
J.Serb.Chem.Soc. 69 (11) 843–854(2004) UDC 615.211/.212:54.021/.022

JSCS – 3210 Review paper

REVIEW

Molecular modeling of fentanyl analogs*

LJILJANA DO[EN-MI]OVI]#

Faculty of Chemistry, University of Belgrade, P.O. Box 158, 11000 Belgrade and Center for

Chemistry, ICTM, Belgrade, Serbia and Montenegro (e-mail: lmicovic@chem.bg.ac.yu)

(Received 30 June 2004)

Abstract: Fentanyl is a highly potent and clinically widely used narcotic analgesic. A
large number of its analogs have been synthesized, some of which (sufentanil and
alfentanyl) are also in clinical use. Theoretical studies, in recent years, afforded a better
understanding of the structure-activity relationships of this class of opiates and allowed
insight into the molecular mechanism of the interactions of fentanyl analogs with their
receptors. An overview of the current computational techniques for modeling fentanyl
analogs, their receptors and ligand-receptor interactions is presented in this paper.

Keywords: fentanyl analogs, molecular modeling, �-receptor, ligand-receptor inter-
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INTRODUCTION

Opioid analgesics present a very important class of drugs, widely used in sur-

gical procedures, in the treatment of post operational pain, cancer pain and other

conditions.1–6 According to the chemical structure, opioid analgesics are divided

into several major classes1 including: 4,5-epoxymorphinanes, morphinanes, ben-

zomorphans, arylmorphans, pethidines, anilido-piperidines, methadone analogs,

opioid peptides and a number of less important groups.

The 4-anilidopiperidines are the most potent class of opioid analgesics known

to date.1,2 The prototype of this class, fentanyl (1), Fig. 1, is 50–100 times more po-

tent than morphine in humans and some of the fentanyl analogs in Fig. 1 are even

more active. Thus the (–) cis isomer of 3-methylfentanyl (2) is ca. 16 times more

active than fentanyl,7 carfentanil (4), lofentanil (5) and sufentanil (6) are all ca.

10–30 times more active8,9 and the (2S,3R,4S)-isomer of ohmefentanyl (3) is 110

times more active10 than fentanyl. Also, the recently synthesized 3-methoxycarbo-

nylfentanyl11 (7), and 4-methylfentanyl12 (8), Fig. 2, exhibit potencies comparable

to fentanyl, while acyclic analogs, such as diampromide1 (9) and 2,3-seco-fentanyl

(10), are considerably less active than fentanyl.13,14
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A very large number of fentanyl analogs have been synthesized in the past 30

years with the aim of producing novel, clinically useful drugs with a better pharma-

cological profile, and to establish the relation between the structure of the com-

pounds and their pharmacological action, SAR (structure–activity relationships).

To achieve this goal, one has to understand how ligands (drugs) recognize and acti-

vate the fentanyl receptor. However, until recently, there has been no knowledge of

the nature of opioid recptors. Pharmacological studies suggested that there are at

least three protein receptors, known as �, � and � that interact with opiate lig-

ands,

15 but there is no high-resolution three-dimensional structure of any opioid

receptor, to date. To overcome this difficulty, two major computational approaches
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Fig. 1. Agonists and antagonists of the �-opioid receptor.



are now in use. They are known as: the pharmacophore modeling and receptor

modeling with ligand docking methods. Both methods are based on the same idea

that certain molecules can bind and activate a receptor because they comprise func-

tional groups and structural fragments that interact favorably at a receptor binding

site, the geometry of which complements the ligand. When a ligand binds to a re-

ceptor, the ligand and receptor may interact in a specific manner to produce a phar-

macological effect. If, upon binding of a ligand a pharmacological effect is pro-

duced, the ligand is known as an agonist. If, on the other hand, a ligand binds to a

receptor but produces no effect, that ligand is known as an antagonist. Fentanyl, for

instance, binds to a �-receptor and relieves pain; fentanyl is a �-receptor agonist.

On the other hand, naloxone, Fig. 1, binds to a �-receptor but produces no analge-

sic activity; naloxone is a �-receptor antagonist. Antagonists, like naloxone, are

used to displace an opioid agonist from the receptor.

PHARMACOPHORE MODELING

The pharmacophore modeling method is an indirect approach that focuses on

the properties of the ligands themselves, determining what major structural fea-

tures of ligands are necessary for effective binding and receptor activation. Within

this method, the three-dimensional stuctures of high- and low-affinity ligands are

compared in order to identify the steric and electronic properties (molecular des-

criptors) which are required for ligand recognition by a receptor. For flexible com-
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pounds, such as fentanyl and its analogs, this procedure requires conformational

searching to be performed16–18 since receptor recognition and active forms of lig-

ands are typically found among the low energy conformations. Each set of molecu-

lar determinants, in a spatial arrangement typical for the compounds which bind to

or activate a receptor, becomes a possible three-dimensional recognition or activa-

tion pharmacophore. These pharmacophores can be used to search databases con-

taining three-dimensional structures when looking for novel compounds that are

potential ligands for the fentanyl receptor.

The great influence of the stereochemistry of the fentanyl class of compounds

upon their analgesic activities is well documented.1,2 Experimental1,2,23 and theo-

retical studies17–22 led to the proposal of the fentanyl activation pharmacophore,

Fig. 3, which consists of:

– a protonated amine nitrogen capable of electrostatic attraction to the nega-

tively charged site of the receptor,

– a polar function (C=O group) capable of forming hydrogen bonds with the

receptor,

– one aromatic ring involved in lipophilic interaction with the receptor,

– another aromatic ring involved, most likely, in electron transfer interactions

with the receptor.

Other structural elements necessary for optimal interaction with the receptor

are:

– a piperidine ring in the chair conformation,

– N-phenetyl and 4-N-phenylpropanamide substituents trans, and both equa-

torial,

– trans configuration of the amide group,

– extended conformation of the phenethyl substituent,

– a 4-N-phenylpropanamide substituent conformation with the � angle in the

range 0 – 30º, Fig. 3, and with the aromatic ring nearly perpendicular to the amide

function.

Favorable variations of this pharmacophore have led to the synthesis of novel

potent analogs of fentanyl,11,12,24,25 Fig. 2
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Fig. 3. Fentanyl class pharmacophore.



RECEPTOR MODELING

In the last two decades, experimental studies have led to the discovery of three

major groups of opioid receptors, known as �, � and �, previously postulated in

pharmacological studies.

15 In the last ten years these receptors were successfully

cloned and expressed.26 It was found that all opioid receptors are highly homolo-

gous and belong to the superfamily of proteins known as G-protein coupled recep-

tors (GPCR). They consist of a single polypeptide chain containing seven trans-

membrane domains (TM1 – TM7), Fig. 4, looping back and forth across the lipid

membrane. These transmembrane domains are hydrophobic and they have a heli-

cal secondary structure. The seven helices pack together to form a seven helix bun-

dle having a more hydrophobic exterior facing the lipid membrane and a more hy-

drophilic interior suitable for ligand binding. The considerable technical difficul-

ties, such as isolation and purification, prevented the determination of the three-di-

mensional structure of any of these receptors. Rhodopsin is the only GPCR whose

high resolution (2.8 Å) crystal structure has recently been reported.27

Due to the lack of an experimental three-dimensional structure of the opioid

�-receptor, insight into the receptor-ligand interactions must be inferred with the

aid of computed receptor models. The first step in this process is the building of a

receptor model. This is mainly achieved through two major strategies.

28 One is to

build a receptor model using the structure of bacteriorhodopsin (or the structure of

rhodopsin since the year 2000) as a homology template. The other is to build a re-

ceptor model de novo, comparing the orientation of its helix to the low resolution
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structure of rhodopsin and to other experimental data. Considering the extensive

number of receptor models already generated, a large amount of information can

be elicited from a simple sequence alignment to a receptor that has already been

modeled, following the expectation that similar protein sequences will have simi-

lar three-dimensional structures. The �-opioid receptor, Fig. 5, has recently been

modeled

22 based on the template available for transmembrane portion of the rho-

dopsin family of GPCR.29 The extra- and intra-cellular loops were usually mod-

eled by homology to proteins having a similar sequence taken from the Protein

Data Bank, or they may be constructed by suitable computer software, such as the

LOOP option30 in the SYBYL package,30 or by a profile-fed neural network31 sys-

tem (PHDhtm) from the EMBL (European Molecular Biology Laboratory) in Hei-

delberg. The receptor model is usually further refined by using a series of MD (mo-

lecular dynamics) simulations, with different constraints,22,29–33 followed by geo-

metrical optimization. The structure quality of the receptor model is evaluated for

consistency with other opioid receptor models. Sometimes22,32 the PROCHECK

program33 is used to check the stereochemical quality of a protein structure.

The receptor model was also tested against the experimental data available

from site-directed mutagenesis. The site-directed mutagenesis is a procedure

where one amino acid is specifically replaced by another through the laboratory

biosynthesis of a modified protein. Testing activity of a mutated receptor provides

information on amino acids involved in ligand binding and receptor activation. For

�-opioid receptor important residues (in rat sequence) include31: Thr137, Ile138,

Ile142, Ile144, Asp147 in TM3, and His297 in TM6, as well as Val126, Asn127 in

TM2. These residues were expected to affect the receptor ligand interactions, what

means that they have to be oriented towards the interior of the helical bundle. How-
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Fig. 5. Stereoview of the transmembrane helices of the �-opioid receptor.
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ever it should be borne in mind that the results of mutagenesis studies are not nec-

essarily related to receptor-ligand interactions. In fact, mutations can also alter the

three-dimensional structure of a receptor and therefore modify the binding profile

of a ligand by this mechanism.

When the receptor model is ready and the low energy conformations of a

ligand have been determined: experimentally (by X-ray diffraction or from the

NMR spectrum) or computationally, the ligand–receptor complex may be con-

structed by ligand docking to the receptor. In order to obtain meaningful docking

results it is necessary that, because of the nature of empirical force field calcula-

tions, the same force field is used for the ligand, receptor and the ligand-receptor

complex. This usually does not represent a problem since most of the commer-

cially available programs have generally applicable force fields which have pa-

rameters for both: receptors and ligands. Still atomic charges for ligand molecules

are often missing, they have to be determined by the same procedure as for the re-

ceptor atoms. The AMBER program,38 for instance, uses the electrostatic poten-

tial-derived atomic charges, with the RESP charge-fitting formalism.50,51 The

electrostatic potential used by AMBER is calculated by ab initio quantum mechan-

ical calculations (HF/6-31G*).

Docking of a ligand into a receptor may be carried out by an automated proce-

dure22,30 (using for instance the DOCK program package34 or AUTODOCK set of

programs35) or manually.31 In both cases, docking is a combination of two compo-

nents36: a search strategy and a scoring function.

A rigorous search strategy would enable all possible binding modes between

the ligand and the receptor to be found. In this procedure all six degrees of transla-

tional and rotational freedom of the ligand and the internal conformational degrees

of freedom of both the, ligand and the receptor, would have to be explored. How-

ever, this is impractical due to the size of the search space. In practice, constraints

and approximations were applied in order to locate the lowest energy complex as

efficiently as possible. A common approximation in early docking algorithms was

to treat both the ligand, and the receptor as rigid bodies. This is not very realistic

since a conformational change may occur in both the ligand and receptor upon bin-

ding. For this reason, different techniques are used to incorporate conformational

flexibility into docking protocol. The most frequently used search strategies are:

The systematic search method. This method is in use in the program EUDOC37

for the systematic search (step by step) of ligand–receptor geometries. Both ligand

and receptor are treated as rigid and the AMBER force field is used for energy calcu-

lations. Although not highly realistic, this method is useful when a large number of

ligands has to be docked, i.e. for screening libraries of potentially active ligands.

Molecular dynamics (MD). MD involves the calculation of the solutions to the

Newton equation of motion. The simulation begins by giving each atom in a molecule

some kinetic energy. This makes the atoms move around. By solving the Newton
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equation of motion, it is possible to predict how they move, i.e. it is possible to calcu-

late next conformation from the existing one. MD mimics the way a molecule actually

explores its conformational space, rather than trying to obtain a picture of the whole

conformational space. It is searching local regions of the conformational space. A

number of commercially available programs, such as AMBER38 and CHARMM39,

can perform MD simulations. An MD simulation of an opioid �-receptor complex in a

phospholipid bilayer has recently been reported

32.

The Monte Carlo (MC) method. The standard MC method40 (Metropolis MC)

involves randomly changing the Cartesian coordinates of the system, calculating the

energy, and accepting or rejecting the new position of the system (i.e. the new geome-

try of a complex) based on Boltzman probability. Therefore, it is a stochastic optimiza-

tion technique and, coupled to potential energy evaluation, it represents one of the

most powerful methods for structure optimization and prediction, and for searching

conformational space. Programs such as AutoDock41, Prodock42 and MCDOCK43

use MC strategy for docking with AMBER and CHARMm force fields used for geo-

metrical optimization.

The genetic algorithms (GA) method. This method requires the generation of

initial complex structures, whereas conventional MC and MD methods require a sin-

gle starting complex structure. The starting generation may be created randomly but

it has to be described by a “chromosome” which is a string of numbers. The “chro-

mosome” can be a list of dihedral angles of a ligand, for instance. The next genera-

tion is created by mixing and mutating the information in the “chromosome”. This is

achieved by taking two “chromosomes” chopping them in two and recombining.

The new generation is evaluated (energy may be one of the criteria) and the best are

allowed to make a new generation. The program GOLD44 uses GA for docking, as

do recent version of the AutoDock program and the DARWIN program.45

The fragment-based method. This method is less general than MD or MC but

is frequently used in drug design studies. It divides the ligand into separate por-

tions or fragments which are separately docked to the receptor. Docking is fol-

lowed by linking of the fragments. Decisions have to be made regarding the impor-

tance of various functional groups in the ligand and regarding the base fragment to

which the other fragments are linked. The choice of base fragment is essential in

this method and can significantly affect the quality of the results. The FlexX pro-

gram46 uses the fragment-based method for docking.

All docking procedures generate a number of structures of the ligand-receptor

complex while the best one is being searched for, presumably representing the real

complex. Therefore complex structures have to be evaluated and this is done by a

scoring function. This may be the energy of a complex calculated by a particular

force field, or an empirical free energy47 of a complex, or a knowledge based func-

tion48 which exploits structural information of known protein–ligand complexes

extracted from the Brookhaven Protein Data Bank and converts it into a distant-de-
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pendent free energy of interaction of protein-ligand atom pairs. Based on the scor-

ing function, some structures of the complex are discarded and some are retained

until the best complex geometry is found. Docking may also be validated by the re-

sults of site-directed mutagenesis studies and previous structure-activity studies.

The ligand binding modes of a series of fentanyl derivatives have recently

been reported.22 The low energy (largely populated) conformations in water of

eight analogs of fentanyl, all with a high affinity for the �-receptor were used for

docking. The docking was performed using the automated rigid body docking pro-

cedure implemented in the DOCK 3.5 program. All predicted ligand–receptor ori-

entations were evaluated based on the calculated energies (van der Waals and elec-

trostatic energies were considered) and the experimental results of site-directed

mutagenesis experiments. For instance, a protonated basic nitrogen in the fentanyl

analogs is an important part of the pharmacophore, as was found by site-directed

mutagenesis experiments. Therefore, the ligand orientations are favored if the ni-

trogen proton is proximal to the carboxyl group of the TM3 aspartate, enabling

strong electrostatic stabilization. Refinement of the receptor-ligand complex was

achieved by in vacuum energy minimization followed by MD simulation with a

medium dielectric constant � = 4, and final geometry optimization. The final com-

plex structure orientation of the ligand was such that the N-phenethyl group of

fentanyl was placed deep in the crevice between TM helices 2 and 3, while the

N-phenylpropanamide group was in the pocket formed by TM helices 2, 6 and 7.

The results are consistent with ligand binding data derived from native and mutant

receptor studies, as well as with structure–activity relationship data reported on a

wide range of fentanyl analogs.

However, efficient binding to a receptor does not guarantee that a ligand will

produce a pharmacological action. The ligands may act as an agonist or as an an-

tagonist, a concept slightly changed in most recent studies. A possible model of re-

ceptor activation was deduced by studying and comparing the structures of the ag-

onist– and antagonist–receptor complexes and the structure of the ligand-free re-

ceptor. Some plausible mechanisms of receptor activation have been proposed.

These range from suggestions of individual residues that act as switches, to more

complex models involving conformational changes of the receptor, or receptor
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dimerization.48 Two recent developments28 in this field directed research to a new

model of receptor activation. The first development was the mutation-produced re-

ceptor which was active by itself (without the binding of an agonist). The second

development was the discovery that a number of antagonists were capable of re-

versing this constitutive activity, i.e., to make the receptor inactive again. There-

fore, more than the simple formation of an agonist–receptor complex, receptor ac-

tivation looks like series of equilibrium reactions, Fig. 6, where R is the ground

state of a receptor and R* is its activated state (in a different conformation). Ligand

(L) binding can favor either the ground state (LR) if the ligand is an antagonist, or

the activated state (LR*) if it is an agonist. The activated, ligand bound, complex

then associates with a G-protein and produces a pharmacological response.

CONCLUSION

Computational studies of the opioid ligand–receptor complex can provide

new insight into the requirements for recognition and activation, especially if cou-

pled with the results of pharmacological experiments, such as site-directed muta-

genesis, and experimental structure–activity studies. They provide insight into the

nature of drug–receptor interactions, help in creating models of the mechanism of

action of a drug and will hopefully assist in the creation of new potent analgesics

free of adverse effects.

I Z V O D

MOLEKULSKO MODELIRAWE ANALOGA FENTANILA

QIQANA DO[EN-MI]OVI]

Hemijski fakultet, Univerzitet u Beogradu, p. pr. 158, 11000 Beograd i Centar za hemiju, IHTM, Beograd

Fentanil je visoko aktivan narkoti~ki analgetik u {irokoj klini~koj upo-

trebi. Sintetisan je veliki broj wegovih analoga, a neki od wih su (sufentanil i

alfentanil) tako|e u klini~koj upotrebi. Teorijska ispitivawa tokom posledwih

godina omogu}ila su boqe razumevawe veze izme|u strukture i aktivnosti ove klase

opijata, kao i uvid u molekulski mehanizam interakcije analoga fentanila sa wiho-

vim receptorima. Ovde je dat pregled savremenih ra~unskih metoda za modelirawe

analoga fentanila, wihovih receptora i ligand–receptor interakcija.

(Primqeno 30. juna 2004)
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