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A molecular model of the human A2B adenosine receptor containing seven transmembrane R
helices connected by three intracellular and three extracellular hydrophilic loops had been
constructed. A molecular docking of seven structurally diverse xanthine antagonists of the
A2B receptor was performed, and the differences in their binding modes were investigated.
The 1 ns molecular dynamics (MD) simulations of several obtained ligand-receptor complexes
inserted into the phospholipid bilayer were carried out. The conformational changes of the A2B
receptor occurring during MD simulations were explored, and the stable binding modes of the
studied antagonists were determined. According to the models presented in this work, the
involvement of the His251, Asn282, Ser92, Thr89, and some aromatic residues in ligand
recognition was determined. The obtained binding modes of the A2B antagonists demonstrate
good agreement with the site-directed mutagenesis data.

Introduction

Four subtypes of the adenosine receptors, namely, A1,
A2A, A2B, and A3, have been cloned and characterized.1
All of them are rhodopsin-like G-protein-coupled recep-
tors (GPCRs). Adenosine receptors are widely distrib-
uted in most mammal and human tissues and mediate
many biological effects. It is well-known that activation
of A1 and A3 receptors results in a decrease of the range
of cAMP while activation of A2A and A2B receptors
increases it. Moreover, it was established that activation
of the A1 adenosine receptor affects the functioning of
K+ and Ca2+ ion channels.2-4 Therefore, the ligands of
these receptors are very important for pharmacology
and medicine, in particular for the treatment of the
hypoxia, asthma, Parkinson’s disease, and other serious
disorders.

A large number of synthetic agonists and antagonists
of the adenosine receptors have been proposed during
the past 10 years.5-7 Generally, the structure of the
adenosine is used as a starting point for the design of
new agonists, while the xanthine moiety is used as a
common fragment for new antagonists. Additionally,
some non-xanthines were proposed as effective antago-
nists.8,9

Like other GPCRs belonging to the rhodopsin family,
adenosine receptors are membrane proteins. All of them
consist of seven transmembrane R helices connected by
three extracellular and three intracellular hydrophilic
loops.10 Such macromolecules are not easily amenable
to crystallization and, therefore, to precise structure
elucidation via X-ray diffraction. Nowadays the data of
X-ray diffraction are published for the rhodopsin struc-

ture only.11,12 For this reason the molecular modeling
approach is the most useful way for studying GPCR
structure.

A great number of molecular models of various
GPCRs including adenosine receptors were proposed.13-16

Most of them were created using molecular modeling
by homology with the structure of bovine rhodopsin.
However, the proposed models usually consist of trans-
membrane helices only or several hydrophilic loops. It
is a serious restriction for the practical application of
these models, and it seems to be insufficient for a
complete understanding of the protein structure as well
as ligand-receptor interactions. On the other hand, the
structure of the A2B adenosine receptor is still practically
unstudied.

Recently we have published communications on new
molecular models of the A1, A2A, and A2B human
adenosine receptors based on homology with bovine
rhodopsin.17-19 These models include not only trans-
membrane R helices but also all hydrophilic loops.

The aim of the present paper is the further study of
the structure of the human A2B adenosine receptor and
characterization of the binding modes of the A2B receptor
antagonists using molecular modeling. Additionally, it
seems to be possible to obtain more accurate model
using molecular dynamics (MD) simulations. The early
MD simulations of membrane receptors were performed
in a water environment.20 However, nowadays the
commonly accepted way for performing MD simulations
of membrane proteins is the use of the phospholipid
bilayer solvated by water as the most adequate environ-
ment.21-24

Results and Discussion

Molecular Modeling. As is noted above, among
GPCRs at present the experimental data of X-ray
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diffraction are known for bovine rhodopsin only. It is
commonly accepted that all rhodopsin-like receptors
consist of seven transmembrane R helices connected
by hydrophilic loops.25 Also, it is accepted that the
arrangement of the GPCRs helices is similar to the
arrangement of rhodopsin helices. Despite the fact that
the homology between amino acid sequences of bovine
rhodopsin and some GPCRs including human adenosine
receptors is not very significant (about 20% or less), the
use of the rhodopsin structure as a template seems
to be an applicable way for creating the molecular
model.

For these reasons, the molecular modeling of the
human A2B adenosine receptor was performed by
homology with a structure of bovine rhodopsin.12 The
analysis of amino acid sequences of the A2B receptor
and the bovine rhodopsin demonstrates the absence
of any significant homology in the hydrophilic loops
of these proteins. Moreover, some fragments of the
intracellular loops of the rhodopsin are not present in
the X-ray structure. For this reason, the configuration
of the hydrophilic loops of the A2B receptor was deter-
mined using the LOOP SEARCH command of Sybyl
6.9.1.26 The loops with the highest homology and with
the lowest root-mean-squared value were chosen from
the Sybyl database as templates for the A2B receptor
loops. Additionally, the correspondence of each loop
configuration with the common knowledge of the arrange-
ment of the GPCRs hydrophilic loops was taken into
account.

One of the most important points of the hydrophilic
loops modeling is the formation of the disulfide bond
between two cystein residues, which are highly con-
served among all rhodopsin-like receptors.10 In the
obtained model of the A2B receptor (Figure 1) these two
cystein residues located in the first and second extra-
cellular loops appear to be arranged at a distance
suitable for the formation of this bond (2.03 Å). The
performed analysis of the Ramachandran plot obtained
using the PROCHECK27 software suggests that less
than 1% of amino acids have the disallowed geometry.
The obtained results suggest that the created molecular

model of the A2B receptor should be reliable and could
be used for further studies.

Molecular Docking. Two well-known antagonists of
the human A2B adenosine receptor (theophylline and
DPSPX28-30) as well as some antagonists of this subtype
recently proposed by Baraldi31 were docked to the
putative binding site of the A2B adenosine receptor given
in Figure 2. It was shown that all of these ligands have
a significant affinity for this receptor. On the other
hand, all of them are structurally diverse xanthine
derivatives. To study the differences between the bind-
ing modes of these antagonists and to reveal the most
essential amino acid residues involved in ligand recog-
nition, molecular docking was performed. The molecular
docking of all studied ligands was carried out using the
DOCK command of the Sybyl 6.9.1 package as described
in the computational methods section. It was demon-
strated by Jacobson and co-workers41,42 that the use of
the Tripos force field with KOLLMAN-ALL charges for
a receptor and Gasteiger-Hückel charges for ligands
provides good results for adenosine receptors modeling.
In this study the same protocol was applied.

The obtained results of the molecular docking of the
theophyllin, one of the most potent but not selective A2B
antagonist, suggest that three amino acid residues of
the receptor directly interact with the ligand: Ser92,
Asn282, and Trp247. The Ser92 and Asn282 form
hydrogen bonds with a carbonyl group at the 2-position
of the xanthine ring, while Trp247 seems to be essential
for binding because of a π-π interaction. These results
are in a good agreement with the available data on the
site-directed mutagenesis obtained for adenosine
receptors.14,15,32-35 The binding mode of the DPSPX is
generally the same as the binding mode of the theo-
phyllin; however, the oxygen atom of the sulfo group of
the DPSPX forms a hydrogen bond with His251, which
is suggested to be important for the binding of the
adenosine receptors ligands. The phenyl ring of the
DPSPX is located inside the hydrophobic pocket formed
by Thr89, His251, and Val250. The n-propyl chains lie
inside two hydrophobic pockets formed by (i) Leu195,
Met198, and Ala244 and (ii) Leu49, Asp53, Asn286, and
Pro287. Additionally, Trp247 and Phe243 are involved
in ligand binding via π-π interactions with the phe-
nylxanthine moiety.

The molecular docking of compounds 3-5 was per-
formed in accordance with the results obtained for the
DPSPX and theophyllin. The proposed binding mode of
ligand 3 suggests that the hydroxyl group of the Ser92
forms a hydrogen bond with the carbonyl oxygen at the
2-position of the ligand xanthine ring. However, the
involvement of the amino group of the Asn282 in the
hydrogen bonding with this oxygen atom is not obvious.
The distance between the closest hydrogen atom of the
Asn282 amino group and the carbonyl oxygen of the 3
is about 3.5 Å. In addition, the amino group of the ligand
is located at a distance of more than 4 Å from the
nonprotonated nitrogen atom of the His251. On the
other hand, this amino group is located at the same
distance to a hydroxyl group of the Thr89. Despite the
lack of the direct hydrogen bonding of the amino group
of compound 3, the location of this group between two
hydrophilic functional groups seems to be very favorable
for ligand-receptor interaction. The other amino acid

Figure 1. Molecular model of the human A2B adenosine
receptor: (a) front view; (b) top view.
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residues involved in binding the ligand are the same
as for DPSPX. In particular, Trp247 and Phe243 seem
to be involved in π-π interactions with the xanthine
and pyridine moieties. However, according to the found
binding mode, the nitrogen atom of the pyridine ring of
ligands 4 and 5 is not involved in hydrogen bonding with
any residues.

The obtained results of the molecular docking of 5 and
3 suggest that the binding modes of these compounds
are similar to that of DPSPX. The involvement of the
His251 and Asn282 in the hydrogen bonding with
compound 5 is the main difference between the binding
modes of 5 and 3. The His251 forms a hydrogen bond
with the hydroxyl group of 5, while the Asn282 is
hydrogen-bonded to the carbonyl oxygen at the 2-posi-
tion of the xanthine ring of this compound. In contrast,
ligand 3 does not interact with Asn282. Also, the
hydrogen bond between this ligand and His251 is not
obvious.

According to the model obtained for compound 4, the
arrangement of the phenylxanthine moiety of this ligand
inside the binding site is also the same as for DPSPX
and 5. The ester oxygen is located near (3.04 Å) the
hydroxyl group of Thr89 and seems to be involved in
the hydrogen bonding with this residue. The amino

group of the Asn186 is hydrogen-bonded to the carbonyl
oxygen of ligand 4. Leu258, Val183, Glu174, Met182,
and Lys170 form a suitable pocket for the fluorophenyl
ring of the ligand.

The data obtained for compound 6 suggest that the
arrangement of the xanthine moiety of this ligand is
similar to that for other above-mentioned ligands and
the Trp247 and Phe243 in this case are also involved
into the ligand binding. Additionally, the oxygen atoms
of the ester and amido groups of 6 are hydrogen-bonded
to the Thr89 hydroxyl group while the oxygen of the
benzodioxol moiety is hydrogen-bonded to Lys170. The
methyl groups of Leu258 and Leu86 are involved in
hydrophobic interactions with the benzodioxol ring. The
methyl group of the pyrazole ring is located inside the
pocket formed by hydrophobic moieties of Leu195,
Trp247, and His251.

The molecular docking performed for compound 7
suggests that there are no hydrogen bonds between the
isoxazole ring of the ligand and A2B receptor. Also, the
hydroxyl group of the carboxylic acid moiety seems to
be not involved in interactions with the receptor. The
amino acid residue located near this group is Asn254;
however the distance between the hydroxyl group of 7
and Asn254 is 4.15 Å. On the other hand, the carboxylic

Figure 2. Binding modes of the A2B receptor antagonists.
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oxygen forms a strong hydrogen bond with the amino
group of the Asn186 and the ester oxygen is hydrogen-
bonded to Thr89.

The obtained results of molecular docking of the
studied A2B receptor antagonists allowed us to propose
a general binding mode of these ligands and to deter-
mine residues involved in the ligand recognition. The
obtained models demonstrate that Ser92 and Asn282
could be essential for hydrogen bonding with the car-
bonyl group at the 2-position of the xanthine ring of the
ligands; the Thr89 could form hydrogen bonds with the
ester and amido group oxygens, while Trp247 and
Phe243 could be involved in the ligand binding because
of π-π interactions with the ligands.

In the next stage of the study, the MD simulations
were performed. The aim of the MD simulations was to
obtain more precise ligand-receptor models in the state
close to natural conditions and to further explore the
binding modes of the ligands.

Molecular Dynamics Simulation. 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 mol-
ecules. Nowadays, a large number of phospholipid
bilayer models are obtained using MD simulations.
However, most of them include no more than 128
molecules of phospholipids. This seems to be enough for
exploring physicochemical properties of the phospholipid
bilayer; however, it is insufficient for simulating the
receptor in the phospholipid bilayer environment. For
this reason, we have used the model of the POPC bilayer
proposed by Heller.38 This bilayer contains 200 mol-
ecules of POPC solvated by TIP3 water molecules. Such
an amount of phospholipids seems to be enough for
inserting the A2B receptor model into the bilayer. The
complexes of the A2B receptor with the three most
structurally diverse xanthine antagonists (theophyllin,
DPSPX, and compound 6) with initial geometry ob-
tained after the docking studies were selected for MD
simulations. These complexes were separately placed
into the phospholipid bilayer as described in the com-
putational methods section.

On the average, each system contains 130 POPC
molecules, 4220 water molecules, an A2B receptor, and
the ligand (overall, about 22 350 atoms) (Figure 3).

The stability of the models was evaluated by calculat-
ing of the total energy of the systems. As is shown in
Figure 4, all systems under study become stable after
about 400 ps of the MD simulation.

To examine temporal changes in the receptor struc-
ture during 1 ns of the MD simulation, the root-mean-
square deviation (rmsd) with respect to the starting
structure was calculated for each complex (Figure 5).
The obtained rmsd values are about 4 nm for each
complex and stabilize after 400 ps, being in good
agreement with the results of total energy calculations.

To determine the most deviated residues, the rms
fluctuations (rmsf) of the CR atoms of the A2B receptor
were calculated and plotted as a function of the residue
number for each complex. As is shown in Figure 6, the
residues located in the hydrophilic loops have the
greatest rmsf values, while the rmsf of the transmem-
brane region is less than 0.15 nm. The greatest rmsf
values were obtained for residues located in the longest
hydrophilic loop (E2); in particular, a maximum value
of 0.4 nm was obtained for Thr155 of the A2B-6 complex.

The analysis of the binding mode of the theophyllin
obtained after MD simulation (Figure 7) suggests that

Figure 3. (a) Model of POPC bilayer proposed by Heller. (b) A2B adenosine receptor inserted into bilayer (top view).

Figure 4. Total energy fluctuations obtained for the studied
complexes during 1 ns of MD.
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the ligand is hydrogen-bonded to Asn286 and Trp247.
Also, the distance between hydroxyl group of the Ser92
and carbonyl oxygen of the ligand (2.96 Å) seems to be
enough for hydrogen bonding. Additionally, the phenyl
ring of the Phe243 is involved in π-π interactions with
theophyllin. The differences between binding modes of
theophyllin obtained after the molecular docking and
after the MD simulation could be explained by the small
size of this ligand and the big free space around it. For
this reason, on one hand, it is difficult to determine the
exact location of theophyllin inside the binding site. On
the other hand, it seems to be possible for theophyllin
to adopt several reasonable binding modes.

The binding mode of the DPSPX established after MD
simulation (Figure 8) is nearly the same as that
obtained after the molecular docking. The His251 is
involved in hydrogen bonding with the sulfo group of
the ligand. The residue Asn282 forms hydrogen bonds

with the protonated nitrogen and carbonyl oxygen at
the 2-position of the xanthine moiety. Additionally, this
oxygen is hydrogen-bonded to Asn286. Also, residue
Phe243 is involved in ligand recognition through π-π
interactions. The n-propyl chains of the DPSPX are
located in the same way as was obtained after the
molecular docking study.

The results of the MD simulation obtained for com-
pound 6 (Figure 9) suggest that the carbonyl oxygen at
the 2-position of the xanthine ring of the ligand is
hydrogen-bonded to the hydroxyl group of Ser92. The
same result was obtained using molecular docking. The
hydroxyl group of Thr89 seems to be involved in the
hydrogen bonding with the nonprotonated nitrogen of
the xanthine moiety. The analysis of this model suggests
that the carboxyl group of the Asn186 forms a hydrogen
bond with the amido nitrogen, while the amino group
of this residue is hydrogen-bonded to the benzodioxol
oxygen. The distance between Lys170 and the oxygen
atom exceeds 4 Å, so the involvement of the Lys170 in
ligand recognition is not obvious. Also, the phenyl ring
of the Phe187 is located near the benzodioxol moiety of
ligand 6 and probably interacts with the ligand. Despite
the fact that His251 is not directly bonded to 6, it is
reasonable to suggest that a hydrogen bond could be
formed between the nonprotonated nitrogen of this
residue and the ester oxygen atom of the ligand.

The analysis of the results of molecular docking and
molecular dynamics simulations of several protein-
ligand systems confirmed the existence of a suitable
binding site located inside the transmembrane domain.
Also, amino acid residues located in the E2 hydrophilic

Figure 5. The rmsd of the studied complexes obtained during
1 ns of MD simulations.

Figure 6. The rms fluctuations of the amino acid residues of
the A2B adenosine receptor obtained after MD simulations.

Figure 7. Binding mode of theophyllin obtained after MD
simulations.

Figure 8. Binding mode of DPSPX obtained after MD
simulations.

Figure 9. Binding mode of the compound 6 obtained after
MD simulations.
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loop seem to be essential for binding with large ligands.
It was found that His251, proposed to be essential for
the recognition of the ligands of all adenosine receptor
subtypes, is involved in the hydrogen bonding with A2B
antagonists as a donor of the hydrogen bond and not as
an acceptor. Another important finding is that some
aromatic residues, in particular Phe243, Trp247 located
in TM VI, and Phe187 located in E2, could be essential
for ligand recognition through π-π interactions. Ad-
ditionally, it was established that n-propyl chains of the
ligands are essential for binding because of strong
hydrophobic interactions with residues located in TM
II, TM V, TM VI, and TM VII. The results of molecular
docking and molecular dynamics simulations are sum-
marized and compared with available experimental data
of site-directed mutagenesis in Table 1.

Conclusions

The molecular modeling and MD simulations pre-
sented in this work provide the first detailed study of
the human A2B adenosine receptor structure inserted
into the phospholipid bilayer. A molecular model of the
human A2B adenosine receptor containing seven trans-
membrane R helices connected by three extracellular
and three intracellular hydrophilic loops was created
and described in this work. The molecular docking of
the differently substituted xanthine antagonists of the
A2B receptor was performed. The obtained results al-
lowed us to explore the main differences of binding
modes of these ligands and to determine the amino acid
residues involved in the recognition of the A2B receptor
antagonists.

The molecular dynamics simulations of the complexes
of the A2B receptor with different antagonists inserted
into the phospholipid bilayer were performed. The
simulations were analyzed in terms of average struc-
tures and energies.

According to the models presented in this work,
residues His251, Asn282, Ser92, and Thr89 as well as
some aromatic residues are involved in ligand recogni-
tion. Additionally, it was suggested that in some cases
the residues located in the hydrophilic loops could
interact with the ligands. The obtained binding modes
of the A2B antagonists are in good agreement with
known site-directed mutagenesis data.

Methods

Molecular Modeling. A sequence alignment of four known
subtypes of the human adenosine receptors and bovine rhodop-
sin was performed to reveal amino acid residues forming the
transmembrane R-helical domain (see Chart 1). The primary
sequences were taken from the SWISSPROT protein data
bank.25 Then the amino acid residues of rhodopsin were
manually replaced by the residues of the A2B receptor using
the COMPOSER module of Sybyl 6.9.1.26 The obtained model
of the A2B receptor was optimized with the Tripos force field
(KOLLMAN-ALL atomic charges26). The extracellular and
intracellular hydrophilic loops were inserted into the model
with the LOOP SEARCH command of the Sybyl 6.9.1 package.
The loops with the highest homology and the best value of the
root-mean square (rms) deviation were chosen from the Sybyl
database. In addition, the theoretical data on the loops
arrangement were taken into account. The geometry of the
created model containing all transmembrane R helices and
hydrophilic loops was optimized with the protocol described
above and checked with the PROCHECK software.27

Table 1. Comparison of Molecular Modeling Results with Experimental Data

residue mutagenesis data

L49c

D53c A1 D55A increase in Ag affinity, no change in Ant affinity33

L86c A1 L88A substantial reduction of Ag and Ant binding15

T89a A1 T91A substantial reduction of Ag and Ant binding15

A2A T88A/S/R/D/E substantial reduction of Ag and Ant binding32

S92a A1 S94A no detectable Ag and Ant binding; S94T minor changes in ligand binding33

A2A S91A marginal changes in ligand binding32

K170a

N186a

F187b A2A F182A loss Ag and Ant radioligand binding 14; F182Y/W modest reduction of Ag binding14

L195c

M198c

F243b

W247b A3 W243A/F substantial reduction of Ant, no change in Ag binding35

A244c

V250c

H251a A1 H251L Ant affinity reduced 4-fold, no change in Ag affinity34

A2A H250A loss of Ag and Ant radioligand binding, no Ag activity in functional assays; H250F/
Y modest reduction of Ag binding, no effect on Ant binding14

N254a A2A N253A loss of Ag and Ant radioligand binding14

A3 N250A loss Ag and Ant binding35

L258c

N282a

N286c

P287c

a Hydrogen bonding. b Hydrophobic interactions. c π-π interactions. Ag: agonist. Ant: antagonist.
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Molecular Docking. The structures of the two well-known
(theophylline, DPSPX28-30) and four recently proposed31 an-
tagonists of the human A2B adenosine receptor containing all
hydrogen atoms were optimized with the Tripos force field
using Gasteiger-Hückel charges.26 Then, according to the
available data on the site directed mutagenesis,14,15,32-35 the
optimized ligands were manually placed into the putative
binding site of the A2B receptor and the best location and
conformation of each ligand were determined using the DOCK

command of Sybyl.26 Finally, the energy minimization of the
obtained protein-ligand complexes was performed.

Molecular Dynamics Simulation. Molecular dynamics
(MD) simulations were performed using the Gromacs 3.1.4
package.36,37 The obtained complexes of the human A2B ad-
enosine receptor with three antagonists (theophyllin, DPSPX,
and compound 6) were used for performing MD simulations.
The model of the POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine) bilayer proposed by Heller38 was used for
simulation of the phospholipid environment around the recep-
tor. The lipid parameters were taken from literature.39,40 The
ligand-receptor complexes were manually inserted into the
center of the POPC bilayer in such a way that the R helices of
the receptor were oriented approximately parallel to the
hydrocarbon chains of the phospholipids, and the hydrophilic
loops of the receptor were placed into water layers. After that,
all water molecules and phospholipids within a radius of 2.3
Å around the protein were deleted and a suitable hole for the
A2B receptor was obtained. Therefore, three complexes of the
A2B receptor with its antagonists were formed. The energy of
these complexes was minimized using the steepest descent
approach realized in the Gromacs package. After the minimi-
zation, 1 ns of MD simulations were performed at the NPT
and the periodic boundary conditions in all three dimensions
with the standard parameters of the GROMACS force field.36,37

Phospholipids, water molecules, receptor, and ligand were
coupled separately to a temperature bath at 300 K, with a
coupling constant τt ) 0.1 ps. Each studied system was
simulated at a constant pressure of 1 bar, with a coupling
constant τp ) 1 ps. A cutoff of 1.8 nm was used for the long-
range Coulomb interactions with updates every 10 steps. A
twin-range cutoff of 0.1 nm was used for the Lennard-Jones
and short-range Coulomb interactions.
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