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Molecular modeling of p opioid receptor and receptor-ligand interaction’
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ATM: To construct the 3D structural model of p
opioid receptor { pOR ) and study the interaction
between pOR and fentanyl  derivatives.
METHODS: The 3D structure of #OR was modeled
using the bacteriothodopsin (bRh) as a template, in
which the alignments of transmembrane ( TM) of
bRh and pOR were achieved by scoring the
alignment between the amino acid sequence of OR
and the structure of bRh. The fentanyl detivatives
were docked into the 7 helices of pOR and the
binding energies were calculated. RESULTS: (1)
The receptor-ligand interaction models were
cbtained for fentanyl derivatives. (2) In these
models, the fundamental binding sites were possibly
Aspld7 and His297. The negatively charged
oxygen of Aspld7 and the positively charged
ammonium group of ligand formed the potent
electrostatic and hydrogen-binding interactions.
Whereas the interactions between the positively
charged nitrogen of His297 and the carbonyl oxygen
of ligand were weak. In addition, there were some
x — m interactions between the receptor and the
ligand. (3) The binding energies of the receptor-
ligand complexes had a good correlation with the
analgesic activities { — lg EDy5) of the fentanyl
derivatives. CONCLUSION: This model is helpful
for understanding the receptor-ligand interaction and
for designing novel $OR selective ligands.

Fentanyl was a potent analgesict!). Its
prominent bicactivity and characteristic structure

attracted a great attention. Four enantiomers of 3-
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methylfentanyl ( Met } and 8 enantiomers of
ohmefentanyl { Ohm )} were synthesized in our
laboratory*+3’.
differences between their analgesic activities and
affinities for ¢ opioid receptor {#OR). Like many

other fentanyl derivatives, they were selective pOR
(41

There were tremendous stereo-

agonists

The amino acid sequence of pOR from rat and
human was determined from its cDNA
sequence ¥ . The rat uOR consisted of 398 amino
the N-terminal was in the
C-terminal in the

acid residues and
extracellular space, the
cytoplasm.

In this paper, the three-dimensional (3D)
structural model of pOR was constructed using the
structure of bacteriorhodopsin { bRh) as a template.
Then, the receptor-ligand interaction of fentanyl
analogs was investigated by studying the bicactive
conformations of ligands in the receptor and the
relationship between the binding energies and the
hioactivities of the ligands.

METHODS

Primary sequence comparisan between pOR and BRh as
well as hydropathicity analysis were made to define the
putative transmembrane (TM) regions. The 7 TM domains
were transformed into o-helices with the nommel ¢ and ¥
values of — 58" and — 47", respectively, except for proline
residue with ¢ — 75°, which led to slightly bent o-helices.
The refined model of BRh, which was obtained from the
Protein Data Bank {entry 1BRD )}, was used as the
template for positioning the 7 o-helices of pOR.

Modeling was achieved with the molecular modeling
package SYBYL 6.21"). The interactive modeling and display
were performed on SGl XZ 4000 worlkstation, The receptor
was optimized m SYBYL using molecular mechanics
calculation with the following parameters: a distance-
dependent dielectric constant of 5.0, nonbonded cut-off 0.8
nm, AMBER force field with Kollmen all-atom charges,
conjugate gradient minimization until the RMS  energy
gradient <0.7 keal- {mol*nm) ~?. First. the all sidechains
of 7 helices were minimized to convergence, in which the
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backbone of pOR was aggregated: then. the whole receptor
was minimized o convergence.

The selective ligands for pOR were manually docked into
their putative binding sites in the 7 helix bundles. To get the
best possible interaction complexes, the docking procedure
was repeated several times. simultanenusly regulating different
initial orientations for both the receptor side chains and the
ligand. The complexes were optimized by molecular
mechanics calculations using “T'ripos force {ield with Koilman
all-atom charges for the receptor and Gasteiger-Huckel charges
for the ligands. 1In this study. the 19 selective pOR ligands
{shown below) were docked into the receptor model.

patterns to rhodopsin''?’, which had sequence

homwlogy with GPCR. It seems wvery likely that
bRh and rhodopsin as well as other GPCR belong to

the same structural class. [t was reasonable that

the 3D structure of xOR was modeled using the bRh
structure as a template.

According to the method of scoring sequence-
structure alignmentst®, the plots of scores as a
function of threading shift were chtained when
threading the sequence of uOR through the bRh
structure {Fig 1)}.

NMorphine
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N f N
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R, R, R;
Fentanyl H H H
3-Methyifentanyl H CH, H (4 isomers)}
Obmefentanyl OH CHy H (8 isomers}
Carfentanil H H COOCH,
Lofentanil H CH; COOCH:(4 isomers)

RESULTS AND DISCUSSION

Modeling of pOR In 1990, a-high quality 3D
model for bRh  was determined based on
cryomicroscopy experiments'’). The bRh receptor
lacked seguence homology with G protein-couple
receptar { GPCR), but it paralleled with GPCR in
overall 3D structure patterns. The bRh had the
similar functional characteristics and the structural

Selected ahignments of TM1 (O, TM2 {®§, Thi3 (), and Th4 (O) were
the threading shifts of =1, 2. -1, and 0, respechvely

o R

(.1

Scoring alignments of pOR seqoence and bRh

Theoretically, the alignment with the highest
score should be selected. On account of the
complication of sequence alignment, the several
alignments with higher score were tried to model
pOR. The sequence alignments of the TM of bRh
and pOR were chosen (Fig 2).

After energy minimization, the 3D model of
pOR was achieved. In this model, the face
directed toward the lipid bilayer mainly consisted of
the nonaromatic hydrophobic residues, whereas the
inside of the 7 helix bundles mainly of the
conserved, polar residues. This arrangement was
in accordance with the helical conformation of
GPCRU,
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Due to the conformational flexibility of extra-
and intra-cellular loop regions, the loop regions
cottnecting individual helices were omitted in the
present modeling.  However, omission of the loop
regions was not influential in analyzing the receptor-
ligand interaction, because the ligand-binding
pocket was supposed to be located in the regicn

surrounded by transmembrane helices! 710

IWLALGTALMGLGTLYFLY hisM 32
IMALYS | VOVVGLFGNFLVMY'V w2

TMI bRh 11
pOR 71

TM2 bRh 38 DAKKFYA | TTLVPAIAFTMYL SML 6l

pOR 107 | F NLALADALATS TLPFQSVNYLM 130
TM3 bRh 8l ARYADWLF T TPLLLLDL ALL 10U
uCGR 142 Iv15] DYYNMETSIFT LCTM lal
TM4 bRh 108 ILA LYGADGI MI GTGLVYGAL 127
uOR 186 TWNVCNWI LS SA IG LPVMFM 205
T™MS bRh 137 WWAI STAAMLYTILYVLFFGFT 157
uOR 234 1 CVFIFAFIMPIL]ITYCYGL 254
TMé& bRh 167 VAS TFKVLR NVT VYL WSAYPY 187
nOR 282 VLYVVAVF | VCWTPIH | YVII kDX
TMT bRh 204 ETLLFMYLDVSAR VG FGLI 122
wOR 321 CIALGY TMNSCLNPY LYAFL 3310

Fig 2. Sequence alignment of mansmembrane regions of
bRh and pOR.

Modeling of ligand-receptor complexes The
13 protonated ligands (including fentanvl, 4
enantiomers of Met, and 8 enantiomers of Ohm)
were docked into the inside of 7 helix bundles. In

docking procedure, the bicactive conformations of
the ligands were chosen as our previous results{™/ .

We found 3 charged residues in TM region, ie,
2 negatively charged residues (Aspl14 and Aspld7)
and 1 positively charged residue (His297). Of
these amino actd residues, 2 Asp residues were
conserved with all GPCRU™,  The site-directed
rmitagenesis showed that Aspld7 residue plaved an
important role in binding with agonist.

Our previous study'')) showed that, the
distance between RP; and RP,; was about 0.93 nm,
corresponding to the distance between the 2
hypotherical site points binding with the protonated
nitrogen of piperidine and the carbonyl oxygen of 4-
prhenylpropanamide of ligand, respectively. [t was
in accordance with the distance between the
negatively charged oxygen of Aspl47 and the
positively charged nitrogen of His297 in our pOR
model (Tab 1).

Therefore, the residues Aspl47 and His297
would be chosen as the binding sites, which were
consistent with the results of modeling receptor-
lofentanil interaction' ™.

After manual adjustment, the docking
provedure was carried cut to convergence,  For each
ligand-receptor complex, the geometric optimization
was also perfarmed to convergence. The 31D models
of receptor-ligand complexes were obtained, one of

Tab 1. Geometric parameters of binding sites of pOR model.

CJZX.I]P . 1 dl " dlh dza dzh dJa d3b d‘a. ddb
Fentanyl 0.569 (.582 0.797 0.923 0.695 0.718 1.960 1.026
{3R,4R}-Met 0.583 0.598 {a.825 0.975 8.735 0.717 1.073 1.043
(3IR,48) Met 0.583 0.583 0.803 0.937 0.716 0.715 1.089 1.078
(35, 4R)-Met 0.577 0.585 (.809 0.877 0.717 0.715 1.073 1.967
{35,4R)-Mey 0.521 0.585 0.799 0.963 0.706 0.717 1.040 1.014
(3R,4R,2’R}0hm 0.610 0.695 0.834 0.940 0.736 0.717 0.070 1.066
(3K,4R,2’'R)-Ohm 0.610 0.694 0.822 (.918 0.727 t.715 1.086 1.108
(3R,4R,2'R)-Ohm 0.576 0.568 0. R27 0.874 0.723 .715 1.071 1.046
(3R,4R,2'R)-Ohm 0.582 0.578 0.825 0.970 9.709 0.718 1.043 1.622
{3R,4R,2'E)-Ohm 0.592 0. 568 0.829 0.958 0.737 0.718 1.059 1.008
{3R,4RK,2'R}-Ohm 0.611 0.666 0.820 0.803 0.725 0.715 1.081 1.074
(3R ,4R,2'R}-Ohm 0.393 0.590 0.808 0.882 0.719 0.715 1.074 1.070
(3R,4R.2'R)-Chm 0.55R 0.578 0.786 0.958 0.707 G.718 1.054 1.906

“ Calculated in this study; ¥obtained from Ref 11;d; {nm} is the distance between the phenyl center of phenylethyl of ligand and
the positively charged cxygen of Aspld7, d; {nm) the distance berween the positively charged oxygen of Aspld47 and the
negatively charged nitrogen of His297, d;(nm) the distance between the negatively charged nitrogen of His297 and the pheny]
center of 4-phetylpropanamide of ligand, dy{nm) the distance between two phenyl rings of ligand.


http://www.cqvip.com

- 320 - BIBL.IT): [355N 02539750

Acta Pharmaoologica Sinica B # 28 £

1997 Jul; 18 (4)

which wasz shown in Fig 3

TM? T™s
T™M!
His297_ TM5
147
g TM4
(A)y TM2 T™M3 |

(3R.48.2'S)-Ohm

/

(B)

Fig 3. Stereoplots of the (IR,45,2'5)-Ohm in the binding
sites. Omly 2 residnes { Asp147 and His297) and the trace of
a-carbon atoms of pOR., {A) Top view of the cell; (B) Side
view of the membrane.

According to the above models, the posstble
binding sites were mamly defined by the following
amino acids: Aspl47 (TM3), His297 ( TMb6),
Tyr148 { TM3), Trpl92 ( TM4), and Tyr326
(TM7), which were corresponding to the 4 key
moieties of ¢ pharmacophore (Fig 4).

H|s29?
er329
Tyr326 Trp192
Asp]
(3R,45 I'S}Ohm Leu200
Tle144 r] 4F

Fig 4. Four key mwieties of p pharmacophore of fentanyl
derivatives interacting with putative binding sites of pOR,
shown for (3R.48,2'S)-Ohm

There were a number of interactions between
the ligands and the amino acid residues in the
receptor-ligand  complex model. The potent
electrostatic  and  hydrogen-binding  interactions
occurred from the negatively charged oxygen of
Aspld? of the receptar to the positively charged
ammonium group on pipendine ring of ligand,
whereas the weak electrostatic and hydrogen-binding
interactions between the positively charged nitrogen
of His297 and the oxygen of 4-
phenylpropanamide of ligand. There took place
some ® — % interactions of receptor with ligands: the
2 aryl rings of residues Tyrl48 and Trpl92
phenyl rng in 4-
phenylpropanamide of ligand, which was inserted
between 2 above aryl rings; whereas the aryl ring of
Tyr326 with the phenyl ring in N-phenylethyl of
ligand.

Binding energies of the receptor-ligand
complexes The binding energy { Eimdmg) of each
ligand with pOR was calculated as the follows:

Ehmdmg:Ecuuplu—Ehgand_Ermepbx (1)
where E jjgang is the conformational total energy of the
ligand corresponding to the bioactive conformation,
and E pue is the energy of the optimized receptor
{Tab 2).

With Partial Least Squares {PLS) method, the
regression equation between —lg ElXy and B\ ung

carbonyl

interacted with  the

was achteved:

—lg EDsy= —3.101- 0.080 ( Eppnging? (2}

(r*=0.761, F=35.06, s=0.617)
Obviously, the binding energies of receptor-ligand
complexes had a good correlation to the analgesic
activties of ligands. The more negative the value of
Ebinding» the more patent the bicactivity of ligand.

However, the interaction energies obtained
counld not be used to calculate exact affinities of
ligand-receptor. because changes in entropy and
solvation were not taken into account.

Flucidation of structure-activity relationship
(SAR} of ligands The receptor-ligand compiex
model could be used to explain the known SAR for
the fentanyl analogs as below' 15,

(1) Introducing a methyl into the 3-
piperidine ring to form the 3R, 4S-configuration of
Met and Ohm enhanced their analgesic activities and

pasition of
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Tab 2. Binding energies of receptor-ligand interaction (keal-mol ™'} and ~ Ig EDs (molkg™ "'} in hot plate test on mice.
Fentanyl — 508,784 —491.908 19.902 —126.778 6.78
(3R,4R)-Met —591.113 15.900 —115.105 6.42
(3R, 458)-Met —585.272 41.215 —134.579 7.76
(38, 4R)-Met - 579,604 24.584 - 112.2580 5.69
{35, 45)-Met - 594605 19.060 -121.757 7.01
{3R.4R.2'R)-Ohm - 591.524 17.005 -116.671 6.71
(3R,45,2’R)-Ohm -577.826 45.154 -131.072 7.90
{3%,4R,2'R}-Ohm —574.625 23.365 —106.082 4.57
{35,45.2’R}-Ohm - 591,333 15.0359 —117.484 6.69
{3R,4R.2'5}-Ohm — 598,959 23.175 —130.226 7.58
{3R.48,2')-Ohm —501.252 57.501 - 156.845 B.54
{35,4R,2'S)-Obm — 578,490 21.637 ~108.219 4.57
(35,45,2°8)-0hm - 591.709 29.012 ~128.813 7.41
Morphine® —536.662 20.934 -65.738
Carfentanl® ~642.647 9.444 —160.183
(3R, 4R )-Lofentanil® - 620.602 10.852 = 139.546
(3R, 45}-Lofentanil® ~630.989 14.176 - 153.257
{35.4R }-Lofentanil® ~ 583,584 10.786 - 102.462
{ 35.45)-Lofentanil® -607.110 12.737 ~127.939

* Not including in the regressicn equation (2)3 due to the absence of comparable — lg EDx; data.

alfimties for pOR.

From our model, the residues Ile144, Tyrl48,
and Leu200 could form one small hydrophobic
pocket , which might be occupied only by one methyl
group and resulted in increasing hydrophobic
interaction with ligands. So, the 3R, 4S-
configuration of Met and Ohm had extremely higher
analgesic activities. Changing this methyl group
into allyl or propyl, the activities distinctly
decreased, because the group was too long to enter
the small hydrophobic pocket.

Contrarily, converting the above configuration
into the 35, 4R-configuration of Met and Ohm, the
activities dramatically decreased, because the methyl
group in this configuration escaped from the small
hydrophobic pocket and had the steric hindrance
with Tyr148.

(2) Introducing & hydroxyl group into the 2'-
position of phenylethyl increased the analgesic
activity of ligands, which could be explained by
forming  electrostatic  and  hydrogen-binding
interactions between Ser329 and this 2'-hydroxyl
group. This interaction is very cbvious in receptor-
(3R, 45,2'S)-Ohm complex (Fig 4).

(3) To lengthen or shorten the chain of
phenylethyl substituent led to a sharp decrease in

analgesic activity. This trend was because the
cavity within the 7 helix bundles of pOR model
could not accommodate too long ligands; otherwise,
small ligands could not efficiently interact with the
binding sites.

(4) Replacement of the phenyl group in
phenylethyl by some other rings, eg, aromatic
heterocyclic, planar cyclic and planar-like oxygen-
contaiming c¢yclic rings, might ensure certain
analgesic activity. But the phenyl group was still
the best, because other ring structures weakened the
m— 1 interaction with Tyr326.

(5) To introduce a nucleophilic or eletrophilic
group into the phenyl of 4-phenylpropanamide
generally resulted in a sharp decrease of analgesic
activity. This was due to a weakening of the x—x
interactions with Tyrl48 and Trpl92 and producing
seriously stertc hindrance with nearby amino acid
residues,

To conclude, the j2OR model achieved in this
study is meaningful for understanding the receptor-
ligand interaction and probably helpful for designing
novel pOR selective ligands.
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