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Abstract In this study, we performed a molecular docking
and dynamics simulation for a benzoxazinone–human
oxytocin receptor system to determine the possible hydro-
phobic and electrostatic interaction points in the dynamic
complex. After the homology modeling, the ligand was
docked into the putative active using AutoDock 3.05. After
the application of energetic and structural filters, the
complexes obtained were further refined with a simulated
annealing protocol (AMBER8) to remove steric clashes.
Three complexes were selected for subjection to the
molecular dynamics simulation (5 ns), and the results on
the occurrence of average anchor points showed a stable
complex between the benzoxazinone derivative and the
receptor. The complex could be used as a good starting
point for further analysis with site-directed mutagenesis, or
further computational research.
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Abbreviations OTR: Oxytocin receptor . OT: Oxytocin .
hOTR: Human oxytocin receptor . MD: Molecular
dynamics . BZX: Benzoxazinone . GPCRs: G-protein
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square distance . GAFF: General Amber Force Field .
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Introduction

In recent years, the oxytocin receptor (OTR) has been
detected in various tissues, such as cancer [1] and
endothelial cells [2], cardiomyocytes [3], myoblasts [4],
and bone cells [5]. Nevertheless, it has been confirmed that
the main role of the peptide neurohypophyseal hormone
oxytocin (OT) is to induce uterine contractions during
parturition and milk ejection during lactation. This effect
on the uterus is the basis of its pharmacological use because
inhibition of the receptorial effect of OT is a logical
alternative to tocolysis. The peptide atosiban (Tractocile
[6]) is still in clinical use [7] but can be administered only
parenterally. A number of research groups accordingly
have recently investigated the synthesis, pharmacological
characterization, and molecular interaction modeling of
non-peptide OTR antagonists [8–11].

With the aid of molecular modeling and site-directed
mutagenesis analysis, Hawtin et al. [12] identified an
anchor point in the human OTR–benzoxazinone (hOTR–
BZX) complex, i.e., the hydrophobic residue Ala318,
which can interact with the methoxy group of L-371,257
and L-372,662, which are non-peptide antagonists, contain-
ing the BZX basic structure. In an earlier article [13], we
described the most likely active conformation of the
complexes formed between hOTR and 45 BZX analogues
taken from the literature [14, 15]. The most active
benzoxazinone analogue was docked into the putative
active site, and further refinement protocol, scoring
functions and three-dimensional (3D)-QSAR methods
were used to identify the most likely active conformation.
The Ala318 interaction point was also determined later in
our complex and indicated that the complex could be
suitable for the study of receptor–ligand complexes.
However, there are some disadvantages of the model:
(1) the hOTR model was constructed on the basis of a
δ-opioid receptor template; (2) we used a truncated
receptor model (all receptor residues closer than 10 Å to
the ligands were retained, and the remainder were deleted
from the model); (3) the receptor flexibility was taken into
account only in the refinement procedure to remove the
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steric clashes; and, finally, (4) the stability of the complex
was not tested via a molecular dynamics (MD) simulation.
Therefore, the aims of the present study were as follows:
(1) construction of a relevant 3D model of the hOTR;
(2) possible active-conformation generation by using the
most active compound (BZX, Fig. 1) [14, 15]; and (3)
complex stability investigation bymeans of aMD simulation.

Materials and methods

Homology modeling

On the assumption that G-protein coupled receptors
(GPCRs) share similar transmembrane (TM) boundaries
and overall topology, a homology model of the hOTR was
constructed from the ground-state crystal structure of
bovine rhodopsin (bRho) (PDB access number 1F88) [16].
The alignment was taken from the literature (the overall
sequence identity between hOTR and bRho is about 48%
when identical residues and conserved substitutions are
taken into account [12]).

The homology modeling was performed by means of the
homology modeling module of the MOE 2004.03 [17]
program package. After the sequence alignment, 100
structures were generated, and the average structure was
selected for further refinement. Only 12 residues from the
N-terminal (Arg27–Leu38) and 16 residues (Leu333–
Ser348) directly following the TM7 were included in the
models; the final model accordingly consists of 322 amino
acids. The structure was minimized with the help of
the steepest descent, the conjugated gradient, and, finally,
the truncated Newton methods in a consecutive manner; the
gradients were 100, 10, and 0.001, respectively. The
Amber94 force field [18] was used with MOE 2004.03.

After the minimization, the minimized structure was
refined further with simulated annealing (SA), using the
AMBER8 [19] program package. The SA protocol was as
follows: the structure was heated to 600 K in 8 ps,
equilibrated at 600 K for 20 ps, and cooled down to 50 K in
10 ps; the structure obtained was minimized (10,000
cycles). During the protocol, the α-carbons of the whole
protein were restrained to their initial positions with a 150-
kcal mol−1 Å−2 force constant. The temperature coupling

constants 0.5, 1, and 0.5 ps were used in the heating,
equilibration, and cooling stage, respectively, and bonds
involving H atoms were also constrained using the SHAKE
algorithm. During the calculations, a distance-dependent
dielectric constant (ɛr=4) and a 30-Å

0

cutoff were used for
the long-range non-bonded interactions. This cycle was
repeated 50 times, and the structure with the lowest energy
was subjected to docking calculations.

Docking protocol

The BZX analogue, with high affinity toward the hOTR
(pKi=9.3 [15], Fig. 1) was docked into the receptor model,
using the AutoDock 3.05 software [20]. The initial
structure of the analogue was prepared in MOE 2004.03
and was minimized (grad <0.001) using the MMFF94 force
field [21].

As AutoDock 3.05 allows only one of the docking
partners to be flexible, the receptor was kept rigid, and the
ligand was allowed to be flexible. The grid box (52×60×78
grid points) was centered on the putative active site, and the
lattice point distance was set to 0.375 Å. Lennard–Jones
parameters 12–10 and 12–6 were used for the modeling of
H-bonds and van der Waals interactions, respectively. In
calculations of the electrostatic grid map (Gasteiger and
united Kollman charges for the ligand and the receptor,
respectively), the distance-dependent dielectric constant of
Mehler and Solmayer was used [22]. During the docking
procedure, the Lamarckian genetic algorithm with the
pseudo-Solis and Wets method was used, with 250
individuals in the population. The stopping criterion was
defined by the total number of energy evaluations, which
was set to 5×107. The translation step was set to 0.5 Å/step,
and in both quaternion and torsion steps, 5.0 degrees/step
was used. In one docking calculation, 50 structures were
generated, and this was repeated ten times (500 structures)
to obtain good conformational sampling.

In the filtration of the structures and to confirm the
complexes formed by means of theoretical calculations, we
calculated the free energy of binding (ΔGbind) using the
scoring function implemented in AutoDock 3.05. This
empirical scoring function includes five terms: van der
Waals (Lennard–Jones 12–6 potential), H-bond (Lennard–
Jones 12–10 potential), screened Coulombic electrostatic
potential and solvation terms, and one ligand flexibility-
including term. The coefficients of the five terms were
determined by linear regression, using 30 protein–ligand
complexes [20].

To determine possible initial complexes, we used the
following filters: (1) the estimated ΔGbind should be less
than 1,000 kcal mol−1; (2) our previous results and those of
Hawtin et al. [12] indicated that the compounds bind in an
extended conformation to the putative active site of the
hOTR, and we, therefore, used a distance filter, d(C21–O7)
<15 Å

0

(Fig. 1), to remove the non-relevant structures. On
use of these two filters, the number of possible structures
decreased from 500 to 129. A further filter was also

Fig. 1 The structure of the docked compound. Red bonds proved
flexible during the docking calculation (AutoDock 3.05 [20]). The
atoms denoted by a, b, and c are those used in the reorientation
(a, b, c and c, b, a) procedure during the RESP calculation with
RED-vII [25]
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applied: the presence of the hydrophobic interaction point
Ala318 (Fig. 2).

The interacting hydrophobic residues were determined
by means of LIGPLOT v4.4.2 [23]. The 18 possible
complexes determined were further refined with the same
SA protocol as described earlier, except that ten cycles
were performed for each complex.

For the ligand, the General Amber Force Field (GAFF)
[24] was used. The charges of the ligand were calculated
using the multi-conformer, multi-orientation RESP calcu-
lation implemented in the R.E.D. II software [25], using the
Gaussian03 quantum mechanical program [26]. Three
complexes were selected randomly from the docked
structures and were subjected to the calculation; the re-
orientation was based on the three atoms denoted by a, b,
and c in Fig. 1.

Molecular dynamics simulation

The MD simulation was performed by using the AMBER8
program suite. For the protein and the ligand, the Amber94
force field and GAFF, respectively, were used. The system
was heated in a multi-step heating protocol: the tempera-
ture was increased from 0 K to 300 K in five steps
(ΔT=60 K,Δt=10 ps); the time step was set to 0.5 fs. After
the heating, the system was equilibrated at 300 K for 5 ns,
the time step was set to 2 fs, and the SHAKE algorithm was
used to constrain bonds involving hydrogen. The αC atoms
of the transmembrane regions were restrained to their
initial positions with a 5 kcal mol−1 Å

0 −2 force constant.

Results and discussion

After the homology model building and refinement, the 3D
hOTR model obtained was tested via the MOE/protein
report module. No significant differences were obtained as
compared with the values published by Laskowski et al.Fig. 2 The structure of the hOTR after the homology modeling. The

Ala318 residue is depicted (ball and stick), which was determined
by Hawtin et al. [12]. TM1, red; TM2, blue; TM3, yellow; TM4,
violet; TM5, orange; TM6, cyan; TM7, green. The extracellular
loops are colored dark green, and the intracellular loops black

Table 1 The predicted free energy of binding (kcal mol−1) for
complexes A, B, C, D, E, and F before force field minimization
(ΔGbind,i, using a rigid receptor), after force field minimization
(ΔGbind,f), and after the SA protocol, using the lowest energy
structure (ΔGbind,SA)

ID ΔGbind,i ΔGbind,f ΔGbind,SA

A 462.3 −22.9 −25.1
B 516.1 −23.3 −23.6
C 525.5 −23.4 −23.7
D 670.3 −25.1 −24.5
E 700.9 −24.0 −24.4
F 795.8 −23.7 −24.0

The ΔGbind values were calculated by using the built-in scoring
function of AutoDock 3.05 [20]

Table 2 The evolved hydrophobic interactions determined for
complexes B, E, and F with the LIGPLOT software [23]

Complex B Complex E Complex F

– Leu74 –
Phe77 Phe77 –
Met78 Met78 Met78
Leu81 Leu81 Leu81
Val88 Val88 Val88
Gln92 – Gln92
Val93 – –
Gln119 Gln119 Gln119
– – Gly122
Met123 Met123 Met123
Ser126 Ser126 Ser126
Thr127 – Thr127
Leu129 – –
Leu130 Leu130 Leu130
Met133 Met133 Met133
Phe185 – –
Asp186 – –
Met276 – –
– – Thr277
Ile280 Ile280 Ile280
– – Ala283
Phe284 Phe284 Phe284
Cys287 Cys287 Cys287
– – Trp288
Ala318 Ala318 Ala318
Ser319 Ser319 Ser319
Asn321 Asn321 Asn321
– – Ser322
Asn325 – –
Ile328 – –
Tyr329 – Tyr329
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Table 3 Possible electrostatic interactions in complex B

Complex ID Interacting atoms d(A⋯D)/Å α(A⋯H–D)/°

Complex B L_O3⋯Val93_H 5.28 123.6
L_O3⋯Gly122_H 5.00 115.8
L_O3⋯Ser319_HG 5.17 44.6
L_O4⋯Gly122_H 3.46 106.5
L_O4⋯Met123_Ha 2.80 93.8
L_O4⋯Asn321_HD21 4.45 64.9
L_O4⋯Asn321_HD22 3.65 110.9
L_O2⋯Trp288_H 4.23 75.2
L_O2⋯Trp288_HE1 6.66 34.2
L_O1⋯Ser126_HG 3.83 95.1
L_O1⋯Phe284_H 3.61 94.4
L_O1⋯Asn325_HD21 4.63 119.2
L_O1⋯Asn325_HD22 6.20 8.8
L_H22⋯Ser126_OG 3.52 151.1
L_H22⋯Asn325_OD1 4.32 134.9
L_O5⋯Leu129_H 5.00 91.9
L_O5⋯Leu130_H 3.56 61.9
L_O6⋯Hip80_HD1 4.64 133.6
L_N5⋯Leu81_H 4.99 124.3
L_O7⋯Tyr329_H 3.12 73.6

Complex E L_O4⋯Gly122_H 3.81 106.7
L_O4⋯Met123_Ha 2.99 100.5
L_O4⋯Asn321_HD21 4.45 64.1
L_O4⋯Asn321_HD22 4.45 111.7
L_O2⋯Thr127_HG1 4.70 110.5
L_O1⋯Ser126_HG 4.21 98.0
L_O1⋯Phe284_H 3.77 97.0
L_O1⋯Asn325_HD21 4.87 121.5
L_O1⋯ Asn325_HD22 4.87 10.8
L_O5⋯Asn325_HD21 4.50 91.7
L_O5⋯Asn325_HD22 4.50 31.8
L_H22⋯Ser126_Oa 2.72 127.6
L_O6⋯Hip80_HD1 5.87 127.1
L_O6⋯Leu81_H 5.08 112.4
L_N5⋯Met78_H 3.64 70.8
L_O7⋯Arg137_H11 3.59 111.8
L_O7⋯Thr277_HG1 4.71 81.3

Complex F L_O3⋯Gln92_HE21 4.30 62.67
L_O3⋯Gln92_HE22 4.30 63.6
L_O3⋯Ser319_HG 3.89 86.9
L_O4⋯Ser319_HG 4.95 116.0
L_O4⋯Gln119_HE21 3.15 73.1
L_O4⋯Gln119_HE22 3.15 56.2
L_O2⋯Thr127_HG1 4.41 83.4
L_O1⋯Phe284_H 3.69 104.7
L_O1⋯Ser126_HGa 2.88 92.4
L_H22⋯Ser126_OGa 2.88 146.9
L_H22⋯Asn325_OD1 4.71 149.9
L_O5⋯Leu130_H 3.67 64.9
L_N5⋯Met78_H 3.69 74.3
L_O7⋯Met78_H 4.76 124.7

d(A⋯D) is the distance between the heavy atoms, and α(A⋯H–D) is the angle formed by the acceptor, hydrogen and donor atoms
L Ligand
aIndicates the regular H-bonds meeting the detection criteria
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[27] and the root-mean-square distance (RMSD) between
the initial and the final refined 3D model was 3.082. The
model contains 322 amino acids. The following residues
are involved in the TM regions: 39–65 (TM1 red), 75–102
(TM2 blue), 111–141 (TM3 yellow), 150–174 (TM4
violet), 198–224 (TM5 orange), 269–299 (TM6 cyan),
and 309–332 (TM7 green) (Fig. 2), and a disulfide bridge is
present between Cys112 and Cys187, as in all GPCRs [28].

In a previous publication [13], the hOTR used [11] was
modeled using a δ-opioid template [29]. In the present
study, the hOTR was homology modeled using the 3D
structure of bRho, the generally accepted template [30, 31],
determined via X-rays at high resolution (2.8 Å) [16].

The template used in this study is rather acceptable
because this model was built up using a high-resolution
crystal structure, while the previous hOTR was modeled by
means of a theoretical template of the δ-opioid receptor,
which do not contain the extracellular (EC) and intracel-
lular (IC) loops. We made some comparisons between the
two receptor models. After superimposing the two
structures using the main-chain atoms, the RMSD was
7.903 (including 321 residues). After removal of the EC
and IC loops from the models, the RMSD decreased to
3.442. These results allow the conclusion that the primary
3D model, based on the δ-opioid template, could also be
used to study receptor–ligand interactions because the non-
peptide ligands bind in the TM regions.

Using the filtration criteria, we obtained 18 possible
structures from the 500 docked structures. These com-
plexes were subjected to SA, the six structures with lowest
energy were selected, and ΔGbind was calculated by using
the built-in scoring function of AutoDock 3.05 (Table 1).

The negativeΔGbind values indicated that the refinement
was successful after the rigid docking. For complexes A, C,
and D, the morpholinone ring of the compound was located
between the TM6 and TM7 regions, near the superficies of

the receptor. This means that this part of the molecule could
interact with the phospholipid bilayer, and these complexes
were, therefore, excluded from further calculations.

For the remaining structures (complexes B, E, and F), the
hydrophobic, H-bond and electrostatic interaction points
were determined (Tables 2 and 3). Although the hydrophilic
nature of the amino acids Asn and Gln could exclude them
from hydrophobic interactions, the methylene group in the
side-chain could interact with the hydrophobic part of the
ligand; these residues were, therefore, identified as possible
hydrophobic anchor points by LigPlot v4.4.2.

The H-bonds and possible electrostatic interactions are
shown in Table 3. We accepted any electrostatic interaction
as a regular H-bond when the distance between the
acceptor atom and the donor atom (d(A⋯D)) was <3.2 Å
[32] and the angle formed by the acceptor, hydrogen and
donor atoms (α(A⋯H–D)) was >90 °. Residues closer than
4.5 Å to the possible anchor point in the ligand were taken
into consideration, and all possible distances and angles
were measured.

The important hydrophobic anchor point Ala318 was
determined in each complex, which indicates that these
complexes are possible active conformations. The ligands
are located in the cleft formed by the regions TM2, 3, 6,
and 7 (Fig. 3).

This finding is in good agreement with the fact that
ligands of low molecular weight bind to sites within the
hydrophobic core formed by the TM α-helices [33]. Among
the hydrophobic interaction points, the possible electrostatic
anchor points, including regular H-bonds, were also
determined. In complex B one (L_O4⋯Met123_H), in
complex E two (L_O4⋯Met123_H, L_H22⋯Ser126_O),
and in complex F two (L_O1⋯Ser126_HG, L_H22⋯
Ser126_OG), regular H-bonds were determined. Table 3
shows several interaction types that do notmeet the detection
criteria, but it must be borne in mind that these may change
due to the dynamic behavior of the receptor–ligand
complexes.

These results allow the conclusion that a stable complex
could be formed through hydrophobic and electrostatic
interactions. The alignment of the benzofuran part of the
compound is maximal. The BZX part in complexes B and
E is also superimposed. The only difference between these
structures is the position of the amide group and the fact
that the morpholinone ring is folded back. In complex F,
the amide group is positioned in another orientation than in
complex E; it, therefore, overlaps with the amide group of
complex B. The orientation of the BZX ring in complex F
is different from that in complexes B or E; it is rotated by
180 ° relative to the ring in the other two complexes
(Fig. 4).

Independently of the orientation of the ligand, the
possible anchor points are very similar in the complexes.
As described above, the dynamic behavior of the receptor–
ligand complexes means that the predefined anchor points
can be changed; we, therefore, performed MD simulations
on the three complexes.

In the MD simulations, we used neither membrane nor
water (ɛr=1, constant dielectric constant [34]) with

Fig. 3 The location of the ligands (complex B, blue; complex E,
red; and complex F, green) in the transmembrane regions (TM1, red;
TM2, blue; TM3, yellow; TM4, purple; TM5, orange; TM6, cyan;
TM7, green) of the hOTR. For clarity, the EC and IC loops are not
shown
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counterions. These options resulted in the following
consequences: (1) without the membrane, we have to use
positional restraints for the αC atoms in the TM regions to
avoid helix degeneration or misfolding and (2) we used a
distance-dependent dielectric constant to take the solvent
screening effect (ɛr=4, water) into account. The reduced
electrostatic interactions were, thus, mimicked, but it must
be borne in mind that without the explicit water, the
charged and polar surface residues (also in the binding site)
can interact with each other and not with the solvent.

The plots of time vs root-mean-square distance (all-atom
RMSD) for complexes B, E, and F are shown in Fig. 5.

Figure 5 shows that the RMSD did not change
significantly during the last 1 ns, and we, therefore,
analyzed only the last 1 ns trajectory for each complex.

We calculated ΔGbind in the last 1 ns trajectory, taking
every 50 ps frame for the calculation. The average energy
values were as follows: −22.7±0.5, −23.0±0.3, and −23.3±0.5
for complexes B, E, and F, respectively. These values permit
the statement that the MD simulation revealed that stable
complexes could be formed, but these energy values did not
facilitate a decision as to which complex could be used as a
good basis for further assays or ligand design.

In each case, the hydrophobic (Table 4) and the
previously determined possible electrostatic anchor point
distances and angles were calculated every 1 ps (Table 5).

In each complex, the important residue (Ala318) is
shown. Phe75, Gly122, and Thr277 hydrophobic contact
points were found in major occurrence in complex F as

compared with the other two complexes. The occurrence of
Leu74, Phe77, Val88, Gln92, Ala283, and Ser319 was
higher in complexes E and F than in complex B. In three
cases, there was a major percentage occurrence in complex
B (Leu129, Met135, and Ile328). These results indicate
that, due to the hydrophobic effects, stable complexes can
be formed in all cases.

Table 5 presents the possible electrostatic interactions.
Only those interaction types are indicated where the
percentage occurrence of the total electrostatic interaction

Fig. 5 Time vs RMSD plots for complexes B (blue), E (green), and
F (red)

Fig. 4 The relative location of
the ligands (complex B blue;
complex E red; and complex F
green) after the SA refinement.
The important Ala318 residue,
as hydrophobic contact point, is
depicted with possible H-bond
interaction points (Met123 and
Ser126)
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exceeded 10%. We accepted the interaction type as an
electrostatic interaction that could contribute to the com-
plex stability when the heavy atom distances were <4 Å
[32] and when the angle formed by the acceptor, hydrogen,
and donor atoms was >90 °.

During the dynamics simulation, the electrostatic
profiles of complexes B and F were largely rearranged.

After the SA in the case of complex B, six interactions met
our H-bond or electrostatic criteria (L_O4⋯Gly122_H,
L_O4⋯Met123_H, L_O4⋯Asn321_HD22, L_O1⋯
Ser126_HG, L_O1⋯Phe284_H, and L_H22⋯Ser126_OG).
After the MD simulation, only three cases met the criteria:
L_O1⋯Ser126_HG, L_O1⋯Phe284_H, and a new interac-

tion point, L_O3⋯Ser319_HG. For L_O1⋯Ser126_HG and
L_O1⋯Phe284_H, the percentage occurrence was only 15.8
and 21.7%, respectively. For L_O3⋯Ser319_HG, a H-bond
appeared in 50% of the structures.

In complex F, the electrostatic profile was changed to
be very similar to complex B. After the SA, three inter-
actions (L_O1⋯Phe284_H, L_O1⋯Ser126_HG, and
L_H22⋯Ser126_OG) met the criteria. After the dynam-
ics simulation, only L_O1⋯Ser126_HG was kept; the
other three electrostatic interactions emerged in the
dynamics simulation. We obtained H-bond interactions
only in L_O4⋯Gln119_HE22.

Table 4 Percentage occurrences of hydrophobic contact residues for complexes B, E, and F in the last 1-ns trajectory

Occurrence (%)

Complex B Complex E Complex F

Leu74 0.0 51.2 87.4
Phe75 0.0 0.0 71.0
Phe77 17.2 41.2 46.5
Met78 99.2 95.9 95.5
Leu81 99.8 95.3 86.1
Val88 0.0 83 100.0
Gln92 29.2 100.0 93.9
Val93 0.0 10.9 5.3
Gln119 100.0 100.0 95.1
Gly122 0.0 0.0 82.1
Met123 100.0 100.0 98.7
Ser126 100.0 100.0 100.0
Thr127 99.5 99.1 94.2
Leu129 92.9 27 11.6
Leu130 91.7 97.7 99.6
Met133 86.6 100.0 99.9
Arg137 0.0 6.2 0.0
Phe185 11.6 5.6 0.0
Asp186 0.0 32.5 0.0
Trp188 21.1 0.0 0.0
Thr273 0.0 3.7 0.0
Met276 88.4 96.2 99.9
Thr277 1.8 1.7 84.7
Ile280 100.0 100.0 100.0
Ala283 19.3 50.1 89.0
Phe284 100.0 100.0 100.0
Cys287 73.4 67.9 99.7
Trp288 100.0 99.8 100.0
Phe291 17.1 0.0 0.0
Met315 44.5 0.0 0.0
Ala318 100.0 100.0 98.2
Ser319 62.2 100.0 99.4
Leu320 0.0 0.0 1.5
Asn321 100.0 100.0 99.9
Asn325 38.3 0.0 3.5
Ile328 87.2 0.0 0.0
Tyr329 54.7 0.0 99.7

The bold percentage values indicate those residues which were identified in the three static complexes (see Table 2)
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For complex E, a very different electrostatic profile was
obtained. After the SA, five interactions were determined
to be electrostatic interactions (L_O4⋯Gly122_H, L_
O4⋯Met123_H, L_O1⋯Phe284_H, L_H22⋯Ser126_O,
and L_O7⋯Arg137_H11). During the MD simulation,
these anchor points remained stable. This indicated that a
more stable complex could occur for complex E as
compared with B and F, as a result of hydrophobic and
electrostatic interactions.

Comparison of the structures [SA (green), the last frame
of the 5-ns trajectory (blue), and the average structure (red),
which was calculated in the last 1 ns interval using heavy
atoms and polar hydrogens) was also investigated (Fig. 6).

The variable region of the ligand in complex B remains
in a stable conformation and location during the MD
simulation. The BZX ring was moved from the initial
position, which could be explained by the new electrostatic
interaction point, Ser319. The Ala318 residue remained in
the initial positions. In complex E, the ligand preserved its

Table 5 Calculated electrostatic interactions in complexes B, E, and F

Complex ID Interacting atoms d(A⋯D)/Å α(A⋯H–D)/° Occurrence of interaction (%)

Mean±SD Mean±SD H-bond Electro ∑

Complex B L_O3⋯Ser319_HG 3.24±0.48 98.2±33.0 45.0 14.9 59.9
L_O1⋯Ser126_HG 4.12±0.18 89.4±19.6 0.0 15.8 15.8
L_O1⋯Phe284_H 4.03±0.21 88.9±12.5 0.0 21.7 21.7

Complex E L_O4⋯Gly122_H 3.91±0.17 102.7±6.8 0.0 71.3 71.3
L_O4⋯Met123_H 3.17±0.16 99.1±12.6 44.8 31.0 75.8
L_O1⋯Phe284_H 3.79±0.20 90.2±116 0.1 43.4 43.5
L_H22⋯Ser126_O 2.87±0.12 122.4±12.8 99.1 0.7 99.8
L_O7⋯Arg137_H11 3.68±0.29 114.0±15.6 5.1 75.9 81.0

Complex F L_O4⋯Gln119_HE22 3.42±0.30 145.3±13.5 24.8 70.5 95.3
L_O2⋯Thr127_HG1 4.22±0.23 99.3±11.9 0.0 12.5 12.5
L_O1⋯Ser126_HG 3.87±0.32 98.9±23.7 0.2 54.1 54.3
L_N5⋯Met78_H 3.47±0.15 79.0±9.9 0.9 13.8 14.7

d(A⋯D) is the distance between the two heavy atoms and α(A⋯H–D) is the angle formed by the acceptor, hydrogen, and donor
atoms. We accepted an interaction as an electrostatic interaction when the heavy atom distances were <4 Å and as a H-bond when the heavy
atom distances were <3.2 Å and when the angle formed by the acceptor, hydrogen and donor atoms was >90 °. The last three columns
list the percent occurrence of the H-bond, only electrostatic (electro), and total electrostatic (∑) interactions
L Ligand

Fig. 6 Comparison of the structures obtained from SA (green), the last frame of the 5-ns trajectory (blue), and the average structure (red) in
complexes B (a), E (b), and F (c)
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initial location. Only for Met123 could a greater alteration
in the side-chain conformation be detected between the
depicted residues. The greatest alteration in the ligand was
detected in complex F, and also in the side-chain location
and position, with the exception of the Ala318 residue,
which retained its initial location. A lower percentage of
occurrence of Ala318 was observed in this complex
(98.2%). As those structures were not followed by each
other, where the Ala318 was not present as a hydrophobic
contact point, this complex was not excluded from the
potential active conformation. These findings also indicate
that complex E is the most stable.

The fact that non-peptide ligands bind to the TM region
of GPCRs [33] is in good agreement with the dynamic
complex interaction sites. The hydrophobic (90–100%
occurrence, Table 4) and the electrostatic (Table 5) inter-
action sites are located in the transmembrane region of the
hOTR.

We conclude that complex E is a suitable active
conformation; this could be confirmed by site-directed
mutagenesis analyses. Although there is a great overlap of
the hydrophobic and electrostatic interactions, we suggest
that the Gly122 and Arg137 residues might be subjected to
mutagenesis study. Residue Arg137 occurred as an elec-
trostatic interaction point only in complex E. Residue
Gly122 was determined in complex F to be a possible
hydrophobic contact point, while in complex E it was
determined to be a H-bond interaction site. The H-bond
arose between the amide H and ligand (L_O4) but if this is
replaced by a large-space-occupying residue (e.g., Phe),
then no H-bond could be produced due to steric inhibition.

Summary and outlook

In the present study, we made an attempt to identify the key
interaction elements of the dynamic hOTR–BZX complex.
The 3D model building of hOTR was carried out with
homology modeling using the bRho template. By means of
molecular docking, filtration criteria (the presence of the
Ala318 residue, as the most important interaction), and a
refinement protocol (simulated annealing), we obtained
three possible active conformations. To identify the most
potential complex, a 5 ns MD simulation was performed,
and determination of the hydrophobic and electrostatic
interactions allowed the identification of the most likely
conformation of the hOTR–BZX complex (complex E).
These results could be supported via site-directed muta-
genesis studies (Gly122 and Arg137), and the identified
complex could be used in further calculations to support
and improve our results.

Acknowledgements This work was supported by the Centenarium
Foundation of Gedeon Richter and the National Council for Research
and Technology (NKFP) Budapest (RET 08/2004).
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