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Abstract

The increasing misuse of novel synthetic opioids (NSOs) represents a serious public

health concern. In this regard, U‐47700 (trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)

cyclohexyl]‐N‐methylbenzamide) and related “U‐compounds” emerged on recreational

drug markets as synthetic substitutes for illicit heroin and constituents of counterfeit

pain medications. While the pharmacology of U‐compounds has been investigated

using in vitro and in vivo methods, there is still a lack of understanding about the details

of ligand–receptor interactions at the molecular level. To this end, we have developed a

molecular modeling protocol based on docking and molecular dynamics simulations to

assess the nature of ligand–receptor interactions for U‐47700, N,N‐didesmethyl

U‐47700, and U‐50488 at the mu‐opioid receptor (MOR) and kappa‐opioid receptor

(KOR). The evaluation of ligand–receptor and ligand–receptor‐membrane interaction

energies enabled the identification of subtle conformational shifts in the receptors

induced by ligand binding. Interestingly, the removal of two key methyl groups from

U‐47700, to form N,N‐didesmethyl U‐47700, caused a loss of hydrogen bond contact

with tryptophan (Trp)229, which may underlie the lower interaction energy and

reduced MOR affinity for the compound. Taken together, our results are consistent

with the reported biological findings for U‐compounds and provide a molecular basis

for the MOR selectivity of U‐47700 and KOR selectivity of U‐50488.
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1 | INTRODUCTION

Ever since the discovery of opioid receptors and endogenous opioid

peptides,[1] biomedical scientists have searched for morphine‐like

analgesic agents with reduced adverse effects. From the mid‐1970s

onward, medicinal chemists synthesized thousands of novel

synthetic opioids belonging to different chemical classes.[2–5]

In this regard, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐

methylbenzamide (U‐47700), trans‐2‐(3,4‐dichlorophenyl)‐N‐methyl‐

N‐[2‐(pyrrolidinyl)cyclohexyl]acetamide (U‐50488), and related

“U‐compounds” were developed by the Upjohn Company as potential

pain medications. None of the U‐compounds was ever approved for

clinical use, but U‐47700 and U‐50488 are among the most selective

compounds available for the mu‐opioid receptor (MOR) and kappa‐

opioid receptor (KOR).[6–8] From a chemical perspective, U‐compounds

display a strategic 1,2‐ethylene diamine core that is also present in

molecules with a wide variety of receptor activities.[9] More precisely,

the U‐compounds all possess a N‐(2‐ethylamino) amide unit, with a sp3

hybridized strongly basic nitrogen and a sp2 hybridized polar nitrogen

connected to two hydrophobic sites such as the cyclohexyl and phenyl

moieties (Figure 1).

It was first observed by Szmuszkovicz[11] that the introduction of

an extra methylene (i.e., CH2) group between the aromatic ring and

carbonyl moiety in the U‐compounds scaffold (e.g., as in U‐50488)

produces a marked switch in selectivity from MOR to KOR, and this

phenomenon has been called the “eastern methylene group effect.”

The additional methylene group enables the portion of the molecule

between the basic nitrogen atom and the amide group to adopt the

torsional angle of 60° in a low‐energy conformation necessary for a

selective interaction with KOR.[12] Conversely, the absence of the

extra methylene (e.g., as in U‐47700) holds the basic nitrogen and the

aromatic ring in a spatial orientation similar to that of morphine.[13] As

a result, U‐47700 is 10 times more potent in vivo than morphine as an

analgesic agent, with high affinity and selectivity for MOR.[10,11,14]

Beginning in 2015, U‐47700 started appearing in recreational

drug markets as a substitute for illicit heroin and a constituent of

counterfeit pain medications.[15,16] Since that time, U‐47700 has

been associated with hundreds of overdose fatalities, and the drug is

now banned by national and international drug control laws.[17,18]

Human forensic studies show that U‐47700 is biotransformed in vivo

by stepwise removal of methyl groups from the basic nitrogen to

yield N‐desmethyl and N,N‐didesmethyl metabolites.[19] Notably, the

removal of both methyl groups in N,N‐didesmethyl U‐47700 results

in an almost complete loss of receptor binding affinity at MOR,[10,14]

along with a pronounced reduction in efficacy (Figure 1).[20] Although

the pharmacokinetic and pharmacodynamic properties of

F IGURE 1 The U‐compound scaffold: chemical structures for U‐47700, N,N‐didesmethyl U‐47700, and U‐50488 along with their respective
binding affinities at MOR and KOR (data from Truver et al.[10]). KOR, kappa‐opioid receptor; MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐
dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐methylbenzamide; U‐50488, trans 2‐(3,4‐dichlorophenyl)‐N‐methyl‐N‐[2‐(pyrrolidinyl)cyclohexyl]
acetamide.
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U‐compounds have been explored, very few reports have used

in silico methods to characterize ligand–receptor interactions.[13]

Thus, in the present study, we examined ligand–receptor interactions

for U‐compounds at MOR and KOR using receptor models[21,22]

based on available crystallographic structures of Mus musculus MOR

(PDB ID 6DDF)[23] and Homo sapiens KOR (PDB ID 6VI4),[24] both

coupled to their G‐proteins. The models were further utilized to

analyze the dynamics of receptor–ligand interactions. Energetically

favorable poses derived from the docking studies were employed in

molecular dynamic (MD) simulations that allowed us to identify

affinities, dominant interactions, and conformational changes associ-

ated with the ligand–receptor complexes.

2 | RESULTS AND DISCUSSION

2.1 | Molecular docking

Binding mode investigations were explored via custom‐built MOR

and KOR virtual models, using the Glide‐XP docking protocol[25,26]

with U‐47700, N,N‐didesmethyl U‐47700, and U‐50488 as the target

ligands. Using the most energetically favored docking poses allowed

us to identify four specific regions of interaction for both MOR and

KOR, and each ligand was investigated and classified on this basis.

The MOR model is schematically shown in Figure 2.

The model was further validated by analyzing the poses for a set

of 11 well‐characterized fentanyl‐derived compounds (see Support-

ing Information).

Specifically, we found an electrostatic region located on the

transmembrane (TM)3 helix (A, Figure 2, red), two hydrophobic areas

located along the inner (B, Figure 2, blue) and outer (C, Figure 2,

green) regions of the orthosteric binding pocket, and a sterically

hindered subpocket (D, Figure 2, yellow) located towards the opening

of the main binding pocket, between the helices TM3 and TM5.

2.1.1 | MOR/U‐compounds docking

Analysis of docking poses revealed that the most important

interactions occurred in MOR region A. In detail, we observed a salt

bridge between the positively charged amino group of the ligand and

the negatively charged aspartate (Asp)147 on the receptor. This

electrostatic interaction was observed for all the U‐compounds under

study, but key differences existed in the binding orientation of the

ligands. Indeed, U‐47700 was oriented towards the interior of the

binding pocket (Figure 3a), whereas N,N‐didesmethyl U‐47700

(Figure 3b) and U‐50488 (Figure 3c) preferentially targeted the outer

region. In particular, the different orientation of N,N‐didesmethyl

U‐47700 was related to a stronger ionic interaction at Asp147 due to

the less hindered basic nitrogen. The longer and more flexible

molecular chain was involved in the orientation of U‐50488, which

acquired additional Van der Waals interactions with the external

region of the binding pocket. Additionally, a π–cation contact with

tyrosine (Tyr)148 was observed for all ligands, with U‐47700

displaying the strongest interaction and with U‐50488 also involved

in a π–π stacking with the same residue.

Region B represents the deepest part of the binding pocket

where Van der Waals interactions mainly occur, especially with

tyrosine (Tyr)326, tryptophan (Trp)293, and methionine (Met)151.

This was particularly noticeable for U‐47700 (Figure 3a) whose

cyclohexyl and benzene ring moieties were involved in strong Van

der Waals bonds. The same ligand also exhibited an important

electrostatic free energy gain due to the significant interactions with

the lateral side of the region located on TM6 and particularly with

histidine (His)297. Strong Van der Waals interactions between the

phenyl ring and isoleucine (Ile)296 were also observed. Conversely,

N,N‐didesmethyl U‐47700 (Figure 3b) did not display such contacts

with His297 and Ile296 but its amide methyl group was involved in

Van der Waals interactions mainly with Met151 and scarcely with

Trp293. In fact, the H‐bond contact between the charged nitrogen

of the ligand and the phenolic hydroxyl group of Tyr326, enabled

the distancing of N,N‐didesmethyl U‐47700 from Trp293. Within

region B, U‐50488 (Figure 3c) displayed modest interactions with

Met151 and Trp293 mediated by the amide methyl group.

Conversely, significant Van der Waals connections were observed

with His297 and Ile296, although the proximity of the amide oxygen

of U‐50488 and the imidazole ring of His297 was responsible of a

steric effect.

Region C is the outer part of the MOR‐binding region where

isoleucine (Ile)322, glutamine (Gln)124, and tryptophan (Trp)318

F IGURE 2 (a) MOR docking regions for
U‐compounds: electrostatic (A), inner
hydrophobic (B), outer hydrophobic (C), steric
hindered subpocket (D). (b) Ribbon
representation of ligand‐ MOR areas of
interactions: region A (red), region B (blue),
region C (green), and region D (yellow). MOR,
mu‐opioid receptor.
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residues were involved in Van der Waals contacts, with very few

electrostatic interactions. In detail, U‐47700 (Figure 3a) engaged Van

der Waals interactions via the methyl substituent of the amide group,

particularly with Ile322 while N,N‐didesmethyl U‐47700 (Figure 3b)

and U‐50488 (Figure 3c) gained contact with MOR through their

cyclohexyl and aromatic moieties. Additionally, N,N‐didesmethyl U‐

47700 was also involved in a halogen bonding with Trp318

(Figure 3b).

F IGURE 3 Glide‐XP binding site molecular model of: (a) MOR/U‐47700 complex; (b) MOR/N,N‐didesmethyl U‐47700 complex; (c) MOR/U‐
50488 complex. MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐methylbenzamide; U‐50488, trans
2‐(3,4‐dichlorophenyl)‐N‐methyl‐N‐[2‐(pyrrolidinyl)cyclohexyl]acetamide.
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Finally, close to the outer part of the binding pocket, between

helix TM5 and TM6, a sterically hindered subpocket region has been

recognized and classified as region D. Residues lysine (Lys)233,

leucine (Leu)232, valine (Val)236, and valine (Val)300 were specifi-

cally involved in electrostatic and Van der Waals interactions with the

aromatic ring of U‐47700. Interestingly, an additional halogen bond

with Lys233 appeared significant in stabilizing U‐47700 within this

subpocket (Figure 3a). Quite distinctly, N,N‐didesmethyl U‐47700 did

not enter in this receptor area, probably because of the strong

interaction with region C (Figure 3b). Similarly, U‐50488, due to its

long chain and high flexibility, did not fit well into this subpocket

(Figure 3c).

2.1.2 | KOR/U‐compounds docking

An identical approach was adopted to investigate interactions for U‐

compounds and KOR (Figure 4). As already observed with MOR, the

KOR model identified four different regions of interactions: the

electrostatic region A (red) the inner and the outer regions B (blue)

and C (green), and the subpocket region D (yellow).

A detailed depiction of KOR–ligand complexes is illustrated in

Figure 5.

Again, the most important interaction between the positively

charged amino group of the ligands and the negatively charged aspartate

(Asp)138 of the receptor occurred in the electrostatic region A. As

previously seen for MOR, this electrostatic interaction was observed for

all the studied ligands, with very little difference regarding the orientation

of the substituents of the basic nitrogen. Additionally, tyrosine (Tyr)139

and valine (Val)134 were also involved inVan der Waals bonding with the

pyrrolidine residue of U‐50488 (Figure 5a), the methyl groups on the

basic nitrogen of U‐477700 (Figure 5b), and the aromatic moiety of N,N‐

didesmethyl U‐47700 (Figure 5c).

Within region B, Van der Walls interactions between the cyclohexyl

moiety of U‐50488 and residues tyrosine (Tyr)320, tryptophan (Trp)287,

isoleucine (Ile)290 proved important. By analogy, asparagine (Asn)141 and

methionine (Met)142 located on TM3 profitably interacted with the

pyrrolidine and the phenyl rings of U‐504488 (Figure 5a). U‐47700 also

showed good contacts mediated by the alkyl substituents on the charged

nitrogen and the aromatic portion (Figure 5b), while N,N‐didesmethyl

U‐47700 (Figure 5c) was involved in H‐bond with Asn141. Interestingly,

the substituents on the amide nitrogen of U‐50488 (Figure 5a) displayed

strong Van der Waals interactions with residues isoleucine (Ile)316,

glutamine (Gln)115, tyrosine (Tyr)325, and threonine (Thr)111 located in

the outer region C.

Finally, with respect to U‐47700 and N,N‐didesmethyl U‐47700,

U‐50488 showed the best pose within the subpocket of region D,

because of a stable halogen bond with Lys 227. We also observed

Van der Waals interactions between the aromatic region of U‐50488

and hystidine (His)291, valine (Val)230, and isoleucine (Ile)294

receptor residues (Figure 5a).

Overall, from the analysis of MOR docking poses, we can

hypothesize that the different orientation of N,N‐didesmethyl

U‐47700 and U‐50488 with respect to U‐47700, positioned further

into the binding pocket and sub‐pocket regions, might be responsible

for their loss of MOR‐binding affinity. In this regard, the strong ionic

interaction of the unsubstituted basic nitrogen on N,N‐didesmethyl

U‐47700 with the electrostatic region of the receptor, as well as the

outward shift of U‐50488 due its hindered amide substitution,

seemed determinant. As already observed for MOR, a different ligand

orientation within KOR was a key criterion for receptor affinity. It

was observed that the additional methylene group of U‐50488

moved the benzene ring to provide additional important contact with

the outer region of the KOR binding pocket.

2.2 | Molecular dynamics

To shed light on the time‐dependent chemical processes that cannot be

addressed using laboratory‐scale or static docking methods, we

performed a series of molecular dynamics (MD) simulations to analyze

the dynamics of both ligand–receptor and ligand–receptor‐membrane

complexes and to evaluate their interaction energies. Given the sizes of

the systems studied (Table 1) and the required simulation computational

F IGURE 4 (a) KOR docking regions for
U‐compounds: electrostatic (A), inner
hydrophobic (B), outer hydrophobic (C), steric
hindered subreceptorial (D). (b) Schematic 3D
representation of KOR docking regions for
U‐compounds. (B) Ribbon representation of
ligand–KOR areas of interactions: region A
(red), region B (blue), region C (green), and
region D (yellow). 3D, three‐dimensional;
KOR, kappa‐opioid receptor.
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times, we focused our investigation on the affinities of U‐47700 and

U‐50488 for MOR and KOR, to understand the selectivity difference

(Table 1). The MOR‐N,N‐didesmethyl U‐47700 complex (i.e., “NNd‐U‐

47700” inTable 1) was also analyzed to evaluate the affinity change. As a

reference system, we also simulated the membrane‐embedded and

unbound MOR and KOR (referred to as “–Free” in Table 1).

Interaction energy calculations, although providing only a rough

valuation of enthalpic contribution, proved to be affordable

F IGURE 5 Glide‐XP binding site molecular model of: (a) KOR/U‐50488 complex; (b) KOR/U‐47700 complex; (c) KOR/N,N‐didemethyl
U‐47700 complex. KOR, kappa‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐methylbenzamide; U‐50488,
trans 2‐(3,4‐dichlorophenyl)‐N‐methyl‐N‐[2‐(pyrrolidinyl)cyclohexyl]acetamide.
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estimators of the overall binding affinity. Therefore, they are

considered a valuable tool for ranking various complexes according

to their interaction energies.[27–29]

Moreover, the interaction energies between U‐47700 and

U‐50488 and MOR and KOR were calculated (Table 2, third column).

To indirectly highlight the subtle conformational changes

induced by ligand docking, we also evaluated the interaction energy

between the receptor and the membrane for complexed and

uncomplexed (free) receptors (Table 2, second column). The rationale

for this approach is that receptor contacts with the membrane

are involved during interaction, and it has been shown that

the membrane itself can be remodeled, in particular by altering its

curvature and other biophysical properties.[30–32] As a matter of fact,

this approach is often used to elucidate the membrane–protein

interaction features.[33] Thus, opioid receptors bound to U‐

compounds might influence protein interactions with the surrounding

membrane. Small effects can be expected, based on the relative

sizes of membrane lipids, receptor proteins, and ligands, yet

membrane–complex interactions are often more sensitive than direct

observation of changes in protein conformations (e.g., by root‐mean‐

square deviation (RMSD) analysis) via MD trajectories.[34] Moreover,

as a distinct advantage, membrane–complex interaction analysis

requires much shorter MD simulations. The receptor–membrane

interaction energies for the MOR and KOR complexes are shown in

the second column of Table 2.

To better understand the ligand–receptor interactions, we also

studied their H‐bond networks. Although both U‐47700 and

U‐50488 bound to MOR displayed H‐bond interactions with

TABLE 1 Summary of the simulations performed for the MOR and KOR free and bound to U‐compounds.

System Total number of atoms Simulation box size (Å3) Simulation time (ns)

MOR/U‐47700 107,949 138 × 92 × 86 100

MOR/U‐50488 107,956 138 × 92 × 86 100

MOR–Free 107,907 138 × 92 × 86 100

KOR/U‐47700 108,064 138 × 92 × 84 100

KOR/U‐50488 108,252 138 × 92 × 84 100

KOR–Free 108,203 138 × 92 × 84 100

MOR/NNd‐U‐47700 107,943 138 × 92 × 84 140

Note: All receptors are embedded in a lipidic membrane. The system MOR/NNd‐U‐47700 was simulated for a longer time to elucidate a particular effect
discussed later in this section.

Abbreviations: KOR, kappa‐opioid receptor; MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐
methylbenzamide; U‐50488, trans 2‐(3,4‐dichlorophenyl)‐N‐methyl‐N‐[2‐(pyrrolidinyl)cyclohexyl]acetamide.

TABLE 2 Interaction energies between receptor and membrane (second column) and between receptor and ligand (third column), for
U‐47700, U‐50488, and N,N‐didesmethyl U‐47700 for both MOR and KOR.

Complex
Receptor–membrane
(kcal/mol)

Receptor–ligand
(kcal/mol)

Receptor–membrane
discrimination energy
(RMDE) (kcal/mol)

Receptor specificity
discrimination energy
(RSDE) (kcal/mol)

MOR/U‐47700 –1765 ± 39 –126 ± 6

MOR/U‐50488 –1836 ± 40 –109 ± 7 +71 –17

MOR/N,N‐didesmethyl U‐47700 –1925 ± 47 –110 ± 6

MOR–Free –1832 ± 39 –

KOR/U‐47700 –1932 ± 45 –106 ± 6

KOR/U‐50488 –1836 ± 42 –135 ± 6 +96 –29

KOR–Free –1920 ± 49 –

Note: It is also reported the receptor specificity discrimination energy (fourth column), that is the difference between receptor energy interaction with top

ligand and with lower‐scoring ligand (values in the third column). Notice the minus sign due to this convention on the subtraction order. The fifth column
reports the receptor membrane discrimination energy, obtained similarly to the previous one from values in the second column. This time, notice the
plus sign.

Abbreviations: KOR, kappa‐opioid receptor; MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)cyclohexyl]‐N‐
methylbenzamide; RMDE, receptor–membrane discrimination energy; RSDE, receptor specificity discrimination energy; U‐50488, trans 2‐(3,4‐
dichlorophenyl)‐N‐methyl‐N‐[2‐(pyrrolidinyl)cyclohexyl]acetamide.
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Asp147 (region A) for more than 95% of MD simulations, a peculiar

distinction was noted. More specifically, the backbone atoms of

Asp147 were involved for 80% of the MD simulation time with

U‐47700, while backbone atom interactions were not involved with

U‐50488. For U‐50488, the interactions of with Asp147 were

dominated by interactions only with the sidechain atoms. This result

is in full agreement with the docking analysis. In contrast to the H‐

bond interactions at MOR, a marked difference in the persistence of

H‐bond interactions was observed for U‐47700 and U‐50488 bound

to KOR. We found a H‐bond contact between sidechain atoms of

residue Asn141 (region B) and U‐47700 for 50% of the simulation

time, while the same interaction persisted for up to 90% of the MD

simulation between the sidechain atoms of residue Asp138 (region A)

and U‐50488.

The ligand–receptor interaction energies obtained by MD

simulations (Table 2 third column) confirmed U‐47700 and

U‐50488 as the top‐ranking ligands for MOR and KOR, respectively.

We refer to the difference in interaction energy between the same

receptors complexed with top and lower‐scoring ligands as the

receptor specificity discrimination energy (RSDE). For MOR, the

RSDE was −17 kcal/mol and for KOR it was −29 kcal/mol (Table 2,

fourth column). Usually, MD is more reliable for affordable ranking

than for accurately predicting binding energies, but as both these

values were reasonably above the RMSD fluctuations and the

thermal energy at simulation temperature, these values can be

considered meaningful in that regard. Thus, RSDE seems to be able to

discriminate between good and bad ligands for both MOR and KOR.

Furthermore, the interaction energy of the MOR with the

membrane (Table 2, second column) was similar when the receptor

was bound to U‐50488 and when it was free: −1836 versus

−1832 kcal/mol respectively, that is, 4 kcal/mol difference, which is

roughly equivalent to RMSD and, therefore, less physically important.

Conversely, as previously observed, a much better energy gain was

observed for MOR bound to U‐47700. That is, the worst MOR ligand

engages the receptor very weakly, in a way comparable to the free

receptor, confirming the ability of MD to discriminate ligand MOR

receptor affinity.

We observed a similar situation for the ligand–KOR‐membrane

system, where the receptor–membrane interaction energies were

similar for KOR bound to U‐47700 versus free (12 kcal/mol

difference), while KOR bound to U‐50488 displayed a stronger

contact. In this case, this difference is above system thermal

fluctuations but less then KOR receptor‐membrane discrimination

energy (RMDE), as previously discussed.

We refer to the difference in receptor–membrane interaction

energy between the same receptor complexed to the highest and

lowest‐scoring ligand complexes as RMDE. For the KOR system

RMDE was 96 kcal/mol and for the MOR system it was 71 kcal/mol

(Table 2, fifth column). Therefore, RMDE values are quite large,

approximately 3–4 times the respective RSDE, and thus, being above

the RMSD fluctuations and the thermal energy at simulation

temperature, can be considered physically meaningful. As a matter

of fact, also RMDE seems to be able to discriminate about good and

worst ligand for both MOR and KOR.

By comparison, for the low‐scoring ligand, as previously

observed, the bound and free states were very close in energy, with

a gap of only 12 kcal/mol for KOR and 4 kcal/mol for MOR, below

their respective RMDE.

To better understand why even minor changes in ligand structure

could dramatically influence receptor affinities, we also simulated the

N,N‐didesmethyl U‐47700 bound to MOR. The interaction energy

between the ligand and MOR was −110 kcal/mol (Table 2), similar to

the energy for U‐50488 at MOR (−109 kcal/mol), and much less

favorable when compared to −126 kcal/mol observed for U‐47700

(Table 2). The time evolution of the interaction energy for N,N‐

didesmethyl U‐47700 (Figure 6a) showed a rather peculiar profile.

In particular, around the simulation time of t = 50 ns, the

interaction energy rapidly changed from ⋍ −130 to ⋍ −110 kcal/mol

in about 20 ns, when the N,N‐didesmethyl derivative switched its

configuration and achieved a final interaction energy similar to that of

U‐50488. To confirm the persistence of this effect and to gain more

insight into it, we prolonged the total simulation time up to 140 ns.

Furthermore, plotting the dihedral angles of the ligand backbone

during simulation experiments (Figure 7), we were able to identify a

distinct transition with a sudden 90° angle change around the

simulation time t = 45 ns. The interaction energy between MOR and

the membrane (Figure 6b) was also analyzed during simulation,

showing an energy jump from ⋍ −1600 to ⋍ −2000 kcal/mol around

the simulation time t = 30 ns, thereby anticipating the ligand

conformational switch. To gain more insight into the observed effect

for this system, we extended the total simulation time up to 140 ns.

In this way we confirmed the persistence of the conformational

change, that is, the system did not switch back and forth between the

two conformations. Moreover, we accumulated more statistics to

reduce estimated free energy errors.

This effect confirmed the sensitivity and rapidity of the

ligand–receptor‐membrane interaction analysis as a tool to highlight

subtle, but functionally relevant, changes in ligand orientation or

binding pose. Notably, the ligand configuration transition from

compact to extended conformation was extremely quick. Never-

theless, such a switch was not evident immediately after the dynamics

started but required a longer simulation period to be sampled.

Importantly, none of the best poses from the docking analysis

detected for this ligand predicted this extended binding configuration.

To investigate the potential role of the energy transition

observed for N,N‐didesmethyl U‐47700 on its reduced affinity at

MOR, we also evaluated the H‐bond network between receptor and

ligand for the two major conformations detected at different ranges

of MD simulation time (Table 3).

The H‐bonds were considered persistent if they were present

for more than 20% of the simulation period. Specifically, the

reduction in interaction energy between the ligand and the

receptor can be attributed to the loss of H‐bond interaction

between residue Trp229 and N,N‐didesmethyl U‐47700 and to the

8 of 13 | LAUS ET AL.

 15214184, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ardp.202300256 by U

niversita D
i C

agliari B
iblioteca C

entrale D
ella, W

iley O
nline L

ibrary on [20/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 7 Plot of backbone ligand dihedral angle (C2–N2)–(C8–C9) versus simulation time. Average representative ligand structure is also
reported before and after simulation time t = 45 ns.

F IGURE 6 Time evolution of the interaction energy (a) between the ligand N,N‐didesmethyl U‐47700 and MOR, and (b) between MOR
(docked to N,N‐didesmethyl U‐47700) and membrane. MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐[2‐(dimethylamino)
cyclohexyl]‐N‐methylbenzamide.
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weakening of two other H‐bonds (Table 3), when the ligand

switched to the extended conformation. These results are

consistent with both docking and biological findings and show

how small changes in ligand chemical structure can dramatically

decrease MOR affinity for N,N‐didesmethyl U‐47700 as compared

to U‐47700.

Overall, the detailed analysis of the H‐bond network and

interaction patterns during MD simulations confirmed the docking

results for the interactions between receptor regions A, B, C, D

(defined in Section 2.1) and the ligands.

In summary, ligand–receptor‐membrane interaction energies

were able to distinguish between the highest‐ and lowest‐scoring

ligands for MOR and KOR. Additionally, when MOR and KOR were

each bound to their top‐ranking ligand, both receptors displayed a

lower propensity to interact with the membrane. Thus, a role for

less ligand–receptor‐membrane interactions in ligand–receptor

binding was revealed. The propensity of the receptor to interact

with membrane components is determined by dynamic conforma-

tional changes occurring during the molecular recognition and

final docking of the ligand. The highest‐scoring ligands formed

stronger bonds with their respective receptors and thus induced

relevant conformational changes. This effect, in turn, led to a less

favorable receptor surface for chemical interaction with the

membrane.

3 | CONCLUSION

The presented original in silico data support the known pharmaco-

logical profiles for the opioid receptor ligands U‐47700, N,N‐

didesmethyl U‐47700, and U‐50488.[10,20] From the docking experi-

ments, it appears that the unique ligand orientation within MOR and

KOR is a main factor for receptor affinity determination. For N,N‐

didesmethyl U‐47700 binding at MOR, the loss of affinity is likely

related to its strong interaction with the electrostatic region A, while

for U‐50488 it could be due to its outward shift in the MOR‐binding

pocket. For U‐50488 binding at KOR, the additional methylene group

moved the benzene ring outward, providing additional important

contacts with the residues of KOR that might engender its higher

affinity for the receptor.

The in silico experiments suggested a crucial role of the plasma

membrane in determining the affinities and selectivity of

U‐compounds for MOR and KOR. In this regard, we found that

ligand‐receptor complex formation may reduce the interaction

energy with the membrane, even when the interaction energy

between ligand and receptor increases. This reflects the tendency

towards a global minimum energy state for the entire system and can

be simulated by dynamic modeling techniques such as MD that we

employed.

Collectively, it seems that the reason for ligand specificity at a

particular opioid receptor is inextricably linked to the receptor

interaction propensity for the membrane. Top‐ranking ligands engage

the receptor via stronger binding. Such binding reduces the receptor

propensity to interact with the membrane. Based on the MD findings,

we were able to identify an extended conformation of N,N‐

didesmethyl U‐47700 docked to MOR, not otherwise accessible

from the static docking analysis. The extended ligand–receptor

conformation for the N,N‐didesmethyl analog explains reduced MOR

affinity, secondary to the loss of one H‐bond and the weakening of

two others. Interestingly, none of the critical H‐bonds are found

within the MOR‐binding pocket.

Ligand affinities for receptors are mainly explained in terms of

H‐bond networks. In detail, MOR showed similar hydrogen‐bonding

interaction networks with both U‐47700 and U‐50488, whereas the

contacts of the Asp147 (region A) backbone atoms differentiated the

two ligands, with U‐50488 displaying interactions only with Asp147

sidechain atoms. KOR presented a quite distinct H‐bond interaction

network with the two ligands. Specifically, the interaction with KOR

Asn141 (region B) was determinant for U‐47700, while the key

contact for U‐50488 was with Asp138 (region A). Thus, our

observations identified receptor region A as the main area affecting

affinity. Moreover, the membrane interaction energy analysis

confirmed both the sensitivity and the speed of this technique to

highlight, within a reasonable simulation time, small but functionally

meaningful changes in ligand–receptor binding.

In conclusion, our findings suggest that our in silico approach

might be a useful tool for the characterization of opioid receptors

ligands and for the prediction of novel structures with an improved

pharmacological profile.

4 | EXPERIMENTAL

4.1 | Molecular docking methods

The following protocol was used to prepare the simulated systems.[35–37]

The MOR and KOR models were built from the crystallographic

TABLE 3 Hydrogen bond network analysis between residues of
MOR (first column) and atoms of N,N‐didesmethyl U‐47700 (second
column) in two simulation temporal ranges: 0–45 ns (third column)
and 45–140 ns (fourth column).

MOR
N,N‐didesmethyl
U‐47700 (LIG) 0–45 ns 45–140 ns

TRP229 (N1) LIG (O1) Yes Absent

TYR262 (OH) LIG (N1) Yes Reduced occupancy

ASP83 (C) LIG(N1) Yes Reduced occupancy

ASP83 (O2) LIG(N1) Yes Yes

ASP83 (O1) LIG(N1) Yes Yes

ASP83 (O1) LIG(C1) Yes Yes

Note: For each amino acid, the specific atom or group contributing to the
bond is indicated between brackets.

Abbreviation: MOR, mu‐opioid receptor; U‐47700, trans‐3,4‐dichloro‐N‐
[2‐(dimethylamino)cyclohexyl]‐N‐methylbenzamide.
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structures of M. musculus MOR (PDB ID 6DDF)[23] and H. sapiens KOR

(PDB ID 6VI4) coupled to their G‐proteins.[24] The MOR and KOR were

crystallized in the active state with the agonist [D‐Ala2, N‐MePhe4, Gly‐

ol]‐enkephalin (for MOR) or the agonist (3R)‐7‐hydroxy‐N‐{(2S)‐1‐

[(3R,4R)‐4‐(3‐hydroxyphenyl)‐3,4‐dimethylpiperidin‐1‐yl]‐3‐methylbutan‐

2‐yl}‐1,2,3,4‐tetrahydroisoquinoline‐3‐carboxamide (for KOR) occupying

the binding site.[23,24]

To prepare the receptor docking models, the two PDB structures

were treated using the “Protein Preparation Wizard” function[38–40]

within Schrodinger Suite (Schrödinger Release 2018‐4: Schrödinger,

LLC, New York, NY, 2020). This function sets the protonation states

of all titratable residues within the protein structure and performs

hydrogen optimization and energy minimization, removing any

eventual steric clash. Water molecules present in the crystallographic

structures were removed.

Then, ligands were prepared and docked with the Schrodinger

Suite‐Schrödinger Release 2018‐4. In detail, U‐47700, N,N‐

didesmethyl U‐47700, and U‐50488 were prepared with “LigPrep”

function that minimize the structure and assign protonation state and

bond orders. Ligands have been optimized at physiological pH (pH

7.0 ± 1.0) with the Epik algorithm, generating the het states and then,

docked by means of the Glide‐XP algorithm[25] with optimized

potentials for liquid simulations (OPLS)3e force field.[26] Restrained

energy minimization was applied on hydrogens only using the

OPLS3e force field. Prepared protein systems were further checked

by Ramachandran plots, ensuring there were no steric clashes. All

compounds were placed in the docking box (inner box size

10 × 10 × 10 Å3, outer box 25 × 25 × 25 Å3) with the hydrogen in

the axial position and the R‐group in the equatorial position. In

particular, the following parameters were employed: default scaling

of Van der Waals radii (scaling factor of 0.80, partial charge cutoff of

0.15), dock flexibly, edit ligand feature of positional constraints like a

donor, perform postdocking minimization, and keep 100% of scoring

compounds. All protonated compounds were docked in both

protomeric states, and the lowest average docking score was used.

The method was validated by docking a series of 11 distinct fentanyl

analogs with well‐known affinities and selectivity (see Supporting

Information).

4.2 | MDs methods

As for docking, we used the MOR 3.5 Å resolution cryoelectron

microscopy structure with PDB ID 6DDF[23] and the KOR 3.3 Å

resolution structure with PDB ID 6VI4.[24] The receptor–ligand

complexes were obtained from molecular docking as previously

explained. Each receptor–ligand complex was inserted into an

equilibrated solvated lipid bilayer consisting of 434 molecules of

palmitoyl‐oleoyl‐phosphatidyl‐choline (POPC) and 18,500 water mo-

lecules. The overlapping POPC molecules were removed using an in‐

house script. The relaxed membrane–water system was considered for

the subsequent MD simulation of the receptor–ligand complex

embedded in the membrane. As usual, for each system, charges were

neutralized by adding counterions. The details of the simulation

systems investigated in our study are summarized in Table 1.

The Amber forcefield[41] was used to simulate the receptor and

POPC lipids. For all the ligands analyzed, the charges and the

forcefield parameters were obtained following the standard Amber

protocol.[42] An initial energy minimization of the system was

performed. This was followed by a constant number of atoms,

volume, and temperature run for 0.8 ns at 300 K to relax the protein‐

membrane interface by applying positional restraints on the protein,

water molecules, and lipid head group atoms. Each system was

further equilibrated using a constant number, pressure, and temper-

ature run (NPT) at 1 atm pressure and 300 K, with gradual release of

the harmonic positional restraints. Further equilibrium of the system

was performed using NPT run for 10 ns with all atoms unrestrained,

finally followed by 100 ns of the production run. All the simulations

were performed using nanoscale molecular dynamics (NAMD) soft-

ware[43] and running on a cluster of 60 processors.

The interaction energies for the systems ligand–receptor,

membrane–receptor, and membrane–receptor–ligand were calcu-

lated by evaluating the nonbonded energy values including Van der

Waals and electrostatic energy, using the energy plugin of NAMD

software.[40] A cut‐off distance of 10 Å was used for nonbonded

interactions. For electrostatic interactions, we adopted the particle

mesh Ewald scheme, as described in our previous study.[44] It is

important to mention that the interaction energy scheme adopted in

our calculations provides only an estimate in terms of enthalpic

contributions to binding, as solvent effects are not explicitly included.

Nonetheless, the scheme proved in the literature to be quite effective

for ranking the different systems based on their complexation energy

values.[45]

The hydrogen bond interaction network between receptor and

ligand was also evaluated, along the simulation time, by using a

geometrical criterion, with a donor–acceptor cutoff distance of 3.1 Å

and donor–hydrogen–acceptor cut‐off angle of 130°.[44]
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