
Journal of Peptide Science
J. Peptide Sci. 2006; 12: 180–189
Published online 22 August 2005 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.714

Analysis of interactions responsible for vasopressin binding to
human neurohypophyseal hormone receptors – molecular
dynamics study of the activated receptor–vasopressin–Gα

systems
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Abstract: Vasopressin (CYFQNCPRG-NH2, AVP) is a semicyclic endogenous peptide, which exerts a variety of biological effects
in mammals. The main physiological roles of AVP are the regulation of water balance and the control of blood pressure and
adrenocorticotropin hormone (ACTH) secretion, mediated via three different subtypes of vasopressin receptors: V1a, V1b and
V2 receptors (V1aR, V1bR and V2R, respectively). They are the members of the class A, G-protein-coupled receptors (GPCRs).
AVP also modulates several behavioral and social functions. In this study, the interactions responsible for AVP binding to
vasopressin V1a and V2 receptors versus the closely related oxytocin ([I3,L8]AVP, OT) receptor (OTR) have been investigated.
Three-dimensional models of the activated receptors were constructed using multiple sequence alignment, followed by homology
modeling using the complex of activated rhodopsin with Gtα C-terminal peptide of transducin MII-Gt(338-350) prototype as a
template. AVP was docked into the receptor-Gα systems. The three lowest-energy pairs of receptor-AVP-Gα (two complexes per
each receptor) were selected. The 1-ns unconstrained molecular dynamics (MD) of complexes embedded into the fully hydrated
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) lipid bilayer was conducted in the AMBER 7.0 force field. Six relaxed
receptor-AVP-Gα models were obtained. The residues responsible for AVP binding to vasopressin receptors have been identified
and a different mechanism of AVP binding to V2R than to V1aR has been proposed. Copyright  2005 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

The vasopressin V1a, V1b and V2 receptors (V1aR,
V1bR and V2R, respectively) belong to the class A,
G-protein-coupled receptors (GPCRs) and mediate the
cellular actions of the neurohypophyseal hormones:
arginine vasopressin (CYFQNCPRG–NH2, AVP) and to a
lower degree, oxytocin ([I3,L8]AVP, OT) [1–4]. V1aR,
V1bR and V2R along with the OT receptor (OTR)
constitute the neurohypophyseal hormone receptors
subgroup of class A [1]. The neurohypophyseal hor-
mone receptors share a high degree (35–50%) of
sequence identity (Figure 1) and exhibit certain con-
served sequence motifs [5]. Accordingly, they display
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related pharmacological profiles [6], which is in accord
with the similarity of chemical structure of their endoge-
nous ligands AVP and OT. On a molecular level, both
hormones are nonapeptides with a disulfide bridge,
which results in a 20-membered N-terminal tocin ring
Cys1–Cys6 and a C-terminal α–amidated linear tripep-
tidic tail. Their peptide sequences differ only in the
amino acids at positions 3 and 8. Arg8 is crucial for
interaction with vasopressin receptors, while Ile3 for
stimulation of OTR [7]. The difference in the polar-
ity of amino acids in these positions is critical for
selectivity and interaction with the respective receptors
[1]. In Table 1, experimental affinities of AVP and OT
toward the respective receptors are specified [8]. V1aR,
located in the vascular smooth muscle are responsible
mainly for increase of blood pressure and mediation of
remaining physiological functions of AVP [9,10], with
the exception of those mediated via V1bR and V2R.
The latter is found in the collecting duct (CD) of the
kidney, where it mediates the antidiuretic effect of
vasopressin: water reabsorption and concentration of
the urine [11,12]. The V1b (also termed V3) pituitary
receptor, not a subject of this work, controls adrenocor-
ticotropin hormone (ACTH) secretion and AVP actions
in the central nervous system [13,14]. OTR is involved
mainly in the control of labor and lactation [15–17].
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Figure 1 Primary sequence alignment of the human neurohypophyseal hormone receptors (OTR, V1aR and V2R), and bovine
rhodopsin, done using the Multalin program [19]. The putative transmembrane helices 1–7 are underlined. The conservative
residues, indicative of high-level similarity within the subfamily, are shown in black while those with lower-level similarity are
shown in gray [17]. The ‘N’50 residues are marked with an arrow [20].

Table 1 Experimental affinities of AVP and OT
toward respective receptors. The affinity values are
given in the IU/mg [8]

V2R V1aR OTR

AVP 465 412 17
OT 5 5 450

Furthermore, interacting with the respective receptors,
both AVP and OT play a role in many reproductive,
behavioral and social functions [18].

Neurohypophyseal hormone receptors, being typical
members of class A GPCR, are membrane-spanning
proteins consisting of seven transmembrane helices
(TM1–TM7), connected by alternating extracellular (EL)
and intracellular (IL) loops. Their sequences begin with
extracellular N-terminus and end with the cytoso-
lic C-terminus [21–23]. The crystal structure of the
most studied class A member, the inactive bovine
rhodopsin (‘dark’ rhodopsin, RD) was published in
2000 [21], providing the first structure of a GPCR
at atomic resolution. It is an agreement in regard to
3D-structural homology within heptahelical transmem-
brane domain (7TM) among Class A of GPCR, thus

RD makes a good structural template for other family
members [23–28]. GPCRs are functionally coupled to
heterotrimeric G-proteins (guanine nucleotide-binding
protein) composed of three subunits, termed α, β and
γ and being classified into four families: Gs, Gi, Gq
and G12 [29,30]. V1aR, V1bR and OTR are linked to
Gq/11 protein that stimulates the activity of phospho-
lipase C, whereas V2R is coupled to the Gs protein
that stimulates adenylyl cyclase [1,2]. On the molecu-
lar level, if the agonist binds to a GPCR, the receptor
gets activated by undergoing an allosteric rearrange-
ment that allows an accommodation of interacting
fragments of a cytosolic G-protein at the receptor–G-
protein interface. GPCRs are targets of more than 50%
of all therapeutically used drugs. Hence, understand-
ing how the interaction with agonist differs from that
with antagonist and identification of GPCR activation
mechanism are fundamental problems in the ratio-
nal drug design [24,31–33]. It has been known that
vasopressin receptors are involved in a number of
pathological conditions, thus the ligands capable of
selective stimulation or blockade of the respective vaso-
pressin receptors may present therapeutic benefit in a
variety of diseases [34–38]. Unfortunately, the molec-
ular mechanism of GPCR activation is still unknown,
although some of its aspects are generally accepted. In
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the case of RD, it is known that activation involves a
movement of the TM6, TM7 and TM2 cytosolic halves,
with accompanying loop fragments, outside of the 7TM
bundle [39,40]. This dislocation of the cytosolic side of
TM6 is in addition accompanied by its clockwise (when
viewed from the cytosol) rotation [39]. These conforma-
tional rearrangements eventually result in conversion
from rhodopsin to meta rhodopsin (Meta II, MII). It is
also known that the C-terminal peptides Gtα(340–350)
[41,42] and Gtγ (60–72)farnesyl [43] of transducin α and
γ segments, respectively, independently stabilize Meta
II [44–46]. Gtα(340–350) makes an α-helical extension
of the last α5 Gtα helix, potentially fitting into the MII
cavity on its cytosolic side [47–49]. Thus it was pro-
posed that in any class A receptor–G-protein system, an
agonist-induced rearrangement takes place, involving
conservative residues of both parts in a set of consensus
interactions [49]. Accordingly, the low-resolution model
of the MII monomer docking Gtα(338–350) was used in
our former study [50] as the template for construction
of three-dimensional models of activated models of V2R,
V1aR and OTR complexing suitable interacting Gα frag-
ments. The equivalent receptor–Gα-segment models are
used in the present work for AVP docking, subsequent
molecular dynamics (MD) simulation in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) bilayer
and identification of the putative AVP binding sites.

METHODS

Parameterization and Model Building

Nonstandard amino acid residues and other structure
fragments were parameterized as recommended in the
AMBER 7.0 manual [51]. Specifically, the point atom charges
were fitted by applying the RESP procedure [52,53] to the
electrostatic potential calculated in the 6–31 G* basis set
using the program GAMESS98 [54]. The three-dimensional
model of AVP was constructed via homology modeling, using
the coordinates of pressinoic acid [55] and the BIOPOLYMER

module of SYBYL package [56]. The three-dimensional models
of activated neurohypophyseal hormone receptors (V2R, V1aR
and OTR) and the C-terminal fragments of suitable Gα

necessary to keep the receptor in activated state were
constructed as described previously [50], using the model of
MII–Gtα (338–350), being the appropriate modification of the
X-ray RD structure [49] as a template.

Docking and MD Simulation

AVP was docked to the V2R–Gs(382–394), V1aR–Gq/11
(347–359) and OTR–Gq/11(347–359) systems, using a
modified genetic algorithm as implemented in the program
AUTODOCK [57,58], for details see [59–61]. The constrained
simulated annealing (CSA) protocol in vacuo for 15 ps [62,63]
and energy minimization with positional constrains on Cα

atoms in 7TM to retain the receptors shape in homology
to MII, were done. Two lowest-energy systems per each
receptor–ligand–Gα-segment were chosen and consequently

six selected complexes were inserted into the fully hydrated
POPC bilayer model [64,65] and submitted to the MD
simulation, carried out in AMBER 7.0 force field [51], following
the same conditions (periodic box components) as described
previously [50]. MD was performed using the particle-mesh
Ewald (PME) electrostatic summation [66–68] and the OPLS
united atom parameters were applied for all components of
the each receptor–ligand–Gα-segment system [69]. The flat-
bottom soft harmonic-wall restraints were imposed onto the
ϕ, ψ and ω peptide angles of the 7TM amino acid residues to
avoid unfolding or any other unwanted modifications of the TM
helices. In accordance with the former AMBER protocol [50], the
positional TM Cα constraints were used exclusively for the first
100 ps of the simulation during heating the system from 0 to
300 K, to prevent the helices from perturbation. From 100 ps
to 1000 ps, free MD simulation without positional constraints
was carried out. In the final step, the energy minimization of
the 1-ns MD snapshots in AMBER 7.0 [51], was done.

Residue Indexing

For the convenience of reading, the AVP residues are identified
using three letter codes with the indices in parentheses,
e.g. Phe(3), while the receptors residues are identified
using one letter codes with the universal class A indices
(Ballesteros–Weinstein numbering scheme [20]) placed as
superscripts, followed by the absolute numbers, e.g. V2R
Q4.66180 or by absolute numbers of respective (V2R, V1aR,
OTR) receptor residues e.g. W6.48(284, 304, 288) describing
the interactions of conservative residues. Briefly, in the
Ballesteros–Weinstein scheme, the specific residue number
defines a position relative to the most conserved residue in
the TM helix ‘N’, which is assigned the number ‘N’50. For
example, Q4.66180 indicates a residue in TM4, located 16
residues to W4.50164, which is the most conserved residue in
TM4. Residues placed in loops are identified with one letter
code, followed only by the residue absolute number, e.g. EL2
E198.

Abbreviations of the Complexes Names

In the Results section describing receptor–ligand interactions,
in the three-component names of complexes, e.g. ‘the
receptor–AVP–Gα -segment’, the clause ‘Gα-segment’ will be
omitted for better legibility of the text.

RESULTS AND DISCUSSION

Analysis of Receptor–AVP Interactions

After MD simulation, six relaxed receptor–AVP com-
plexes have been obtained. One complex per each
receptor, that of lower energy in any pair, was finally
selected for further detailed examination. The recep-
tor amino acid residues comprising the putative AVP
binding pocket were selected using the distance crite-
rion, according to which receptor residues any atom of
which was not farther than 3.5 Å from any atom of AVP
residues were tentatively selected. Subsequently, all
receptor residues not involved in any interaction were
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Table 2 List of the V2R, V1aR and OTR residues, involved in
the interactions with AVP

TM ‘N’domain V2R V1aR OTR Universal
numberinga

TM1 — E54 E42 1.35

TM2 V88 V100 V88 2.53
Q92 Q104 Q92 2.57
Q96 Q108 Q96 2.61

TM3 — V127 — 3.28
Q119 Q131 Q119 3.32
M120 V132 V120 3.33
M123 M135 M123 3.36
Y124 — F124 3.37
S127 — T127 3.40

TM4 Q174 Q185 Q171 4.60
Q180 — — 4.66

TM5 R202 — — 5.35
— — I201 5.39

I209 — I204 5.42
— I224 — 5.46

F214 F225 Y209 5.47

TM6 W284 W304 — 6.48
F287 F307 F291 6.51
Q291 Q311 Q295 6.55

TM7 F307 I330 F311 7.35
— T333 V314 7.38

M311 A334 M315 7.39
— — A318 7.42
— — S319 7.43

N317 N340 — 7.45

EL2 R181 I192 —
— N196 —
— T198 —
— K199 —

T190 R201 F185
D191 — W188

— — —
E198 — —

a Ref. 20.

omitted after visual inspection. The remaining residues
were proposed as interacting with AVP (Table 2 and
Figure 2).

Changes in the Receptor Structures During Molecular
Dynamics

All receptor-AVP complexes remained stable during
1-ns unconstrained MD simulation, and there were
no significant conformational changes of the receptor
structures. The root mean square deviations (RMSd)
measured on the all atoms/Cα atoms of the 7TM were:
2.64 Å/2.04 Å for V2R, 2.56 Å/1.71 Å for V1aR and
3.04 Å/2.37 Å for OTR. The RMSd changes during MD
are presented in Figure 3. The higher RMSd for OTR

might result from fewer than V2R or V1aR strong recep-
tor–ligand interactions contributing to the stability of
the receptor–ligand complex. Conversely, the higher
RMSd for V2R during the MD simulation with OT was
observed in our former work [50].

Ligand Location and Conformation Inside the
Binding Pockets

AVP binding pockets are formed mainly within
TM2–TM7, except the only TM1 residue E1.35 (–, 54,
42) interacting with the ligand in V1aR and OTR (see
the following text). The location of AVP is vertical (par-
allel to the longer axis of the receptor) in V2R and V1aR
contrary to the location in OTR, where the ligand posi-
tion is rather horizontal (perpendicular to the longer
axis of the receptor), (Figure 2). It is remarkable that
the ‘horizontal’ OT location in the same receptors has
been observed, as described in our former work [50].
Correspondingly, the conformation of AVP molecule is
different in each receptor, as one may see in Figure 4,
where the superposition of AVP structures before and
after MD is presented. The location of AVP in all recep-
tors did not change significantly during MD, nor did the
conformation of its side chains; thus RMSd measured
on the all atoms/Cα atoms of AVP were: 1.67 Å/0.57 Å
in V2R, 1.51 Å/0.64 Å in V1R and 1.445 Å/0.54 Å in
OTR. In V2R, two aromatic rings of AVP Tyr(2) and
Phe(3) are exactly parallel and may interact strongly
with each other. It is noticeable that this orienta-
tion resulted only from unconstrained MD simulation,
reflecting relaxation and better-fitting ligand into the
receptor cavity. Both Tyr(2) and Phe(3) are situated on
the edge of the ligand outside the macrocyclic ring,
whereas in V1aR the Phe(3), dislocation over the tocin
ring toward disulfide bridge results in reduction of an
aromatic interaction with Tyr(2). However, in this com-
plex also, both aromatic rings are located more parallel
in AVP conformation after MD. It has been proposed
that orientation of the Tyr(2) side chain determines neu-
rohypophyseal hormone receptors activation and signal
transduction [70], therefore parallel Phe(3) to Tyr(2) ori-
entation as described may in addition stabilize extended
location of the latter in V2R. Furthermore, the stabil-
ity for AVP conformation in V2R is provided via two
hydrogen bonds between peptide backbone as in the
crystal structure of deamino-oxytocin, where the same
β-turn is formed [71]. Therefore, Asn(5) carbonyl oxygen
and amide proton interacts with the Tyr(2) amide proton
and carbonyl oxygen, respectively. In V1aR the γ -turn is
formed, and stabilization results from hydrogen bonds
formed by Gln(4) amide proton and Tyr(2) carbonyl
oxygen. Moreover, in V2R side chain, amide proton of
Gln(4) is involved in a hydrogen bond with Cys(1) car-
bonyl oxygen, while the main chain Gln(4) carbonyl
oxygen interacts with Cys(1) amino group in the V1aR.
For this reason, in V2R the carboxamide of the Gln(4) is
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Figure 2 Representation of the AVP binding pocket in neurohypophyseal hormone receptors. Panel A – V2R, Panel B – V1aR,
Panel C – OTR. The TM helices are colored from blue (TM1) to red (TM7). On the left, the location of ligand inside the binding
cavities is shown. The several helices are made thinner and the intracellular loops omitted for clarity. On the right, the binding
amino acid residues are marked and their side chains exposed, they are colored in harmony with TM colors, while the EL2
residues are gray.

folded back over the ring moiety in an opposite way to
its location in V1aR, where it is extended away from the
macrocyclic ring and strongly exposed for interactions
with the receptor. In both AVP conformations, in V2R

and V1aR, Asn(5) not involved in any intramolecular
hydrogen bonds are accessible for interaction with the
receptor, more in V1aR than in V2R, where the Asn(5)
side chain is slightly bent toward the macrocyclic ring.
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Figure 3 Representation of the RMSd changes observed
during MD. For details, see the Results section.

Figure 4 Stereodiagrams of superimposition of the AVP
conformations inside the respective receptors before (gray)
and after (black) MD. Panel A – V2R; Panel B – V1aR; Panel
C – OTR.

AVP conformation in OTR differs from those in
V2R and V1aR. The macrocyclic ring is stabilized
by several hydrogen bonds; thus amide proton and
carbonyl oxygen of Cys(6) form hydrogen bonds with
the carbonyl oxygen and the N-terminal amine proton of
Cys(1), respectively, and the carbonyl oxygen of Phe(3)

is involved in a hydrogen bond with the amide proton of
Asn(5). The major difference is found in the orientation
of aromatic side chains of the Tyr(2) and Phe(3). They
are both perpendicular to the plane of the macrocyclic
ring and situated on the opposite sides of the latter.
Thus, there is no chance for a stacking interaction (see
earlier section) that might stabilize the orientation of
Tyr(2) side chain, typical of active complex. Moreover,
hydrogen bonding between Tyr(2) hydroxyl and Asn(5)
carboxamide proton has been observed. In addition,
Asn(5) carboxamide location is stabilized via another
hydrogen bond formed with the amide proton of
Cys(6). As a result, the Asn(5) carboxamide is less
accessible for interacting with receptor, in contrast to
full accessible carboxamide of Gln(4). Furthermore, in
all three complexes, AVP Arg(8) and GlyNH2(9) side
chains are not involved in any intramolecular hydrogen
bonds, thus they are well exposed and may interact with
the receptor cavity residues. Described differences in
the AVP conformation inside the vasopressin receptors
versus OTR, especially location of side chains crucial
for interaction with the receptors, might help explain
significant differences in receptor–ligand affinities (see
Table 1).

Highly Conserved 7TM Residues Stabilize Activated
Receptor–AVP Complexes

All three receptor–ligand complexes are stabilized by
networks of interactions involving the highly con-
served Gln residues (for all interactions see Figure 3
and Table 2): Q2.57(92, 104, 92); Q2.61(96, 108, 96);
Q3.32(119, 131, 119); Q4.60(174, 185, 171), Q6.55(291,
311, 295) appearing to be most important anchors
keeping the ligand inside the binding site. In the
V2R–AVP complex, as many as three conserved Gln
residues: Q3.32119, Q4.60174 and Q6.55291 form hydro-
gen bonds with the AVP Asn(5) simultaneously, hence
they seem to be especially important for AVP bind-
ing. Thus, the Q3.32119 and Q4.60174 carboxamides
interact with the carboxamide of Asn(5). Another hydro-
gen bond is observed between the carboxamide of
Q6.55291 and the main chain carbonyl of Asn(5). More-
over, the Q6.55291 carboxamide interacts also with
the Phe(3) main chain carbonyl. The remaining con-
served Q2.5792 and Q2.6196 are also involved in hydro-
gen bonding via their carboxamides and interact with
the N-terminal amino group of Cys(1). However, these
interactions do not appear to be crucial for bind-
ing, since it has been confirmed that the N-terminal
amine is not required for agonist binding [72,73].
In the V1aR–AVP complex, hydrogen bonds involv-
ing Q3.32131 and Q6.55311 are formed between the
carboxamides of the latter and the main chain car-
bonyl of Pro(7) and amide proton of Asn(5), respec-
tively. However, the most important interaction is a
strong hydrogen bond formed by the carboxamide
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of Q2.61108 and positively charged guanidino group
of Arg(8). Similar interaction is also observed in the
OTR–AVP complex, where two conserved Gln residues
Q2.5792 and Q2.6196 interact with the same Arg(8)
guanidino group via their carboxamides. Furthermore,
in this complex also two hydrogen bonds have been
observed: that between the Q3.32119 carboxamide and
the main chain carbonyl of Asn(5), and between the
Q4.60171 and Gln(4) carboxamides. Described interac-
tions involving conserved Gln residues appear to be
crucial to stabilize the activated receptor–agonist com-
plexes. It is remarkable that exactly the same residues
were identified by mutagenesis studies as responsi-
ble for binding neurohypophyseal hormones and their
analogs to rat vasopressin V1a receptor [74]. More-
over, possible contribution of highly conserved Gln
residues for binding of OT to human neurohypophy-
seal hormone receptors was proposed in our former
study [50]. Besides Gln residues, in all three com-
plexes, three other conservative residues: V2.53(88, 100,
88), M3.36(123, 135, 123) and F6.51(287, 307, 291)
seem to be more weakly involved in stabilization of
the receptor–ligand complexes, similar to W6.48(284,
304, – ) appearing exclusively in the complexes with
vasopressin receptors.

Furthermore, one more conserved residue N7.45(317,
340, – ) interacts with AVP only in V2R and V1aR. In
both complexes, the carboxamide of N7.45(317, 340, – )
forms a hydrogen bond with the hydroxyl of Tyr(2) and
this strong interaction does not occur in the OTR–AVP
complex, as a result of dissimilar AVP location. It
is possible that the described interaction might play
a significant role in the receptor activation and in
stabilization of the complex with an agonist. It has
been experimentally demonstrated that the deletion
or substitution of the Tyr(2) hydroxyl results in the
decrease of the agonistic properties of both AVP and OT
analogs [75].

In contrast, only in the V1aR and OTR, but not
in V2R, one strong interaction occurs, consisting
of a salt bridge between the carboxyl of E1.35 ( – ,
54, 42) and Arg(8) guanidinium. In the V2R–AVP
complex, Arg(8), considered as mostly involved in
the receptor–AVP selectivity [1,7], interacts with the
completely different part of the receptor (see the
following text).

Nonconserved 7TM and EL2 Residues Control AVP
Selectivity

Among the nonconserved 7TM residues that interact
with the ligand in V2R, Q4.66180 appears to be
important for V2R–AVP selectivity. The carboxamide of
Q4.66180 forms a hydrogen bond with the carboxamide
of AVP Asn(5). It is a significant interaction in view
of the fact that in the equivalent positions in both
V1aR and OTR, the hydrophobic residues (Met and

Leu, respectively) occur. Another hydrogen bond can
be observed between R5.35202 amide proton and the
carbonyl of Gly(9). The most important interaction
involving EL2 residues that appears exclusively in
the V2R–AVP complex is the salt bridge between
guanidinium of Arg(8) and carboxyls of D191 and
E198 in EL2, simultaneously. In addition, in the
V2R–AVP complex, the hydrogen bond between the
R181 guanidinium and Asn(5) carboxamide can be
observed, while in the V1aR, similar hydrogen bond
is formed between R201 and Asn(5) main chain
carbonyl. Moreover, in the complex with V1aR, two
other hydrogen bonds can be observed, formed between
the C-terminal carboxamide of AVP and the EL2
N196 carboxamide and T198 main chain carbonyl,
simultaneously. However, another strong interaction
that might be involved in the V1aR–AVP selectivity
is the hydrogen bond between the T7.38333 hydroxyl
and the carboxamide of the AVP Gln(4). It had
been experimentally proved that substitution of Gln(4)
significantly reduced binding affinity toward V1aR,
but not toward V2R [76,77]. In addition, T7.38333
had been proposed as the residue controlling the
V1a/V2 binding selectivity for vasopressin antagonists
[78]. For these reasons, the Gln(4)–T7.38333 interaction
seems to play a key role in binding selectivity
for V1aR.

In the OTR–AVP complex, strong and selective
interactions as those in the complexes with V2R and
V1aR do not occur. Specifically, an important hydrogen
bond is formed between the nonconserved T3.40127
hydroxyl and the Tyr(2) phenol group. Moreover, there
is a possibility of forming a hydrogen bond between two
main chain groups in EL2 only: the Gly(9) carbonyl and
the EL2 F185 amide proton. Furthermore, the aromatic
ring of the latter weakly interacts with the aromatic
ring of Phe(3). Remarkably, this EL2 F185 residue was
proposed in our earlier work as partially responsible for
OTR–OT selectivity [50].

CONCLUSIONS

From the results presented in this study, we consider
the highly conserved residues: Q2.57, Q2.61, Q3.32, Q4.60,
Q6.55 as main structural elements stabilizing complexes
with AVP, thereby keeping the receptor in the active
form in all investigated receptors, analogous to the
scheme proposed for complexes with OT [50]. In the
majority of stabilizing interactions in which Asn(5)
takes part, it might be the crucial handle point in any
neurohypophyseal hormone receptor–agonist complex.
It has been demonstrated that the substitution of Asn(5)
results in the loss of agonistic properties [79]. Moreover,
the Gln(4) residue seems to be essential for agonist
binding in V1aR in accordance with the experimental
data [76,77]. Most of the receptor–AVP interactions
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identified in this study are hydrogen bonds or salt
bridges, as a result of AVP polarity. Essentially, any
hydrophobic interactions significantly affecting ligand
binding are not observed, except for a weak EL2
F185–Phe(3) interaction in OTR. In any receptor, there
is no strong aromatic stacking interaction with the
TM6 aromatic cluster as observed in the complexes
of the same receptor with OT antagonists atosiban
and barusiban [60,80,81]. It is also in harmony with
the experimentally demonstrated fact, that replacement
of aromatic TM5 and TM6 residues has no effect
on AVP binding in V1aR [78]. Concluding, the lack
of strong aromatic agonist–receptor interactions in
AVP–receptor complexes might confirm the hypothesis
that the TM6 cluster of aromatic residues is involved
in stabilization of an inactive state of the receptor
as proposed for thyrotropin-releasing hormone (TRH)
receptor [82].

In both V2R and V1aR, Arg(8) guanidinium forms
strong salt bridges, yet in V2R it interacts with two EL2
acids D191 and E198, whereas in V1aR, it does with
E1.35(54). These residues located close to extracellular
domain might be crucial for AVP recognition, interacting
before or during its entry inside the binding pocket.
Within the TM domain, the nonconserved residues
Q4.66180 and T7.38333 (in V2R and V1aR, respectively)
appear to be most important for the receptor–AVP
selectivity. This might suggest a slightly different
mechanism of AVP binding to V2R versus V1aR.
Consequently, similarity of the interactions identified
in the V1aR and OTR (as a salt bridge with E1.35) is
probably a result of a high-degree sequence identity
between these two receptors that is higher than between
any of the former and V2R. In fact, the interactions
occurring in the OTR–AVP complex were formed during
the simulation (docking and MD), but it is obvious
that in reality AVP binds to OTR with a small affinity
(Table 1).

In summary, the vasopressin receptors are important
targets for drug development; therefore identification of
residues responsible for AVP binding described in this
paper might guide the rational design of both selective
agonists and antagonists useful in several pathological
conditions.
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