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Abstract G protein-coupled receptors relay diverse ex-
tracellular signals into cells via a common mechanism,
involving activation of cytosol G proteins. The mecha-
nism underlies the actions of ~50% of all drugs. In this
work, we focus on simulating three protein–ligand
complexes of the neurohypophyseal hormone analog 4-
OH-phenylacetyl-D-Y(Me)FQNRPR-NH2 (I) with the
human V1a, V2 and oxytocin receptors. The peptide I is
a potent selective V1a receptor antagonist. To obtain
relaxed models of the complexes, the following tech-
niques were used: docking of I into the vasopressin V1a,
V2 and oxytocin receptor models, optimization of the
geometry of the resulting complexes and molecular
dynamics in a fully hydrated 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine lipid bilayer. The results
of the simulations allow us to draw some conclusions
about the ligand selectivity to V1aR.

Keywords Amber · AutoDock · GPCR receptor–
bioligand interaction · Molecular dynamics · OT/VP
receptors · Antagonist · Linear peptide

Introduction

The neurohypophyseal hormone arginine vasopressin
(CYFQNCPRG-NH2, AVP) is a nonapeptide-amide (part-
ly cyclic via the C1–C6 disulfide), whose actions are
mediated by specific G-protein coupled receptors
(GPCRs), viz. V1a vascular, V2 renal and V1b pituitary
receptors (V1aR, V2R and V1bR, respectively). AVP is
involved in a number of physiological functions, includ-

ing the regulation of body-fluid osmolality, blood volume,
vascular tone and blood pressure. [1, 2] A related
hormone oxytocin (OT=[Ile3,Leu8]AVP) regulates labor
and lactation in mammalian females, via interactions with
OT receptors (OTR). [2, 3] All four receptors belong to
the Class A or rhodopsin-like GPCR family, with
rhodopsin (RD) being its archetype member. [4, 5] The
neurohypophyseal human receptors share a high degree
(35–50%) of sequence identity, [6, 7] see Table 1. Yet,
V1aR, V1bR and OTR are selectively coupled to Gq/11
proteins, [8] mediating the activation of phospholipase
C�, controlling the breakdown of phosphoinositide lipids.
The V2 receptor, on the other hand, activates the Gs
protein, [8] which results in the activation of adenylyl
cyclase. This is to an extent reflected in the sequence
similarities, higher among the V1aR, V1bR and OTR than
between any of them and V2R, see Table 1, even more
profound in the intracellular loops 2 and 3, whose
sequences are very well conserved among V1aR, V1bR
and OTR (50 to 78% identity) but diverge with the V2R
subtype (23 to 30% identity with the former ones). [7]
Interestingly, in accord with this property, Liu and Wess
have recently provided evidence that IL3 of V2R plays a
decisive role in the Gs protein–adenylyl cyclase coupling,
while IL2 of V1aR, V1bR and OTR play a decisive role in
the coupling of the Gq/11 protein to phospholipase C. [9]
In contrast to the differences on the intracellular side, the
extracellular sides of the four receptors do not differ
significantly among themselves. In fact the extracellular
loop 2 (EL2) and the C-terminal part of EL3 belong,
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Table 1 Identity matrix for human V2R, V1aR, V1bR and OTR as
given in [6, 7], extended to include RD, using Clustal W-based
multiple sequence alignment [14]

V2R V1aR V1bR OT

V1aR 0.35
V1bR 0.40 0.47
OTR 0.40 0.44 0.48
RD 0.14 0.14 a 0.17

a Not tested



together with the helices TM2, TM3 TM6 and TM7, to
the most conserved parts among the four [6, 7] with
identity reaching 87%. In this respect, it is reasonable to
assume more or less common recognition and binding
modes for both OT and VP in their host receptors, even if
certain residues in equivalent positions diverge and some
of them, i.e. D103 in EL1 of V2R, F and Y in equivalent
positions of OTR and V1aR/V1bR, respectively, are
suggested to be responsible for hormone selectivity. [10,
11] This ambiguity warrants more involved studies on
receptor–ligand interactions to explain the selectivity of
both agonists and antagonists to V1aR, V2T and OTR.
Perhaps the most notable feature on the extracellular side,
common to a majority of GPCRs, is a putative disulphide
bond, keeping EL1 and EL2 together, made of two
invariant cysteines from the EL1/TM3 boundary and the
middle of EL2. [5]

Table 1 also includes, for comparison, the data on
similarities of V2R, V1aR and OTR to RD. The relatively
small values in the last row are considerably higher for
the 7TM domain alone and average between 0.32 (for
helices TM1 and TM4) to 0.49 (for TM6).

4-OH-Phaa-D-Y(Me)-FQNRPR-NH2 (desG9-[OH-
Phaa1,D-(Me)Y2,R6]AVP (I), where OH-Phaa=4-OH-
phenylacetyl, is a potent V1aR linear peptide antagonist.
[12] Current molecular modeling tools potentially enable
reasonably detailed knowledge about receptor structure
and ligand–receptor interactions and thus may be of
substantial help in rational drug design. [13] In this work,
we present the results of molecular docking, followed by
1-ns molecular dynamics (MD), of I in V1aR, V2R and
OTR, leading to structural arguments for its selectivity to
V1aR.

Methods

The recent structure of dark rhodopsin (RD) at 2.8-� resolution [4]
was used as a template to build antagonist-bound three-dimensional
V1aR, V2R and OTR models. Standard techniques, including
protein multiple sequence alignment, [14, 15] followed by homol-
ogy modeling and loop-building (loop search), as implemented in
SYBYL, [16] were used. The approach used by SYBYL loop
search relies on finding fragments in the loop database of a
fragment having a proper sequence length whose anchor regions
have a good geometric fit to the anchor regions of the modeled
protein. The procedure typically returns several candidate loops
that satisfy the geometrical and homological requirements. Having
accordingly replaced and/or stitched missing (IL3 and IL4)
fragments in the original RD, the conserved disulfide bridge
between TM3 and EL2 was added. The conserved Cys–Cys pair
terminating helix 8 was palmitoylated, to mimic IL4. [17,18] The
palmitoylcystein (PAL) residues, absent in the AMBER database,
were parameterized by dividing them into two similar-length
segments, with atomic point-charge calculations for two confor-
mations per segment at the ab initio RHF/6–31G* level using the
GAMESS program, [19] and subsequent conformational-averaging
of the charges over the whole PAL group using the RESP procedure
[20] as recommended in the AMBER manual. [21] For more details
see [22, 23]. The non-standard residues OH–Phaa and D-Tyr(Me)
in the ligand were constructed using the crystallographic database
CSDS [24] and parameterized as above. The starting V1aR, V2R
and OTR models were minimized (5,000 steepest descent steps)
using the AMBER 5.0 [21] force field. The ligand was docked into

the receptors using the AutoDock version 3.0 program [25] with the
implemented genetic algorithm. About 80 complexes were sampled
for each ligand–receptor system, of which about 30 of the lowest-
energy ones were relaxed using a constrained simulated annealing
(CSA) [26] protocol in vacuo, as implemented in AMBER 5.0, [21]
with frozen transmembrane C� and PAL atoms, to keep the receptor
shape. The two lowest-energy receptor–ligand complexes were
selected from each set and immersed into the fully hydrated ~10-ns
equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcho-
line (POPC) lipid bilayer, [22, 23, 27] using a home-made
algorithm. Each of the six resultant systems consisted of 120 lipid
molecules, the protein of ca. 340–350 amino acid residues, 16, 14
and 15 Cl� counter-ions for V1aR, V2R and OTR, respectively, and
~7,300 water molecules; ~32,000 atoms total in the periodic
rectangular box of 75 ��65 ��93 � approximate size. After a
routine energy minimization, and 40 ps relaxation with frozen C�

atoms in the receptor, the systems were submitted to periodic
boundary MD with 12 � single cut-off and constant pressure, as
implemented in AMBER 5.0. [21] In all MD simulations, the time
step was 1 fs and all atoms were free to move. The productive
simulations were 1 ns long and they were performed on an INTEL
XEON 700 MHz 128-processor cluster in the Academic Computer
Center in Gdańsk (CI TASK). The receptor–ligand and/or interhe-
lical interaction energy was measured using the program ANAL
within the AMBER package. Due to the nature of force-field
parameterized methods, it is useful to make comparisons between
conformers of the same system but not for comparisons (of
affinities etc.) between different receptor–ligand systems; hence we
omit any quantitative reference to energy terms in this work.

Results and discussion

In this work we intend first to identify conformational
changes in the receptor–ligand complexes that accompany
1-ns MD and, secondly, to recognize the receptor residues
responsible for interactions with the ligand. As our
starting models relied on RD as a common template, the
initial V2R, V1aR and OTR architectures were very
similar. In particular, the conserved residues occupied
equivalent sites in the three receptors and built up similar
sets of mutual and extended interactions, summarized in
Table 2. We calculated the distances between all possible
pairs of atoms for any pair of residues in the protein–
ligand complex. Two residues were considered interacting
if the contact distance between any two atoms from these
pairs was less than 4.5 �.

Using the common conserved residues as reference
pointers, we tried to define conformational changes in the
receptors during the MD. Apart from the residue–residue
contact distances as defined above, the sums of energy
terms corresponding to the interactions between helices
were measured (see Methods); these values serve only as
a guide and are not given, as they have no physical
meaning. The residues interacting with each other before
and after molecular dynamics are marked gray in Table 3.
Thus, in the 1-ns timescale conserved stable interactions
in the V1a receptor are retained between the following
transmembrane helix pairs: strong (involving three or
more residue pairs) TM1–TM2 and TM3–TM4; medium
(via two residue pairs) TM1–TM7, TM2–TM3, TM2–
TM4, TM3–TM5 and TM6–TM7; weak (via one residue
pair) TM2–TM7, TM3–TM6 and TM5–TM6, see Table 2.
TM5 loses almost all its interactions with other helices

373



after molecular dynamics. In V2R and OTR, TM5
interactions with other helices are also weakened after
MD, yet they remain stronger than in V1aR. It is worth
noting strong interactions between TM3–TM5 and TM3–
TM6 in the V2R complex and TM6–TM7 interactions
involving conserved residues in the OTR complex.
Interactions TM1–TM2 and TM1–TM7, as judged from
Table 2, are weaker in V2R and OTR than in V1aR but
still present. Interactions TM3–TM7 are weak as judged
both by energy criteria (not shown) and distances (Table 2,
absent), despite the fact that they have been reported as

potentially relevant for receptor activation and signal
transduction. [28] According to Table 2 and energy
criteria (not shown), it seems that the most important
interactions requisite for inactive V1aR are: TM1 L73–
TM2 R91, TM1 V72–TM7 P345, TM2 L88–TM4 I171,
TM3 R149–TM6 V290. A schematic summary of inter-
helical interactions is given in Fig. 1. Further examination
of Table 2 and Fig. 1 indicates that the schemes of
interhelical interactions in the three receptor–ligand
complexes in the 1-ns timescale differ among each other,
although there are many more similarities and overlaps

Table 2 Conservative residues for the neurophypophyseal and
Class A (bold) GPCR family, in both starting structures at distances
potentially enabling interactions with each other. The Class A
consensus numbering [30] is also given for reference. The residues

interacting with each other before and after molecular dynamics are
marked gray. A pair of residues is considered interacting if the
distance between any two atoms in this pair is less than 4.5 �
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between equivalent interactions in V1aR and OTR than in
V1aR and V2R, which may be relevant with regard to a
common signal transduction mechanism of V1aR and
OTR involving activation of Gq/11, contrary to V2R,
which activates Gs.

In Figs. 2, 3 and 4, features relevant to relaxed
receptor–ligand structures (top) and their 1-ns MD
trajectories (bottom) are shown. The bottom of Fig. 2
schematically illustrates the mobility of two lowest-
energy V2R–I complexes. In both maps TM1–TM3, and
TM8 (IL4) appear to be the most stable (or least mobile)
helices during 1-ns MD. The remaining helices in both
complexes are more mobile in the dynamics than the
former ones. As expected, the relatively loose N- and C-
termini and loops are the hottest receptor sites. Another
common feature for both complexes are very (to 6–9 � on
average) and moderately (to 4–5.5 � on average) mobile
IL2 and EL1, respectively. Remaining sites of both
receptors differ in mobility. In the left V2R–I complex
still hot is IL1, in contrast to an unexpected quietness of
the remaining loops and the N-terminus. On the other
hand, in the right V2R–I complex, EL2, IL3 and EL3
undergo in the 1-ns MD quite large (to 4–8 � on the
average) motional drifts and, in addition, the central parts
of TM5 and TM6 also exhibit a moderate (to 3–4 � on
average) move. In general, the loops and some helices in
the right complex are more mobile than those in the left
one on the 1-ns MD time scale. The fact that the exo-
loops are most subject to these motions presumably
indicates the nature of the motions related to a mutual
adaptability and relaxation of the most sensitive sites of
the receptor–ligand complex after initial docking. This is
confirmed by a similar location (but a diverse orientation,
see below) of both the relaxed V2R–I complexes, as can
be seen in Fig. 2, top.

In the lower part of Fig. 3, similar contour maps are
given for the two lowest-energy V1aR–I complexes.

Fig. 1 Scheme of interhelical interactions in the receptor–ligand
complexes after MD. Connections among helices TM1–TM7 in
rhodopsin via hydrogen bonds are given for [18]. Interactions
loosened after MD are shown with dotted lines, while a TM5
motion observed during MD is indicated with arrows
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According to the maps both complexes exhibit a similar
mobility, differently distributed on the structures of the
two complexes only in modest details. Thus, the helices
TM1–TM3 and TM6 are most stable in both complexes,
IL2 and IL3 are most mobile (to 6–8 � on average), in
addition to a moderate (to 4.5–6 � on average) mobility
of EL1, EL3 and TM8(IL4) in the left complex, and a
large mobility (to 8–9 � on average) of the N-terminus in
the right complex.

In the lower part of Fig. 4, analogical contour maps are
given for the two lowest-energy OTR–I complexes. TM1,
TM6 and EL2 uniformly appear relatively stable, while
TM2 and both IL2 and IL3 uniformly appear to be
moderately and highly, respectively, mobile in both
OTR–I complexes. The remaining helices and loops
demonstrate a modest mobility in both OTR–I complexes,
except for the ligand, which in the right-hand complex
exhibits a moderate to high mobility (to 5–7 � on
average).

On the whole, it is seen that the raw configurations of
the lowest-energy complexes, directly after docking and

Fig. 3a–b Two best 1-ns MD-relaxed V1aR–I complexes. For
details see legends to Fig. 2. TM1 49–78, TM2 86–114, TM3 122–
154, TM4 164–187, TM5 214–239, TM6 289–316, TM7 328–350,
TM8 354–364. Top: The interacting Gly residues, unique to this
system, are marked as balls

Fig. 2a–b Two best 1-ns MD-relaxed V2R–I complexes. Top: an
overview of the relaxed structures. V2R is in the rope represen-
tation: TM1, red; TM2, orange; TM3, yellow; TM4, green; TM5,
bright blue; TM6, dark blue; TM7, violet. Residues at contact
distances, as defined in Table 2 with the ligand, are shown as sticks.
The ligand is also in the stick representation, colored according to
the atom types. The approximate space that would be occupied in
RD by 11-cis-retinal is marked with an ellipse. Bottom: The plots
illustrating a departure evolving in the MD (horizontal axis) of
consecutive protein–ligand C� atoms (vertical axis) from their
starting position. The ligand is represented by the last eight
sequence numbers. The contours are drawn every 0.5 �, in
agreement with the color scale defined on the far right. The TM
helices are marked with vertical bars between both maps: TM1 35–
64, TM2 74–102, TM3 110–142, TM4 153–176, TM5 203–228,
TM6 269–296, TM7 305–327, TM8 330–340. For instance, the
build-up of the green-to-orange band on the right map from ~540 to
1,000 ps involving residues ~295–305 corresponds to a gradual
drift of EL3 away to average 4–7 � from its starting position in the
respective V2R–I complex

Fig. 4a–b Two best 1-ns MD-relaxed OTR–I complexes. For
details see legends to Fig. 2. TM1 37–66, TM2 74–102, TM3 110–
142, TM4 153–176, TM5 203–223, TM6 273–300, TM7 309–327,
TM8 335–345
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constrained simulated annealing, require diverse correc-
tive relaxations, both within the same specific system, e.g.
V2R–I complexes, and among the systems. The lowest-
energy pairs of three receptor complexes exhibit a
noticeable common behavior for the V1aR–I and OTR
complexes only in the simulations, and even less common
behavior among the three different receptor–ligand sys-
tems. We believe it would be premature to attribute any
functional significance to these differences.

An outlook view of the complexes in the top Figs. 2
and 3 indicates that in relaxed receptor–I complexes the
ligand typically assumes fairly extended conformations.
In the V2R–I complexes, Fig. 2, the ligand in one
complex faces the viewer with a side opposite to that in
the other. This is not the case for the V1aR–I complexes,
Fig. 3 top, in which the ligand is oriented in its pocket
uniformly and similarly to the right-hand V2R–I com-
plex, although it is significantly reconfigured. Both OTR–
I complexes, in turn, are again different in the overview.
While in the left one the ligand occupies its pocket in a
manner somewhat similar to its left V2R–I counterpart,
(compare Figs. 2 and 4 top left), in the other one it is more
folded and placed shallower in the receptor than in any
other complexes. In extension to the overviews in Figs. 2,
3 and 4 top, the details of the receptor–ligand interactions
are given in Table 3.

Among the three receptors, the interacting set of amino
acid residues is most extensive in V1aR, e.g. for TM2 five
residues in V1aR versus two in V2R and one in OTR; for
TM6 four residues in V1aR versus two in V2R and two in
OTR; for TM7 eight residues in V1aR versus seven in
V2R and four in OTR; see Table 3. Moreover, in TM3
and TM7, where comparable numbers of interactions (in
V1aR versus V2R) are identified, they come from only
partially overlapping regions in the respective TM
helices, see Table 3 and Figs. 2, 3 and 4 top. Hence,
these differences in TM2, TM6 and TM7 could possibly
explain the selectivity of the I to V1aR against V2R and
OTR. Interestingly, these data seem to be in general
agreement with a study using a photoactivatable analog of
the same linear V1aR antagonist. [29] The agreement
especially concerns a seemingly prominent role of V1aR
TM2 and TM7 in binding the ligands (e.g. compare
Table 2 in [29] with Table 3 in this work).

In the centers of V1aR and V2R TM1 E1.35 (consen-
sus notation [30]) and TM2 Q2.61 interact with R6 and
R8 of the ligand, respectively. The most important
interaction seems to be between TM2 Q108(2.61) from
V1aR and ligands R6. This interaction is present in both
relaxed V1aR complexes and in one V2R complex. There
are two small cavities in the rhodopsin structure on its
extracellular side [18] and a big one in the place occupied
by11-cis-retinal in the dark rhodopsin. [4] In the equiv-
alent place of V1aR, see Fig. 3, we observe a strong
hydrophobic interaction between TM6 Y300(6.44) and
W304(6.48) with the OH–Phaa group. These interactions
are also present in V2R and OTR, involving only
Y280(6.44) and W288(6.48), respectively, but not both
residues, contrary to V1aR. Furthermore, only in V1aR

the ligand almost ideally fits this place, thus providing
another argument for 4-OH-phenylacetyl-D-Y(Me)FQN-
RPR-NH2 selectivity to V1aR.

The results obtained are preliminary and the suggested
interactions should be considered only as starting hy-
potheses for the experimental studies, which would
confirm or disprove them. Given that many aspects of
mechanisms of GPCR action are still unsolved, the results
of the docking simulations may be considered as tips for
experimental research, especially in site-directed muta-
genesis analysis and the search for amino acid residues
responsible for drugs activities.
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