond between Arg90 and Glu122 in the minimum III with high 

occupancies (55~65%, Table S2), which are much higher than the probabilities in other (+)-

naltrexone derivative-MD-2 complexes. Arg90 and Glu122 are located at the two sides of 

MD-2 cavity. The formed H-bond would enhance the stability of the “collapsed” state 

(minimum III) of MD-2 and block the binding and signaling of LPS.

4 substituted with a flexible octyl group at N-9 had similar binding affinity and antagonistic 

activity as 5. However, dynamic mechanism analyses showed they behaved differently. 4 
initially bound in the cavity closing to the gating loop57 (Figure S11e). The hydrophobic 

interaction between the octyl group and MD-2 residues drove 4 moving towards the mouth 

of MD-2 cavity over time. The lipid A-like binding of 4 enhanced the stability of the 

“collapsed” state of MD-2. Unlike 4 and 5, the size of the substituted groups at N-9 of 1, 2 
and 3 are much smaller. During the MD simulation, 1 moved from the initial bound position 

into the deep pocket of MD-2 (Figure S11a) in a way like 5. 2 (Figure S11b) and 3 (Figure 

S11c) moved toward the mouth of MD-2 cavity in a way like 4 but remained inside the 

pocket of MD-2, where a hydrogen bond between 2/3 and Ser120 residue of MD-2 was 

formed . Although 1 and 2 are stereoisomers and have the similar MD-2 binding affinities as 

well as TLR4 antagonistic activities,27, 29 they seemed to behave differently in the MD-2 

binding. In all, the binding of these (+)-isomer opioid based TLR4 antagonists stabilized the 

“collapsed” MD-2 conformation, therefore blocking the LPS binding and TLR4 signaling. It 

is possible to modify the binding and TLR4 antagonistic activity of (+)-naltrexone 

derivatives by adjusting the hydrophobicity and topology of the substituted groups.
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Conclusion

The molecular recognitions and binding modes of (+)-naltrexone inspired antagonists with 

MD-2 were dissected by in silico and in vitro assays. All these antagonists were bound to a 

conserved hydrophobic cavity of MD-2 with the order of the binding free energies 5 ≥ 4 > 3 
> 2 ≥ 1 > 6, which correlated well with their experimental TLR4 antagonistic activities and 

binding affinities. Hydrophobic residues, Phe76, Glu92, Phe119, Phe121 and Phe151, were 

the key residues in stabilizing antagonists via strong hydrophobic interactions. Increasing the 

hydrophobicity of substitution at the nitrogen (N-9) improves the activity of TLR4 

antagonists, while charged groups on nitrogen (N-9) disfavors the binding with MD-2. The 

binding of (+)-naltrexone or its derivatives stabilized the “collapsed” conformation of MD-2, 

therefore blocking the LPS binding and TLR4 signaling. Interestingly, thermodynamics and 

dynamic analysis showed the topology of substituted group at N-9 of (+)-naltrexone affected 

the binding with MD-2 and TLR4 antagonistic activity. This study dissected the innate 

immune recognition of (+)-naltrexone and its derivatives, which provided molecular insight 

for the development of next-generation of (+)-opioid based TLR4 antagonists.
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Figure 1. 
Structures of naltrexone and its derivatives. (+)-Naltrexone (1), (−)-naltrexone (2), (+)-N-

butylnoroxymorphone (3), (+)-N-octlylnoroxymorphone (4), (+)-N-

phenethylnoroxymorphone (5), (+)-N-methylnaltrexone (6) and the head of LPS (lipid A).
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Figure 2. 
Overlap of the best binding pose of compound 5 with lipid A. Lipid A/MD-2 from (PDB: 

3VQ1) was shown to locate the LPS binding pocket of MD-2. MD-2 is shown as the grey 

cartoon; 5 and lipid A a shown as ball-stick and stick model, respectively.
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Figure 3. 
Time evolution of Cα RMSD during MD simulation. The distribution for RMSD values was 

also included. Green color indicated apo form of MD-2; black, red, blue, magenta, dark 

green, navy and violet indicate MD-2 interacting with 1, 2, 3, 4, 5, 6 and lipid A, 

respectively.
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Figure 4. 
Correlation of the calculated binding free energies with experimentally determined binding 

affinities (log Kd, a), antagonistic activities (log IC50, b) and the calculated octanol/water 

partition coefficient (log P, c)
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Figure 5. 
Representative poses of 1 (a), 3 (b), 4 (d) and 5 (e) binding to MD-2 with the lowest-energy 

during MD simulations. Ligands are shown as ball-and-stick model and MD-2 is shown as 

cyan cartoon. Key residues of MD-2 in interacting with small molecule antagonists are 

shown as orange stick. The yellow dash line represents a hydrogen bond.
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Figure 6. 
PCA analysis of apo-MD-2 (a), lipid A-MD-2 (b), 4-MD-2 (c), 5-MD-2 (d). Ten X-ray 

crystallographic MD-2 structures are colored red whilst the distribution of MD conformers is 

depicted with cyan points.
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Figure 7. 
FEL analysis of MD trajectories of apo MD-2 (a), lipid A-MD-2 (b), 4-MD-2 (c) and 5-

MD-2 (d). The representative MD-2 structures corresponding to each FEL basin with the 

lowest-energy were also shown. State I: cyan color; State II, salmon color; State III, marine 

color. Key residues involving hydrogen bond interactions at the mouth of MD-2 cavity are 

shown as stick. Free energy values are given in kcal/mol as indicated by the color bars.
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Table 1.

MM/PBSA derived binding free energies (kcal/mol), experimentally obtained Kd and IC50 values (μM) of (+)-

naltrexone and its derivatives to MD-2

ID ΔEvdw ΔEele ΔGsol-polar ΔGsol-nonpolar ΔGbindig Kd IC50

1 −44.5(0.1) −1.6(0.1) 5.5(0.1) 23.7(0.1) −16.9(0.2)
13.7(0.3)

a
105.3(10.1)

b

2 −47.8(0.3) −1.4(0.1) 6.6(0.1) 24.6(0.2) −18.0(0.3)
15.5(3.5)

a
107.2(14.3)

b

3 −48.7(0.1) −0.6(0.1) 4.7(0.1) 25.1(0.1) −19.5(0.2)
5.0(0.8)

c
24.8(3.4)

b

4 −46.5(0.4) −2.4(0.3) 5.1(0.2) 23.6(0.4) −20.1(0.4)
2.3(0.6)

c
1.7(0.1)

b

5 −52.7(0.3) −1.6(0.1) 6.1(0.1) 27.6(0.2) −20.6(0.3)
2.1(0.3)

c
1.4(0.3)

b

6 −39.3(0.1) −6.6(0.1) 11.9(0.1) 22.7(0.1) −11.3(0.2)
> 40

d
>400

d

Numbers in parentheses present standard errors;

a
See Ref.27 for the experimentally obtained dissociation constants Kd;

b
See Ref.51 for the experimentally obtained IC50 values;

c
The experimental data, see Figure S1;

d
The experimental data, see Figure S2;
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