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Abstract Selective A,p receptor antagonists and agonists
may play a role in important pathologies such as gastrointes-
tinal, neurological (i.e., Alzheimer disease and dementia) and
hypersensitive disorders (i.e., asthma), diabetes, atherosclero-
sis, restenosis and cancer. Hence, it is regarded as a good
target for the development of clinically useful agents. In this
study, the effects of lipid bilayer, N-acetylglucosamine and S-
palmitoyl on the dynamic behavior of A,gAR model is ex-
plored. Homology modeling, molecular docking and molecu-
lar dynamics simulations were performed to explore structural
features of A,gAR in the presence of lipid bilayer. Twenty ns
MD simulation was performed on the constructed model
inserted in a hydrated lipid bilayer to examine stability of the
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best model. OSIP339391 as the most potent antagonist was
docked in the active site of the model. Another MD simulation
was performed on the ligand-protein complex to explore
effects of the bilayer on this complex. A similar procedure
was performed for the modified protein with N-
acetylglucosamine and S-palmitoyl moieties in its structure.
Phel73 and Glul74 located in EL2 were determined to be
involved in ligand-receptor interactions through 7t-7t stacking
and hydrogen bonding. Asn254 was crucial to form hydrogen-
bonding. The reliability of the model was assessed through
docking using both commercial and synthetic antagonists and
an r* of 0.70 was achieved. Our results show that molecular
dynamics simulations of palmitoylated/glycosylated,
membrane-integrated human A,gAR in its native environ-
ment is a possible approach and this model can be used for
designing potent and selective A,gAR antagonists.

Keywords A;gAR -GPCR -Moleculardocking - Molecular
dynamics simulation - Post-translational modifications

Introduction

Adenosine is an endogenous purine nucleoside widely dis-
tributed in mammalian tissues. The first recorded report
describing evidence for an adenosine receptor dates back
to 1976. Up to now four adenosine receptor (AR) subtypes,
Ay, Asa, Asp, and As have been characterized. The A,,AR
and A,gAR stimulate adenylyl cyclase through coupling to
the Gy protein resulting in an increase in cyclic adenosine
mono phosphate (cAMP) levels, whereas the A; and Aj
subtypes inhibit adenylyl cyclase via coupling to G; protein
thus leading to diminishment of cAMP. Growing evidence

@ Springer


http://dx.doi.org/10.1007/s00894-012-1427-y

4310

J Mol Model (2012) 18:4309-4324

has indicated that agonists and antagonists of these receptors
may have a variety of potential therapeutic applications
although the rational design of new analogs seems to be a
partially difficult task because their three-dimensional crys-
tal structures are not available yet [1-4]. Adenosine recep-
tors belong to the superfamily of G-protein coupled
receptors (GPCRs), a large family of very successful drug
targets [1]. A GPCR is characterized structurally by the
presence of a bundle consisting of seven hydrophobic o-
helical segments (TM1-TM7). This bundle has approxi-
mately 25 residues in length, each traversing the lipid bilay-
er, followed by one short membrane-associated helix
(TMB). Transmembrane domains are connected by nonhel-
ical loops through six alternating extracellular (EL 1-3) and
intracellular loops (IL 1-3) at the inner and outer face of the
membrane. The helices are placed in a lipid environment,
while the loop regions are surrounded by an aqueous medi-
um. The N-terminus is located on the extracellular side of
the membrane, whereas the C-terminus region is placed on
the intracellular side [1, 5].

The function of a protein is often strongly affected by
post-translational modifications (PTMs) which occur on
almost all proteins analyzed to date [6]. Glycosylation,
palmitoylation, disulfide linkage formation, terminal amino
acid acylation and phosphorylation are some examples of
PTMs. For GPCRs, these changes account for differences in
G protein coupling and ligand affinity [7].

Many GPCRs have one or more conserved cysteine res-
idues localized at the C-terminal end of the cytoplasmic
helix 8 covalently [8] attached to one or more lipids [9].
Dynamic palmitoylation has been demonstrated to occur on
one or more of these cysteines of several G-protein-coupled
receptors, including bovine rhodopsin, 3, and o, adrener-
gic and D; dopamine [10]. One or more consensus palmi-
toylation sites can be observed in all of the AR subtypes,
except the Ay [11]. No role for putative A,gAR palmitoy-
lation has been described because no site directed mutagen-
esis has been performed for this subtype [12]. This post-
translational modification may be important for the function
of G protein-coupled receptors. This is deduced by the fact
that the presence of Cys residues susceptible to palmitoyla-
tion is highly conserved among these proteins [13].

Glycosylation is the most extensive posttranslational
modification made to numerous proteins of cellular mem-
branes with diverse functions [14]. Glycosylation in EL2
has been confirmed for some subtypes of adenosine recep-
tors. Ay, Ay5 and A,p are among the adenosine receptors
that have consensus sites for N-linked glycosylation in EL2
[15].

Like most other transmembrane GPCRs, the A,gAR
crystal structure has not been obtained to date. Several
studies have been reported on prediction of the A,gAR
binding site. Ivanov et al. reported a structural model of
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A, receptor based on the crystal structure of the bovine
rhodopsin, which only shared 23 % sequence identity [16].
While, the recently published crystal structure of the hA,,,
which shared 61 % identity with hA,p, in complex with the
high affinity antagonist ZM-241385, provides a new tem-
plate for A,g modeling [17]. Sherbiny et al. built the A,p
homology model based on X-ray structures of bovine rho-
dopsin, the (,-adrenergic receptor, and the A,,AR and
proposed a common binding site for antagonists and ago-
nists [18]. Another prediction for the 3D structure of aden-
osine receptors was reported by Goddard et al. They
observed the subtype selectivity using the so-called GEn-
SeMBLE method [19]. The binding modes of A,z AR antag-
onists are also demonstrated by Cheng et al. using ligand-
based and receptor-based methods [20]. Analysis of the
subtype-specific ligand-receptor interactions allowed identi-
fication of the major determinants of ligand selectivity by
Katritch et al. [8]. Very recently, Rodriguez et al. performed
an all-atom MD simulation of apo form of both A;oAR and
homology modeled A,gAR [21].

A common shortcoming shared by the above-
mentioned studies is that the authors explored A,p
structure/function without considering the influence of
lipid bilayer (one exception is Rodriguez et al. study)
and PTMs on its folding. In this study, the effects of
lipid bilayer, N-acetylglucosamine and S-palmitoyl on
the dynamic behavior of A,z model is explored. The
possible binding modes of the most potent antagonist,
i.e., OSIP339391 [22], in the state close to A,g natural
conditions is also characterized. State of the art homol-
ogy modeling, molecular dynamics simulation and dock-
ing are exploited to achieve the best results.

Methods
A2B model building using homology modeling method

Homology modeling of A,gAR was normally performed
along a series of well-defined and commonly accepted steps
as follows:

The primary sequence of the human A,gAR was down-
loaded from UniProt, which contains 332 amino acids (Uni-
ProtKB/Swissprot: P29275). Using Basic Local Alignment
Search Tool (Blast) available at NCBI, crystallography
structure of A, (PDB ID: 3EML) [17] was selected as the
template with a high sequence identity (61 %) with Ayp
[23]. Blast results of A, and A, showed the score of 78.2
and E value of 5x107'°. Multiple sequence alignment
(MSA) was performed between the target and the template
receptors from 22 mammalian species using T-COFFEE to
obtain an alignment with higher sequence identity with the
target receptor.
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Alignment derived by MSA was employed to build ho-
mology models of A,z (Supplementary Fig. S1). Three-
dimensional models containing all non-hydrogen atoms
were obtained automatically using MODELLER (9v5)
[24]. From the 1000 models generated by MODELLER,
the one corresponding to the lowest value of the probability
density function (pdf) and the fewest restraint violations was
selected for the loop refinement stage. Inspection of the
template structure revealed that loop 149—155, one of the
functionally most important parts of the A,5AR, is disor-
dered and is not present in the PDB structure (missing
residues). The higher conservation seen in TM regions,
however, is responsible for the similar overall folding of
the members of GPCRs. Modeling of the extracellular
regions of GPCR is challenging because of limited homol-
ogy with known structures and because of limitations of
current loop modeling techniques [24]. The problematic
region in the model of the A,g was EL2 (147-167), which
was subjected to ab initio loop modeling procedure [25]
implemented in the MODELLER. Discrete optimized pro-
tein energy (DOPE) was used to assess the energy and the
quality of the 10,000 models generated [26].

Stereochemical quality assessment of the models and the
generation of the Ramachandran plot have been carried out
through PROCHECK [27]. The root mean square deviations
(RMSDs) of the models relative to the template were calcu-
lated using MODELLER. Verify-3D (structure evaluation
server) was employed from its web server (http://
www.doe.mbi.ucla.edu/verify3d.html) [28].

Docking studies for the selected antagonists

OSIP339391 is a novel, selective and high affinity ligand
that can be a useful tool in further exploration of ligand
interaction with A,gAR active site [22]. The starting struc-
ture of the antagonist was built and optimized using Hyper-
chem 7.0 (HyperCube Inc., Gainesville, FL).

AutoDockTools [29] was used to generate both grid and
docking parameter files. The docking studies were per-
formed by AutoDock software version 4.2. Since the loca-
tion of the ligand in the complex was known, the maps were
centered on the binding site of ligand on Cx of Asn254.
This residue was selected according to the available data
from literature and site-directed mutagenesis [30]. Grid
points of 96x80x70 separated by 0.375 A in each dimen-
sion were applied. At the end of docking experiment with
200 runs, a cluster analysis was performed. The 200 inde-
pendent docking conformations were clustered according to
a 2.0 A RMSD criterion and were ranked according to the
binding free energy.

LIGPLOT program was used to investigate the hydro-
phobic and hydrogen bonding interactions between the li-
gand and receptor [31].

Molecular dynamics simulations

Molecular dynamics simulations were performed to relax
the modeled system. GROMACS 4 package [32] was used
with ffgmx force field (Gromos87) at constant temperature
and pressure. To mimic the membrane environment, the best
model obtained from the model output was inserted manu-
ally into the center of a lipid bilayer consisting of 340
molecules of POPE (palmitoyloleoyl phosphatidyl ethanol-
amine) lipid bilayer. The lipid bilayer was described using a
previously developed topology file for lipid molecules [33].
The «-helices were modulated manually perpendicular to x-
v plane of the lipid bilayer by VMD 1.8.5 program [34].
Overlapping protein-lipids were removed using InflateGro
script. The embedded A,gAR together with the POPE mol-
ecules were positioned in a box with the dimensions of 96 x
95x100 A and solvated using a simple point charge
(SPC216) water model [35]. Overlapping lipid and water
molecules were removed. Chloride ions were added into the
box to obtain neutralized system and periodic boundary
conditions were applied. Then, energy minimization was
carried out for the system using the steepest descent algo-
rithm. After energy minimization using a steepest decent
method, the system was subject to equilibration at 323 K
and normal pressure for 1 bar under the conditions of
position restraints for heavy atoms of 1000 kJ mol™' nm™
and LINCS constraints for all bonds (even heavy atom-H
bonds). The final MD calculations were performed under
the same conditions except that the position restraints were
removed. An NVT ensemble of 1 ns was adopted at constant
temperature of 323 K and with a coupling constant of 0.1 ps.
After stabilization of temperature an NPT ensemble of 2 ns
was performed. In this phase a constant pressure of 1 bar
was employed with a coupling constant of 5 ps [36]. The
coupling scheme of V-rescale as modified Berendsen ther-
mostat was employed for NVT ensemble. The Nosé-Hoover
thermostat in membrane simulations at the beginning of
NPT and the production phase of MD was used. The particle
mesh Ewald (PME) method interaction and the LINCS
algorithm for covalent bond constraints were used. MD time
step was set to 2 fs [37, 38].

MD simulations were performed in four stages as follows:
Stage I: The final A,gAR model derived from homology
modeling process was subjected as starting structure
to 20 ns of MD simulation. The system in this stage
was comprised of 54,503 atoms including 13,094
water molecules, 233 POPE molecules, A,gAR and
six chloride ions. Ligand (OSIP339391), with one of
its two nitrogen atoms in the piperazine ring proton-
ated, was docked into the conformation of A,gAR
obtained from MD simulation in stage 1. The con-
formation with the lowest binding free energy of the
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ligand was selected as the initial conformation for
20 ns MD simulation in the next stage.
Parameters of the ligand were obtained from the
PRODRG server [39]. MD simulation in this
stage generated orientations of the ligand in the
putative binding pocket of A,p resulting in the
stable model of A,p-ligand complex.
A,gAR was subjected to PTMs. Certain types of
modifications affect only specific amino acid resi-
dues. Such patterns are, for example, listed in the
PROSITE database (http://www.expasy.org/
prosite/) and also web servers such as http://
www.cbs.dtu.dk/services/NetNglyc/. Based on the
information available at the above mentioned web
servers and literature [11, 15, 40], A,gAR has been
shown to be palmitoylated on Cys311 and glyco-
sylated on Asnl53 and Asnl63. The optimized
structure of the N-acetylglucosamine and palmi-
toylic acid were obtained using Hyperchem. The
carbohydrate was attached at its anomeric carbon
through a (3-N-glycosidic linkage (N-linked), in-
volving the amide nitrogen of asparagine and N-
acetylglucosamine as the terminal sugar (GlcNAc-
Asn) [41].

Parameters for the N-acetylglucosamine and S-
palmitoyl were obtained by the PRODRG server.
Point charges for N-acetylglucosamine and S-
palmitoyl bound to Asn and Cys residues were
obtained from a B3LYP/6-31 G* calculation using
the chelpg charge fitting procedure using Gaussian
98 [42]. Then, 20 ns MD simulation was per-
formed on the constructed A,gAR model inserted
in a hydrated lipid bilayer in the presence of N-
acetylglucosamine (GIcNAc) and S-palmitoyl. The
protocol of MD simulation was the same as the one
used for the simulation of free A,g described
above. The ligand was docked into the modified
receptor structure obtained in stage II1.

20 ns MD simulation was performed on the result-
ing ligand-protein complex. Here again, the uti-
lized system was the same as the previous stage.

Stage II:

Stage III:

Stage IV:

Virtual screening

To find the possible ligand binding conformation of A,g, 41
ligands (Table 1) were docked into the structure of A,gAR at
the end of stage IV simulation using the same molecular dock-
ing procedure mentioned in the docking studies section. Inte-
grated scoring function of AutoDock, based on the empirical
binding free energy was used for the binding affinity prediction.

The first 39 compounds were selected as synthesized
A,p antagonists [43] based on their good correlation in
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a QSAR study carried out by authors. OSIP339391 [22]
and CVT6883 [44] were included as the most potent
and the most selective A,p antagonist, respectively.
These compounds have some common structural fea-
tures: a pyrrolopyrimidine ring, a piperazine ring, car-
bonyl group and phenyl moieties in the middle and end
positions with various side chains (arms).

The inhibition constant (K;) of the cluster with the lowest
free energy of binding reported by AutoDock for each
ligand that at the same time had a similar position and
orientation with OSIP339391 at the end of stage IV simu-
lation, was used for the correlation with the experimental
binding affinities. Predicted and experimental K;s were con-
verted to pK; by the pK;=—log(K;) formula.

Results
Homology modeling

Although homology modeling has been extensively per-
formed in the case of GPCRs, this technique faces several
limitations for these receptors, including poor sequence
identity between target and template sequences, and the
limited number of structural templates (only six at the time
of this writing) [20, 45]. This emphasizes the need for
incorporating available experimental information such as
site-directed mutagenesis and structure-activity relation-
ships data along with homology modeling for developing
acceptable 3D models for GPCRs.

One of the most important points in modeling the indi-
vidual backbone of hydrophilic loops is the presence of the
disulfide bond between TM3 and EL2, which is highly
conserved among all rhodopsin-like receptors [46]. A con-
served disulfide bond, found in all adenosine receptors, is
formed in the extracellular domain of the A,g receptor
between Cys78 (at the top of TM3) and Cys171 (located
in EL2). This disulfide bond was made and kept as a
constraint in the homology model building [17].

The quality of the resulted model was checked using
PROCHECK. Ramachandran plot showed that more
than 98.0 % of the ¢/y angles of the residues are
located in the favored regions (Fig. S2). The G—factors
were 0.2 °, —=0.1 ° and 0.07 ° for dihedrals, covalent
and in overall, respectively. The overall main-chain and
side-chain parameters, as evaluated by PROCHECK, are
all very favorable. Therefore, according to PROCHECK
the optimized model showed relatively good protein
geometry, and most of the quality parameters were
better than average or in the range of tolerance default
(thresholds).

To study the orientation of A,gAR helices, we super-
imposed the transmembrane regions of the model with the
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Table 1 Chemical structures, experimental and predicted binding affinities at the hA,g AdoR of 1,3-dialkyl-9-dAX piperazinamides (1-39),

OSIP339391 and CVT-6883 antagonists

o 1 vy KR n—p’
R e s o s
u'--"»-.N.—l‘---.i? Q\ // 0 o
I'I{‘
Compound RY/R? RYR* NR°R® y | Experimental | Predicted | p ¢
pKi pKi
1 CH,/CHs H/H "\ H 8.55 8.31 | [43]
o
2 CH3/CH; H/H N W »o| H 8.47 864 | [43]
3 CH,/CH; WH | — M{ )& | H 8.46 829 | [43]
4 CHyCH, | HH |—{ W= )| H 8.38 864 | [43]
5 CHy/CH, wH | NN H 8.20 771 | [43]
ci
6 CHy/CH, H/H N )| H 8.20 825 | [43]
7 CHJ/CH;, | CHyH | —H & H 8.09 7.80 | [43]
8 CH,/CH, H/H { W pr| H 8.02 7.96 | [43]
9 CH,/CH; WH | —{ j—ock, | H 7.88 742 | [43]
10 CH,/CH, HH N poq )y o H 7.56 767 | [43]
11 CH,/CH; H/H p O e * H 7.29 7.00 | [43]
12 CHy/CH; H/H N H 7.27 731 | [43]
13 CH,/CH, H/H R mocks | 7.24 764 | [43]
L
14 CHyCH; | CHyH ¢ H 7.15 738 | [43]
CI,

A, crystal structure. The Coc atom RMSD was 0.36 A,
confirming a high likelihood of having a model close to
native structure.

The final structure has been further evaluated for overall
quality by Verify3D. Prediction of torsion angle restraints
for the side chains of the developed A, model using pre-
dictor had shown that the confidence score and the similarity
score for almost all residues is above zero (Fig. S3). Accord-
ing to these evaluation methods the generated human
A,gAR model seems to be in good quality based on com-
mon structural criteria.

Molecular dynamics simulation: stage I

The sequence identity between A;4AR and A,gAR is
61 %. As higher similarity results in better modeling [24], it
can be concluded that the obtained model possesses a high
reliability based on the high sequence identity to A, crystal
structure template.

It is commonly accepted that the most realistic and useful
way for performing MD simulations of membrane proteins
is the use of a phospholipid bilayer solvated by water
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Table 1 (continued)

molecules. The lipid environment in the membrane can have
a serious impact on the protein conformation [47], and it is
not easy to obtain this final conformation via crystallogra-
phy. Hydrophobic interactions between the nonpolar amino
acids and the fatty acyl groups of the membrane lipids
firmly anchor the protein in the membrane.

@ Springer

Compound RYR? RYR* NR°R® Y Experirqental Predic.ted Ref
pKi pKi
15 CH,/CH; H/H N, '_\,~ H 6.76 6.44 | [43]
// N ff ‘\
16 Pr/Pr HH { b )% H 8.38 817 | [43]
NS ¥
/
17 Pr/Pr H/H : >~ Q > H 8.32 7.96 | [43]
¥
Y .
18 Pr/Pr H/H ', ‘}_ 7 H 8.16 7.83 | [43]
(=]
F Y 45'0
19 Pr/Pr HH | TN )TN\ /7N | H 7.69 729 | [43]
N/
— -
20 Pr/Pr CH,/CH; " /jn {; ¢ H 7.61 7.44 | [43]
— o & Y
21 Pr/Pr H/H { ) { \—/ H 7.41 7.01 [43]
N il
r
Yam /N \
22 Pr/Pr H/H ‘" U H 7.00 7.45 | [43]
\ I 3 I\,
CI‘}
SN —\
23 CH,/Pr H/H Y A} P H 8.37 7.87 | [43]
<
¢ TN
24 CH,/Pr H/H RN ¢ H 8.22 7.89 | [43]
‘CI
AN N
25 (CH).CHCH |y N b ) H 8.13 7.99 [43]
Pr AN iy 3 4
Cypropyl-CH,/ 4 \M "
26 Cypropyl-CH, | VH P ,} H 7.93 7.82 | [43]
N g
27 Pr/CH, H/H ~< » () | = 7.88 796 | [43]
[=] :
28 CHs/Pr H/H < M {f‘ % H 7.83 7.44 | [43]
S N/
CH;CHy/ / SN\
29 CH.CH, H/H i >~ \ 4} H 7.59 7.94 | [43]
30 CH,/Pr H/H w’\' >~ f\ p H 7.59 7.83 | [43]
X &
/ N
31 CH,/Pr H/H . >~ {\ / H 8.59 8.56 | [43]
\
¢ 7.96
32 CHs/Pr H/H A W H 8.25 : (43]
33 CH,/Pr | —{ %< o | H 8.04 7.14 | [43]

This stage of the study focuses on the biomembrane model of
the protein in a pre-equilibrated native-like phospholipids bilay-
er environment, comprising A,gAR and lipid bilayer at full
hydration. MD simulations were performed to study the confor-
mational variations and determine the stability of the obtained
A,sAR 3D structure within an explicit lipid environment.
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Table 1 (continued)

Compound RY/R? RY/R* NR°R® Y E"P";il‘(‘;"“‘a' "”[;’Ii(ci‘ed Ref
34 CH,/CH, H/H — H 8.02 799 | [43]
35 CHy/CH, H/H L ! ¥ H 7.91 8.03 | [43]
36 Pr/Pr H/H & : H 7.87 801 | [43]
37 Pr/Pr HH H 7.68 752 | [43]
38 Pr/Pr H/H . H 7.67 7.99 | [43]
39 CHy/CH; H/H X ook, | m-OCHS 7.51 743 | [43]

~=

OSIP339391 \“L\{i/ﬂf?—é_ > 9.38 923 | [22]

-
CVT-6883 \/Y\[;E%'AQ 8.00 796 | [44]

The average minimized energy and temperature of the
investigated system in the last 15 ns of MD were
—922048 kJ mol™" and 323+1.4 K, respectively. The tem-
perature of the system reached to plateau at 323 K during
1 ns. Therefore, the extracted equilibrium structure at 323 K
belonging to the A, was obtained under stable temperature
conditions. RMSD of the protein backbone was calculated
and showed stabilization at 0.30 nm after 5 ns (Fig. la). In
the last 15 ns of simulation, the system was fairly stable and
did not alter meaningfully from 0.30+0.01 nm.

To explore the characteristic binding modes of A,gAR
ligand and to reveal the most essential residues involved in
ligand recognition, molecular docking was performed on
ApAR binding pocket. The conformation with the lowest
free energy of binding change was selected as the starting
structure for the next simulation.

Two-dimensional schematic representation of the best
possible binding mode of OPIS339391 in the A,gAR active
site is depicted in Fig. 2a. The docking results showed
hydrogen-bonding interactions with Ile65 and Ser68 in
EL1 and aromatic interactions with Trp247, His251 in
TM6, Ala64 in TM2, Leu69 in EL1 and Val85 in TM3
which accommodate the phenyl moiety of the ligand and
7t-1t hydrophobic interactions with Phel73 in EL2. Also, it
can be seen clearly that the propylphenyl ring of the com-
pound is surrounded by hydrophobic residues Val250 in
TM6 and 11276 in TM7 mainly through the hydrophobic

interactions. More hydrophobic interactions around this area
can improve antagonist activity. In addition, the piperazi-
nylpropylphenyl moiety of the ligand is surrounded by a
hydrophobic residue (Leul72). Lys265 is observed in prox-
imity to this moiety and the hydrophobic pocket formed by
the lipophobic part of Lys265. Lys265 was unable to form
an interaction with the phenyl ring of the ligand as a matter
of the large distance between them. Also, there are hydro-
phobic interactions between the pyrrolopyrimidine moiety
of the ligand and Met272 and Valll. Residues Glul74,
Asn254, Asn273, Lys269 and Asn266 in this case are too
far to be able to take part in any favorable interactions.
Key residues for hydrophobic interactions (Phel73,
His251, Trp247, 11e276, and Val85) were consistent with
mutational experiments reported in the literature [17, 30,
48], but residues for hydrogen bonding determined in this
study were not in good agreement with the experimental
reported results. During the docking analysis, we identified
that the effective binding site of A,gAR for the studied
antagonist is in the upper region of transmembrane (TM)
helical bundle surrounded by TMs 3, 6, 2 and ELs 1 and 2.

Molecular dynamics simulation: stage II
For further investigation of the binding site of a known

potent antagonist and also to explain effects of ligand bind-
ing on the conformation of the final refined receptor, we

@ Springer
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performed a second MD simulation on the ligand-receptor
complex in the lipid bilayer.

The nitrogens in piperazine ring of the ligand are located
close to carboxylic C=0 of Glul4 (3.09 A) and the amidic
C=0 of Asn273 (2.95 A) and seem to be involved in the
new hydrogen bonding with these residues (Fig. 2b). The
pyrrolopyrimidine ring formed a hydrogen bond to Ser68 in
the same way as what was seen in the docking results. Also,
the carbonyl group of the acetamide moiety of the ligand is
bonded through hydrogen bonding to the Gly70. To date,
there are not mutagenesis studies to verify that residues
Glul4, Gly70, Ser68 and Asn273 are involved in a hydro-
gen bonding interaction with A;4AR and A,gAR antago-
nists. Nevertheless, it has been reported in previous studies
that Ser68 and Asn273 were involved in hydrogen bond
formation [18, 20]. Meanwhile, Lys170 and Lys269 are
involved in cation-7t interactions with the phenyl and pyrro-
lopyrimidine moiety of the ligand.

Val85, Ala64, 1le65, Ile61, 11e276 and Thr89 form a suit-
able hydrophobic pocket for the phenyl ring of the ligand,
although favorable hydrophobic interactions between Trp247,
Val250, Phel73 and phenyl ring of the ligand disappeared.
The piperazinylpropylphenyl moiety of the ligand is anchored
by hydrophobic interactions with His251 and Ile172.

It is interesting that Asn254, Phel73 and Glul74 which
according to the literature and site directed mutagenesis stud-
ies are present in the active site of the A,gAR, are located far
from the ligand according to the results of this stage, thus are
unable to have favorable interactions with the ligand.
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Residue

Based on these results, the major part of the binding site
is made up by the transmembrane helices. However, the
pocket of this binding site is located in the extracellular side
of the trans-membrane domain and partly covered by the
second extracellular loop (EL2). however, the exact struc-
ture of the second extracellular loop, which may also be
involved in ligand binding, was quite uncertain to date. In
this work we have made suggestions on the potential struc-
ture of this part. Our strategy to elucidate this loop is part of
the next stages.

Molecular dynamics simulation: stage III

The conformational stability of the modified A,gAR in the
simulation procedure was assessed by carrying out a 20 ns
MD simulation on glycosylated and palmitoylated A,gAR
in a lipid bilayer. The aim of this stage was to obtain a more
precise receptor model in the state close to natural condi-
tions and to further explore the binding modes of the ligand.

Many of the key residues and motif characteristics of
GPCRs are also present in adenosine receptors. The follow-
ings are some of the distinguished features:

The extracellular domain of the A,gAR contains three
extracellular loops. The second extracellular domain of the
A,gAR includes two NXS/T (Asn-X-Ser/Thr) consensus

Fig. 2 Structure and intermolecular interactions of OSIP339391 withp»
A,pAR in 2D flattened space generated by LIGPLOT after MD sim-
ulation stages I-IV. (a) Stage I. (b) Stage II. (¢) Stage III. (d) Stage IV
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sequences for N-linked (Asn-linked) glycosylation where X
is any amino acid except Pro or Asp [49]. These motifs are
located at Asn153 and Asn163 on EL2 of the A,gAR [11,
15, 40].

Plasma membrane glycoproteins are always oriented with
the carbohydrate-bearing domain on the extracellular sur-
face of the plasma membrane of all known cloned mamma-
lian GPCRs. The asymmetric arrangement of membrane
proteins results in functional asymmetry.

All adenosine receptor subtypes have potential N-linked
glycosylation sites [15]. AjaAR and A;,AR have been
shown to be glycosylated in vivo [50, 51]. Consensus sites
for N-linked glycosylation exist on the extracellular regions
of ARs, although the precise location of the sites for this
PTM varies amongst the AR subtypes [52].

The cytoplasmic side contains three intracellular loops,
and lipid anchoring sites that create a fourth intracellular
loop. Another aspect of the interaction of lipids and proteins
is that some membrane proteins are anchored to one leaflet
or another of the lipid bilayer by covalent linkages to certain
lipids [41]. These lipid-protein assemblies are found only on
the inner face of the plasma membrane [53]. The carboxyl-
terminal tails of A;4AR, A,gAR, and A3, AR, but not
A,AAR, possess a conserved cysteine residue that may
putatively serve as a consensus potential site for receptor
palmitoylation [11, 12, 40]. The potential of these cysteine
residues as sites for A; and A; palmitoylation was deter-
mined by site-directed mutagenesis [11, 54].

Like many other GPCRs, A,p receptor is anchored to the
cell membrane via a palmitate anchor at the C-terminus and
two potential N-glycosylation sites. We performed MD sim-
ulations of the A,gAR model with the two N-linked N-
acetylglucosamine (at Asnl153 and Asnl63) and the palmi-
tate anchor attached to Cys311 in an explicit lipid environ-
ment. The rational was to investigate the influence of the
glycosylation and the palmitate anchor on the structural and
dynamical behavior of the membrane protein.

Finally, in order to investigate its binding mode,
OSIP339391 was docked into the modified receptor model
obtained from the MD simulation. The best possible binding
mode of ligand OSIP339391 as the most biologically active
compound in the A,gAR active site is illustrated in Fig. 3.

The docking results showed that Asn254 form a hydro-
gen bonding interaction with the carbonyl group located
between the pyrrolopyrimidine and piperazine moieties
(Fig. 2¢). Asn254 was a very important residue in mutation
experiments reported in the literature [8, 17-20, 30]. The
carbonyl group of the acetamide moiety of the ligand is
involved in hydrogen-bonding with Asn273 and Lys269.
Lys269 and Glul74 are located in proximity to the carbonyl
group of the acetamide moiety of the ligand. Acetamide NH
is hydrogen-bonded to the carboxy oxygen of Glul4. This
implies that Glul4 and Asn273 might be directly involved
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or even they trigger the receptor activation mechanisms.
These residues were not recognized in previous reports. In
addition, the methyl of acetamide moiety is placed in the
cage formed by Ala64 and Ile65. Phenyl ring attached to the
pyrrolopyrimidine in the ligand structure forms hydrophobic
interactions with residues Val85 and Thr89 in TM3, Val56
in TM2 and I1e276 and Ser279 in TM7. The pyrrolopyrimi-
dine moiety is occupied by a 7t-7t stacking interaction with
Phel73 which was in agreement with Phel68 in the A;oAR
crystal structure [16, 17].

The piperazinylpropylphenyl moiety of the ligand is lo-
cated inside the hydrophobic pocket formed by residues
such as Val253, Glul74, Asn266, Lys265, Lys267 and
Met272. Additionally, the cationic side chain of Lys265
and Lys267 are involved in cation—7t interaction with the
propylphenyl moiety of the ligand.

As a conclusion, Asn254 in TM6, Val85 in TM3, Phel73
in EL2 and 11e276 in TM7 were identified critical to the
antagonist binding. These residues were very consistent
with much of the experimental evidence [17, 30, 48]. Con-
sidering the close relationship of the A, and A,p adenosine
receptor subtypes, the results were correlated to the muta-
genesis data published for the much better characterized
A, a subtype. The results obtained in this study confirm
the relevance of the similar identified interactions. For ex-
ample, in A,, receptor, mutation of Asn253 to alanine
resulted in the complete loss of both agonist and antagonist
binding [30], and mutation of Glu169 to alanine reduced the
affinity for both antagonists and agonists [55]. However, the
counterpart of this residue, Glul74 in EL2 of A,gAR, was
not involved in hydrogen-bonding interaction with
OSIP339391. Furthermore, the important residues obtained
from glycosylated and palmitoylated A,gAR model in this
stage were in a good agreement with experimental site-
direct mutagenesis [55, 56] and the pharmacophore model
provided by Cheng et al. [20].

Molecular dynamics simulation: stage IV

During the 20 ns molecular dynamics simulation, the rela-
tive orientations of the ligand in A,gAR in the presence of
N-acetylglucosamine (GlcNAc) and S-palmitoyl resulted by
conformational changes in the ligand and A,y protein were
explored and optimized.

A hypothetical model of the ligand-A,g AR complex was
obtained in a solvated phospholipid bilayer environment,
starting from the initial placements based on the structural
features of the docked ligand in the modefied simulated
A,5AR model.

At the end of MD simulation, OSIP339391 showed
hydrogen-bonding interactions with residues Asn254 (TM6)
and Glul74 (EL2) (Fig. 2d). A -7t stacking interaction with
Phel73 (EL2) and hydrophobic interactions with Val85, Thr
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Fig. 3 The structure of
OSIP339391 as the most potent
compound in the binding cavity
of A,gAR. The ligand
OSIP339391 represented by a
stick model inside a solvent
excluded surface (SES) in
yellow, and colored by
elements. (a) With a ribbon
representation of the receptor
colored by secondary structure
elements. (b) With a SES of the
receptor colored by electrostatic
potential

89, Val250, 1le276 and Leu88 were observed. Conjugated
hydrogen bonding from Thr257 through Glul74 and
Asn254 to nitrogen atoms of piperazine and pyrrolopyrimi-
dine rings of the ligand can interact with the carbonyl group.
The simulation results demonstrated also that Lys265 is ob-
served in the proximity of piperazinylpropylphenyl moiety of
the ligand and forms a hydrophobic pocket by the lipophobic
part of Lys265. Lys265 may be involved in cation-7t interac-
tion with the propylphenyl moiety of the ligand. Additionally,
acetamide and pyrrolopyrimidine moieties of the ligand are
placed in the cage formed by Leul72. The pyrrolopyrimidine
ring is stabilized by a hydrophobic interaction with Ile65.
Furthermore, the ligand showed the same binding modes as
the previous stage. Key binding residues were located on the
EL2, TM2, TM3, TM6 and TM?7. Both results were in agree-
ment with site-direct mutagenesis experiments [17, 30, 48,
55]. These results reveal that MD simulation obligates the
ligand to optimize its orientation and distance to binding site
for maximum interaction with receptor. On docking of the
ligand with A,gAR, in stage III, the lowest energy conforma-
tion did not show hydrogen bonding interaction with the
Glul74 due to the absence of appropriate orientation and
distance. However, after MD simulation in stage IV, this kind
of binding was observed.

Importantly, simulation of the modified A,gAR both in
the presence and in the absence of ligand led to similar final
peptide conformations and orientations. Therefore, we con-
clude that indeed the suggested docking and simulation
procedure successfully produces reasonable binding modes.
At the end of MD simulation position and orientation of
ligand in the introduced binding site were changed and this
important observation indicates useful application of MD
simulations after docking of ligands in the binding site
(Fig. 4).

In fact, it can be recognized that residues Phel73 and
Glul74 in EL2 and Asn254 in TM6 are involved in -7t
stacking and hydrogen-bonding interactions with A,gAR
antagonist in stage [V. While, these residues were not found
to be involved in ligand binding in the previously reported
model constructed based on bovine rhodopsin [16]. The

same was true according to the results of stage I (except
for Phel73 and 1le276) and stage II (Ile276) in the present
study.

In summary, the results obtained from our findings were
also in very good agreement with mutational experiments
and literature reports developed by Sherbiny et al. [18].

Overall analysis of MD simulations

Overall 80 ns of MD simulations were successfully carried
out separately in four different stages. The physicochemical
parameters such as energy for all systems reached stable
values after a few hundreds of picoseconds. Systems in all
stages remained stable after relaxation as no drift in energy,
temperature, or lipids density was observed during the col-
lection stage (data not shown).

RMSD of backbone atoms compared with the initial struc-
tures for stages I-IV as a function of time are shown in Fig. 1a.
After 5 ns simulation, all four systems reached equilibrium and
the maximal drift for all the studied structures was on the order
of ~0.33 nm. The average RMSDs of backbone atoms in
stages [-IV were 0.30+0.01, 0.25+0.01, 0.33+0.01 and 0.29
+0.01 nm, respectively. The maximum RMSD value was
~0.33 nm (for backbone atom pairs), which means that some-
what larger conformational changes have taken place for stage
I1I. Stage III shows slightly a greater backbone RMSD value
than stage I (0.33 nm against 0.30 nm). This RMSD value
implies that this protein structure has been slightly affected by
N-acetylglucosamine (GlcNAc) and palmitoyl groups. Impor-
tant hydrogen bond interactions existed in stage III, were
absent in stage 1. The binding modes represented in Fig. 2c
and d after stages III and IV simulations are very close to the
results of site directed mutagenesis and previous studies com-
pared with the binding modes in the other stages. However,
encouragingly the RMSDs of stages Il and IV are significantly
lower than that of stages I and III, respectively. Furthermore,
independent MD simulations yield similar RMSD values,
lending confidence to us of the correctness of our observations.

Moreover, RMSD values of ligand at the binding site of
the investigated protein are shown in Fig. 1a. It can be seen
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Fig. 4 Stereoview of the
predicted binding site of
A,pAR after stage IV MD
simulation. Compound
OSIP339391 represented as
yellow stick model inside a
solvent excluded surface (SES)
colored by elements. Important
residues in the pocket are
indicated by different colors
(Cyan: Lys, Red: Thr, Purple:
Glu, Orange: Phe, Violet: Asn,
Navi: Ile, Green: Val, Blue:
Leu)

that the ligand is within the active site after 2 ns in both
stages (stage II and IV) with a mean RMSD values of 0.15+
0.02 nm and 0.16+0.02 nm respectively. During the MD
simulations these two modes remain in a stable binding
position with low RMSD fluctuations, confirming the feasi-
bility of the binding poses predicted by AutoDock. This is in
agreement with biological activity of the ligand.

To examine the fluctuations of the structure on a residue-
by-residue basis, the time averaged RMS fluctuations (RMSF)
of protein backbone (N, Cx, C) during the last 5 ns of the
simulations were analyzed (Fig. S4). Analysis of Fig. S4
reveals that RMSFs adopt large values in the vicinity of N-
and C-terminus. This behavior is attributed to the presence of
loops preceding the terminal ends. Special attention was given
to the regions GIn214-Thr216 (IL3), Lys147-Cys167 (EL2)
and Leu258-Pro268 (EL3). These regions were more unstable
than other regions of the protein during MD simulation. It was
found that throughout the dynamic simulations very few fluc-
tuations exceeded 0.1 nm and even frewer fluctuations over-
passed 0.15 nm for total protein. The active site amino acids
have lower RMSF values. However, comparing the RMSF
plots of stages I and III, some differences can be observed.
Stage I1I gives the model with the largest value of fluctuations
showing changes inside the loops that include a significant
distortion in IL3, EL3 and EL2. These results suggest that
TM2-TM7 during stages II and IV bear the smallest confor-
mational change (local RMSF of 0.12 nm). EL2 inside the
receptor also exhibits almost small changes during stage IV
(local RMSF of 0.15 nm).

The mobility of the equilibrated A,gAR structure in the
membrane was studied by computing the RMSF of the
protein backbone structure versus the average equilibrated
structure for the last 5 ns of the simulation. The ensemble of
RMSF differences from the last 5 ns of the modified A,gAR
model in stage III was compared with the one of the un-
modified structure in stage I (Fig. 1b). In several regions, the
RMSF difference of the modified MD model is higher than
that of the unmodified one. The results show several signif-
icant differences due to PTMs in stage 111, where the largest
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RMSF difference of the protein backbone was 0.12 nm (for
EL2). It is not strange because in stage I, we focused only on
the unmodified A,gAR model inserted into the bilayer.

It is interesting that in stages Il and IV the helical
domains of A,gAR exhibited relatively more fluctuations
compared with stages I and III, whereas TM1, the end of
TM4, the beginning of TMS5 and the central parts of TM6
and TM7 reveal RMSF difference values as low as 0.04 nm.
The extramembranous domains, especially EL2, show the
highest mobility as low as 0.07 nm. EL2, particularly resi-
dues 154 and 155 in this domain are very flexible. A
remarkable stability of Cys311 in stage IV is found com-
pared with stage II since this residue is not located in the
binding site of the ligand.

Average number of intramolecular hydrogen bonds
(shorter than 0.35 nm) and distances are calculated at dif-
ferent conditions for protein simulations (Table S1). All the
hydrogen bonds along with the hydrophobic interactions
contribute to the stability of the helices conformation. To
monitor the differences in the local regions (i.e., EL2, TMS),
hydrogen bonds and distances in these regions were ana-
lyzed. Hydrogen bonding between A,gAR and head groups
phospholipids is persistent and establishes the geometry of
the protein in the bilayer. The average numbers of TMS8
(Arg295-GIn312)-membrane hydrogen bonds are 12, 12,
11 and 9 for stage I, stage II, stage III and stage IV simu-
lations, respectively. On the other hand, these characteristic
numbers of TM8-TMS hydrogen bonds are 10, 10, 13 and
12. It is promoted by the palmitoyl chain on residue Cys311.
The average numbers of EL2 (Trpl144-Prol78)-membrane
hydrogen bonds are 4, 8, 9 and 10 for stage I, stage II, stage
III and stage IV simulations, respectively. Also, for EL2-
EL2 hydrogen bonds are 21, 18, 19 and 17. The portion of
A,BAR in the water sub phase (such as loops) can sample a
much larger conformational space compared to that which is
in contact with the membrane interfacial region.

Based on the structure achieved by explorative runs of
molecular dynamics simulation on the complex between
A>gAR and the ligand, and the results of site directed
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mutagenesis, some novel findings were obtained. New res-
idues such as Thr257, Asn254 and Glul74 were positioned
in proximity of the ligand and could participate in ligand-
receptor interaction in stages III, IV. In stage IV, position
and orientation of ligand in the binding site were changed
(Fig. 4). Therefore, we deduced that structure obtained from
stage IV can be used to describe ligand—receptor interactions
for A,gAR antagonists.

Virtual screening

To test the reliability of our model, we decided to dock some
of the A,p antagonists using AutoDock. It is important that
the model should be able to discriminate among other A,p
antagonists. Molecular structures and values of the predicted
and experimental binding affinities of the A,p antagonists
were shown in Table 1.

To demonstrate how the docking exploration was done,
OSIP339391 is selected as a case study. The best scored
pose (—15.12 kcal mol™) for this ligand was not the most
populated cluster and also its position and orientation was
not similar with the OSIP339391 at the end of stage IV
simulation (Figs. 2d, 5). The next cluster (—14.28 kcal mol
") had a similar position and orientation with the reference
structure and at the same time was the most populated
cluster (number of neighbors=38). As a result the later one
was selected. Using this method, a good correlation (r*=
0.70) was obtained between the experimental and predicted
binding affinities of 41 docked ligands.

The binding mode of these series of ligands is conserved.
Phel73 and Glul74 located in EL2 were determined to be
involved in ligand-receptor interactions through 7t-7t stacking
and hydrogen bonding. Asn254 and Lys269 were crucial to
form hydrogen-bonding. I1e276, Val85, Val250, Leul72,

Fig. 5 A,pAR —antagonist complex in hydrated POPE lipid bilayer
after 20 ns MD simulation in phase IV, lipids in yellow and waters in
blue. The front half of the lipid bilayer and two thirds of waters were
not shown for the sake of clarity. (a) A,gAR receptor appeared as
solvent excluded surface (SES), colored by electrostatic potential.

Thr257, Thr89, Leu88 and Ile65 were found to be involved
in hydrophobic interactions with the ligand. Glul4, Ser68,
Asn273, Asn266, Val253, Lys265, Lys267, His251, His280
and Lys170 were proven to be in proximity of the ligand. Key
binding residues were located on the EL2, TM2, TM3, TM6
and TM7. Most of these residues in the putative binding sites
are conserved among the four adenosine receptor subtypes.
The pocket is located in the extracellular side of the trans-
membrane domain and partly covered by the second extracel-
lular loop EL2 (Figs. 3 and 5). A potential binding site of A,
was verified according to the previous studies of site-directed
mutagenesis [17, 30, 55, 56]. The virtual screening results
show that all of the studied ligands occupy an almost similar
space in the binding site. The best possible binding mode of
ligand OSIP339391 as the most potent compound in the A,p
active site is illustrated in Fig. 5.

Discussion

It seems plausible that the conformation of EL2 and even
EL3 are affected by the glycosylation due to glycosylated
(Asn-X-Ser/Thr) motif existing in EL2. Furthermore, the
RMSF difference analysis reveals that the more flexible
residues are 155 and 147-149. These residues were affected
more by the glycosylated residues 153 and 163.

In the planar state, lipids can produce a smaller lateral
pressure in the headgroup region, which is directed toward
the protein, due to the smaller headgroup size relative to the
acyl chains. This reduction in headgroup lateral pressure can
favor extension of the EL2 of A,zAR into the lipid/water
interface.

Ala291 (located at the end of TM7 and close to the
beginning of TMS8 region) and IL3 are close to Cys311.

- r.‘d."... 253
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Also, the following putative post-translational modifications are shown
in violet color: glycosylation at N163, palmitoylation at C311 (with
yellow SES) in the C terminus. (b) A,gAR receptor represented as
ribbon, colored by secondary structure elements
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Although Cys311 is palimitoylated, the effect of this palmi-
toylation on them was as low as 0.04 nm. The same is true
for Cys311 and GIn312 which are located in amphipathic
helix TMS8. On the other hand, a detailed inspection of the
resulted model provided a plausible explanation for the
structural changes: interactions of several residues with the
phospholipid/water interface increased dramatically. The
initial portion of the C-terminal tail bends toward the bilay-
er, leading to a deeper insertion into the bilayer. It is pro-
moted by the palmitoyl chain on residue Cys311. This also
caused a salt-bridge formation, 3.88 A long, between
Lys303 and a POP308 lipid phosphate group. Several resi-
dues away, the side chain of Lys316 also might form another
salt bridge with adjacent phospholipids. Such a phenome-
non cannot be attributed to residues 313—332 due to the lack
of coordinate values for these positions (data not shown).

It is obvious that as palmitoylation can be viewed as an
anchor for the amphipathic helix TMS, the bilayer also leads
to significant deviations of this helix. The obtained hydro-
phobicity of palmitoylation provides the driving free energy
[57]. This shows the importance of PTM in membrane
protein modeling. This observation might be physiological-
ly essential for interaction with different protein components
related to sorting and signaling of A,gAR.

The glycosylated domain of the modified A,gAR includ-
ing the binding site exhibits significant deviations and large
amplitude fluctuations in contrast with palmitoylated do-
main. The rather substantial differences in the mobility of
the structural domains of A,gAR led to further analysis of
its structure.

The MD simulation of the modified A,gAR in a native-
like membrane environment yields a significant structural
rearrangement versus the unmodified structure. This phe-
nomenon can be important for ligand binding to membrane
protein (Fig. 5).

In summary, EL2 exhibits significant mobility and is very
flexible, in agreement with its function as a binding site
[55]. Similar rearrangements in the EL3 and IL3 and in the
adjacent helices result in optimized hydrophobic and elec-
trostatic interactions with adjacent phospholipids. In partic-
ular, Glu174 and Phel73 in EL2 slightly shift away from the
bilayer toward the aqueous phase. Asn254 and Thr257
located in TM6 close to EL3 also move toward the lipid/
water interface. This demonstrates that the conformations of
the EL2 in the unmodified structure are not well-optimized
to accommodate a ligand. The importance of these changes
is due to their characteristic flexibility that they could have a
role in the conformational switches of the receptor. As the
results of the docking and simulations obtained from our
study suggest that glycosylation changes the flexibility of
some parts of the A,gAR.

Many studies have been conducted in an attempt to
define the precise roles of oligosaccharide chains in the
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functions of glycoproteins [41]. Oligosaccharide chains
may influence the sequence of polypeptide-folding events
that determine the tertiary structure of the protein. Steric
interactions between peptide and oligosaccharide may pre-
clude one folding route and favor another [53]. It is men-
tioned in the literature that glycosylation of rhodopsin,
AsAAR, [r-adrenergic, GnRH, and glycoprotein hormone
receptors have no effects on ligand binding or functional
activity of them [40, 58, 59], but there are some controver-
sial reports for the role of glycosylation on ligand binding.

Rhodopsin is glycosylated at Asn2 and Asnl5 [60, 61].
Experimental studies on the role of this glycosylation on
rhodopsin folding and function has performed by Khorana
et al. [61]. Amino acid replacements at positions 2 and 15
showed that the substitutions at Asn2 had no significant
effect on the folding, cellular transport, and/or function of
rhodopsin, whereas those at Asnl5 caused poor folding and
were defective in transport to the cell surface. These results
brought the researchers to the conclusion that Asnl5 glyco-
sylation is important in signal transduction [61]. Also, an-
other investigation into the functional role of human
prostacyclin receptor glycosylation revealed effects on li-
gand binding, receptor activation and membrane localiza-
tion [62]. The results of our study suggest that glycosylation
changes the flexibility of some parts of the A,g receptor.
The N-acetylglucosamine moieties had influence on the
overall conformational properties of A,gAR.

Attachment of a specific lipid to a membrane protein has
a targeting function, directing the protein to its correct
membrane location [53]. Alternatively, changes in hydro-
phobicity imparted by palmitoylation may lead to confor-
mational changes that result in modulation of receptor
function. The obtained results in this study suggest that
palmitoylation facilitates anchoring of the C-terminal por-
tion of the cytoplasmic tail thereby creating a fourth intra-
cellular loop.

It can be suggested that association of the membrane-
water interface with the EL2 and the adjacent (Asn-X-Ser/
Thr) sequence motif of A;gAR can impose stress/strain on
the protein, thereby affecting its function. A remarkable
stability of the transmembrane (TM) helix bundle in the
bilayer is found compared with the extramembranous loops,
which possibly pertains to the physiological role of the
receptor. Finally, the current molecular dynamics model
serves as a platform for the future structure-function studies
of A,gAR and other homologous GPCRs.
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