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Abstract: The neurohypophyseal hormone oxytocin (CYIQNCPLG-NHjy, OT) is involved in the control of labor, secretion of milk
and many social and behavioral functions via interaction with its receptors (OTR) located in the uterus, mammary glands and
peripheral tissues, respectively. In this paper we propose the interactions responsible for OT binding and selectivity to OTR versus
vasopressin ([F3,R8]OT, AVP) receptors: V1aR and V2R, all three belonging to the Class A G protein-coupled receptors (GPCRs).
Three-dimensional models of the activated receptors were constructed using a multiple sequence alignment and the activated
rhodopsin-transducin (MII-Gt) prototype [Slusarz and Ciarkowski, 2004] as a template. The 1 ns unconstrained molecular
dynamics (MD) of three pairs of receptor-OT complexes (two complexes per each receptor) immersed in the fully hydrated
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) lipid bilayer was conducted in the AMBER 7.0 force field. The relaxed
models of ligand-receptor complexes were used to identify the putative binding sites of OT. The stabilizing interactions with
conserved Gln residues in all complexes were identified. The nonconserved hydrophobic residues were proposed as responsible
for OTR-OT selectivity and ligand recognition. These results provide guidelines for experimental site-directed mutagenesis and if
confirmed, they may be helpful in designing new selective OT analogs with both agonistic or antagonistic properties. Copyright

© 2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The neurohypophyseal nonapeptide oxytocin (CYIQN-
CPLG-NH,, OT) synthesized in the paraventricular and
supraoptic nuclei of the hypothalamus is transported
from the magnocellular neurons to the posterior lobe
of the pituitary where it is released into the general
circulation [1,2]. Partial OT synthesis has been found
in the uterus, placenta, corpus luteum, testes and the
amnion of various species [3]. OT has a disulfide bridge,
which results in an N-terminal tocin ring Cys1-Cys6
and a C-terminal linear tripeptidic tail. The major
physiological function of OT is to induce contractions of
uterine smooth muscle and mammary myoepithelium;
moreover, OT plays a crucial role in many reproductive,
behavioral and social functions [4-9]. OT receptors
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(OTR) are found in the membranes of the uterine
smooth muscle cells and myoepithelial cells around
the milk ducts and alveoli in the mammary glands
as well as in other peripheral tissues [5,10-13]. OTR
belongs to the Class A G protein-coupled receptor family
(GPCR) [14,15] and is included in the neurohypophyseal
hormone receptor subgroup, along with the arginine
vasopressin ([F3,R8]OT, AVP) receptor subtypes (V1aR,
V1bR and V2R respectively) [10,16-18]. The peptide
sequences of AVP and OT differ only in the amino
acids at positions 3 and 8. Ile in position 3 and Arg
in position 8 are crucial for stimulation of OTR and
for interaction with vasopressin receptors respectively
[19]. The difference in the polarity of these amino
acid residues is supposed to enable either hormone to
interact with the respective receptors [10]. In Table 1,
experimental affinities of OT and AVP toward the
respective receptors are given [20].

The largest and best studied Class A of GPCR
attains sequence similarity up to 20% within the
heptahelical transmembrane domain (7TM) [21] and
includes rhodopsin (RD), i.e. the only GPCR with
resolved structure on atomic resolution (for inactive
‘dark’ bovine RD) [22]. It is an agreement regarding
3D-structural homology within 7TM among Class A
of GPCR; thus, RD makes a good structural template
for other family members [23-28]. GPCRs transduce
messages as different as photons, Ca?*, odorants,
nucleotides, nucleosides, peptides, lipids and proteins
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Table 1 Experimental affinities of OT and AVP
toward respective receptors. The affinity values are
given in the IU/mg [20]

OTR Vl1aR V2R
oT 450 5 5
AVP 17 412 465

[29]. They occupy almost 3% of the human genome [30]
and mediate actions of more than 50% of drugs on the
market [31,32]. GPCRs are transmembrane proteins
consisting of seven hydrophobic transmembrane o-
helices (TM) successively connected with alternating
extracellular (EL) and intracellular (IL) hydrophilic
loops, beginning with an extracellular N-terminus
and ending with a cytosolic C-terminus [22,28,33].
Although the molecular mechanism of GPCR activation
is unknown, some of its aspects are generally accepted.
In the case of RD, the mechanism of activation involves
movement of the TM6, TM7 and TM2 cytosolic halves,
with accompanying loop fragments, outside of the
7TM bundle [34,35]. The mentioned dislocation of the
cytosolic side of TM6 is additionally accompanied by
its clockwise (viewing from the cytosol) rotation [34].
It seems that activation of a GPCR is associated
with an allosteric rearrangement in order to open
the cavity on the receptor cytosolic side that is
capable of accommodating interacting fragments of
a guanine nucleotide-binding protein (G protein) at
the receptor—G protein interface. The heterotrimeric G
protein consists of three subunits, termed «, 8 and y
[36,37]. It is known that the C-terminal peptides Gt,
(340-350) [38,39] and Gt, (60-72) farnesyl [40] of the
a and y segments, respectively, independently stabilize
activated rhodopsin (Meta II, MII) [41-43]. The Gt, C-
terminal fragment makes an «-helical extension of the
last «b helix, potentially fitting into the MII cavity on
its cytosolic side [44-46]. Thus, it was proposed that
in any receptor—G protein system, an agonist-induced
rearrangement occurs, involving conservative residues
of both parties in a set of consensus interactions
[46]. The low-resolution model of the MII monomer,
which had Gt,(338-350) docked was used in this
study as the template for construction of three-
dimensional models of activated neurohypophyseal
hormone receptors - OTR, V1aR and V2R. OTR and
Vl1aR are functionally coupled to the Gq/11 protein
that stimulates the activity of phospholipase C, whereas
V2R stimulates the Gs protein, resulting in the
activation of adenylyl cyclase [6,12]. The models of
OTR, Vl1aR and V2R, respectively, along with suitable
interacting G, fragments were used to determine
the OT binding site, as described in the following
text.
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MATERIALS AND METHODS

Parameterization and Building of the
Receptor-Ga-OT Models

Nonstandard amino acid residues and other structure
fragments were parameterized as recommended in the
AMBER 7.0 manual [47]. Specifically, the point atom charges
were fitted by applying the Resp procedure [48,49] to the
electrostatic potential calculated in the 6-31G* basis set using
the program GamEss [50].

The three-dimensional model of OT was built using the
coordinates of pressinoic acid [51] and the BioPoLYMER module
of the SyByL package [52].

The three-dimensional models of activated neurohypophy-
seal hormone receptors (OTR, V1aR and V2R) were built
by (i) applying a multiple sequence alignment [53] for RD,
OTR, V1aR and V2R, respectively (Figure 1) and subsequently
(i) using the previously described 3D model of MII-Gt,
(838-350), which is the appropriate modification of the X-ray
RD structure [46] as the template. The computer mutations,
insertions and/or deletions necessary to obtain proper recep-
tor amino acid sequences were done using standard AMBER
7.0 tools [47] and the BioroLYMER module of SysyL [52]. Specif-
ically, the transmembrane RD residues were replaced with
the equivalent residues from the respective human neurohy-
pophyseal hormone receptor essentially on a one-to-one basis
(for specific residue substitutions see sequence alignment,
Figure 1). Missing extra- and intracellular loops as well as the
N- and the C-termini were added using the homology model-
ing/loop closure tool(s) again as implemented in the SyByL's
BiopoLYMER module [52]. The putative conservative disulfide,
coupling EL1 with EL2 [54], was set manually, resulting in the
Cys112-Cys192, Cys124-Cys203 and Cys112-Cys187 links in
V2R, V1aR and OTR, respectively. The C-terminal fragments of
appropriate G-proteins necessary to keep receptors in an acti-
vated state were modeled using the known structures of the G,
subunits of Gq/11 and Gs proteins (UniProt entries: 015975
for Gq/11 and P63092 for Gs) [55]. The C-terminal peptides
were manually docked into the receptor cavities analogous to
the cavity that binds Gt,(340-350) in the MII structure. Sub-
sequently, the systems were energy-minimized and relaxed
using the AMBER 7.0 force field [47]. The relaxed OTR model
presented in Figure 2 is superimposed with the structure of an
inactive OTR (modeled on the inactive RD template and used
in our former studies [56-59]).

Docking and MD Simulation

In the next step, OT was docked to the OTR-Gq/11(347-359),
V1aR-Gq/11(347-359) and V2R-Gs(382-394) systems, using
a modified genetic algorithm as implemented in the AutroDock
program [61,62]; details of the docking procedure were
described elsewhere [56,57,63]. Briefly, the populations of
3 x 150 complexes were generated. Relaxation of the com-
plexes using a constrained simulated annealing (CSA) protocol
in vacuo for 15 ps [64,65], followed by energy minimization,
with positional constrains on C* atoms in transmembrane
domain in order to maintain the receptors shape in homology
to MII was carried out. The two lowest-energy systems per
each OTR-Gq/11(347-359)-0OT, V1a-Gq/11(347-359)-OT
and V2-Gs(382-394)-OT complexes were chosen. Subse-
quently, these six selected complexes were inserted into the
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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 [53]. 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 [5]. The ‘N’50 residues are marked with an arrow [60]. As a result of not higher than 20% sequential homology among
class A GPCR, the mutations of residues in 7TM that are necessary to convert RD into OTR/V1aR/V2R reached 82/80/85%, or

165/165/172 residues, respectively.

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
membrane model [66,67] and submitted to the MD simulation
carried out in AMBER 7.0 force field [47], using particle-mesh
Ewald (PME) electrostatic summation [68-70]. The periodic
box of each complex consisted of 120 POPC lipid molecules
in two layers, about 3500 water molecules (slightly varying in
number, depending on the shape of individual receptors), and
CI™ counterions (to neutralize the charge of the complexes).
For all components of complexes, the OPLS [71] united atom
parameters were applied. The flat-bottom soft harmonic-wall
restraints were imposed onto the ¢, ¥ and » peptide angles of
the 7TM amino acid residues to avoid unfolding or any other
unwanted modifications of the TM helices. In accordance with
the standard AMBER protocol, the positional TM C* constraints
were used exclusively for the first 100 ps of the simulation
while heating the system from O to 300 K, to prevent the
helices from deformation at the initial steps of MD due to
heavy gradients at these steps. Finally, the energy minimiza-
tion of the 1 ns MD snapshots in AMBER 7.0 force field [47] was
done.

RESULTS

After MD simulation six relaxed receptor-Go-seg-
ment-OT complexes were obtained. One complex per

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

receptor, that of lower energy in any pair, was finally
selected for further detailed examination. The OT
residues are identified using three-letter codes with the
indices in parentheses, e.g. Tyr(2), while the receptor
residues are identified using one-letter codes with the
universal Class A indices [60] placed as superscripts,
followed by the absolute numbers, e.g. OTR V738314 or
by absolute numbers of respective (OTR, V1aR, V2R)
receptor residues, e.g. Q%%1(96, 108, 96) describing the
interactions of conservative residues. Residues placed
in loops are identified with one-letter codes, followed
only by the residue absolute number, e.g. EL2 E198.

According to this universal notation, the most con-
served residue in the TM helix ‘N’ is designated as a
reference ‘N.50’. Receptor amino acid residues interact-
ing with the ligand were identified using the distance
criteria. Thus, all amino acid residues where an atom
was not farther than 3.5A from any atom of OT
residues was considered as interacting with the latter.
Amino acid residues meeting these criteria are listed
in Table 2. The most essential interactions between OT
and the receptors (OTR, V1aR and V2R, respectively)
were characterized by visual inspection and they are
presented in Figure 3.

dJ. Peptide Sci. 2006; 12: 171-179
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Figure 2 Stereodiagrams of the activated OTR model (magenta) superimposed on the structure of inactive OTR (green). Panel
A - side view, parallel to the cell membrane; panel B — a view from the cytosolic side. The TM helices are marked. The C-terminal
segment of the Gt, subunit is presented as a ribbon. Both N- and C-termini as well as the loops, except of the IL3 are omitted for

clarity.

Conserved Polar Residues are Responsible for OT
Binding to Neurohypophyseal Hormone Receptors

The highly conserved (see sequence alignment,
Figure 1) receptor residues, Q257(92, 104, 92 for OTR,
V1aR, V2R, respectively), Q261(96, 108, -), Q332(119,
131, 119), Vv328(115, 127,-), K32°(116, 128, -),
M336(123, 135, 123), Q*%°(171, 185, -), F&51(291,
307, 287), Q5%5(295, 311, 291) L74°(316, 335, -) and
S743(319, 338, -), participate in the binding of OT
to all three investigated receptors or occur only in
complexes of OT with OTR and Vl1aR, but not V2R
(Table 2 and Figure 3). Therefore, Gln residues appear
to be especially important anchors keeping OT in active
conformation as well as in proper location inside the

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

binding site of the receptor. In the OTR-OT complex,
two Gln residues, Q%5792 and Q%55295, seem to be most
important for OT binding because they can interact with
more than one OT residue simultaneously (Figure 3).
The @%5792 is mainly interesting due to strong, double
interaction with the N-terminal tocin ring of OT. The
carboxamide of @*%792 may simultaneously form two
hydrogen bonds with the amino group of Cys(1) and
with the hydroxyl group of Tyr(2) in OT. The @Q%%5295
is also important because of its interaction with Ile(3).
There is a hydrogen bond formed between the car-
boxamide of Q555295 and the main chain carbonyl of
Ile(3), whereas the aliphatic side chain of Q555295 may
interact with OT Leu(8).

dJ. Peptide Sci. 2006; 12: 171-179
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Table 2 List of the OTR, V1aR and V2R residues, involved in
the interactions with OT

TM ‘N’domain OTR VlaR V2R Universal
numbering?
™1 E42 Eb54 — 1.35
T™2 V88 V100 — 2.53
Q92 Q104 Q92 2.57
Q96 Q108 — 2.61
T™3 V115 V127 — 3.28
K116 K128 — 3.29
Q119 Q131 Q119 3.32
V120 V132 M120 3.33
M123 M135 M123 3.36
F124 —_ Y124 3.37
T™4 Al67 L181 L170 4.56
— S182 — 4.57
Q171 Q185 — 4.60
S176 — — 4.65
L177 M191 Q180 4.66
TM5 — — R203 5.36
— Y216 — 5.38
— V217 V206 5.39
1204 M220 1209 5.42
— — A210 5.43
Y209 F225 F214 5.47
T™M6 P290 — — 6.50
F291 F307 F287 6.51
V294 — — 6.54
Q295 Q311 Q291 6.55
V299 V315 A295 6.59
— — P298 6.62
T™7 F311 1330 F307 7.35
V314 — — 7.38
M315 A334 M311 7.39
L316 L335 — 7.40
A318 — — 7.42
S319 S338 — 7.43
N321 — — 7.45
EL2 R178 1192 R181
F185 K199 T190
F191 R201 G201
2 Ref. 60.

In the complexes of OT with the vasopressin Vla
and V2 receptors, the equivalent Q%55 (311 and 291
respectively) could also strongly interact with OT. In
the V1aR-OT complex, the hydrogen bond could be
formed between the carboxyamide of Q%5311 and
the main chain carbonyl of Asn(5). In the complex
with V2R, there is a possibility of hydrogen bonding
between the carboxamide of Q%%°291 and the amino
group of OT Cys(1). Furthermore, in this complex
two hydrogen bonds between Gly(9) carbonyl and/or
the Q25792 and Q3%2119 carboxyamides could be
observed.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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The remaining conserved residues (Table 2): V328

(115, 127, -), M336(123, 135, 123), F451(291, 307, 287),
L740(316, 335, —) and S743(319, 338, - ), hydrophobic
in nature, are also essential for OT binding; however,
not as important as described above are the hydrophilic
Gln residues that form the putative binding pocket
for OT.

The highly conserved N745321 appears only in the
OTR-OT complex. There is a possibility of forming a
hydrogen bond between the carboxamide of N74°321
and the amino group of OT Cys(1). All interactions
with the Cys(1) amino group have been considered less
important for OT binding, because it is known that
deletion of N-terminal amine of OT does not decrease
the agonistic properties [72,73].

Specific Hydrophobic Interactions are Responsible
for Selective Binding of OT to OTR

In the OTR-OT complex, there are several strong
interactions between hydrophobic OTR residues and
OT Ile(3) and Leu(8) (Figure 3, panels A and B). It
has been experimentally proven that substitutions in
position 8 of OT do not cause significant changes in
affinity toward OTR, but the replacement of Ile(3) with
other amino acid residues causes significant decrease
of this affinity [19]. Therefore, the interactions involving
Ile(3), identified in this work, might determine selectivity
of binding of OT to OTR The interactions involving
Leu(8) were also perceived as very important for OT
binding, but not critical for selectivity of this binding.
The following OTR residues: L*6¢177, 1542204, Y547209,
and V859299 interact with Leu(8). Although, all of
them are nonconserved ones (Figure 1), nonetheless
the equivalent residues also in V1aR and V2R interact
with OT (Table 2). Thus, we believe they are not as
important as residues exclusively interacting with Ile(3)
in the OTR-OT complex.

The latter are the hydrophobic OTR residues:
P650290, V654294, V738314 and A742318. The strongest
interactions involve V654294 and V738314, both non-
conserved ones (Figure 1), whose side chains are sit-
uated very close to the side chain of the OT Ile(3)
(Figure 3). It is significant that all the four residues,
P650290, V654294, V738314 and A7*2318, interact with
OT Ile(3) exclusively in OTR and, in addition both strong
interacting residues (V654294 and V7*8314) are noncon-
served ones. Thus, we think they are mainly responsible
for selectivity of binding of OT to OTR.

Moreover, the nonconserved S*5°176 seems to be
also important for OT binding. There is a possibility of a
hydrogen bonding between hydroxyl group of S*%5176
and the carbonyl group of Gly(9). This interaction could
occur exclusively in the complex of OT with OTR and
thus may be also responsible for selectivity.

In addition to residues situated in the transmem-
brane regions, residues located in the extracellu-
lar domain (EL2) also interact with OT. There is

dJ. Peptide Sci. 2006; 12: 171-179
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Figure 3 Representation of the OT-binding pocket in neurohypophyseal hormone receptors. Panel A and B - OTR, panel
C -Vl1aR, panel D - V2R. Only the extracellular halves of the receptors are shown, extracellular side is at the bottom in panels
A, C and D. The TM helices are colored from blue (TM1) to red (TM7), and are marked in panel A. The N-terminus and the
extracellular loops: EL1 and EL2 are omitted for clarity. 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.

a strong aromatic—aromatic interaction between the
phenyl rings of Tyr(2) and EL2 F185. This interaction is
also exclusive for the OTR-OT complex and thus may
be accordingly crucial for selectivity of binding of OT
to OTR.

DISCUSSION

In this work, the low-resolution model of MII-Gt,
(338-350) is for the first time used as the template
for building the models of activated neurohypophyseal
hormone receptors. In our previous works, concerning
OT and vasopressin antagonists, we used the receptor
models in inactive states [56-59]. Available force fields
are not advanced enough to span timescales as long
as those typical of an agonist-induced activation of a
receptor. Hence, we decided to use the prototype of the
activated form of RD [46] as the template of activated
receptor models. These models subsequently served us
for MD simulation and analysis of receptor—agonist

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

interactions. The model of activated OTR used in this
work, superimposed with the model of inactive OTR
used in our former studies [56,58,59] is shown in
Figure 2.

The justification of the active RD model has already
been discussed [46]. The current MD of receptor-OT
complexes did not lead to significant conformational
changes of the receptor structures, and the root mean
square deviations (RMSd) measured on the C* carbons
of the 7TM were 2.27 A for OTR, 2.12 A for V1aR
and 3.52 A for V2R. The higher RMSd for V2R in our
opinion results from lack of important receptor-ligand
interactions with conserved polar residues (see the
Results section and experimental affinities in Table 1).
On the contrary, in OTR and to a lower degree in V1aR,
there are a great number of TM2-TM7 residues, which,
due to their interaction with OT, prevent from extensive
displacements of the helices to which they belong. Thus,
OTR and V1aR would get better stabilized in their
active conformations than V2R. Indeed, the location
of the ligand is somewhat different in V2R than in

dJ. Peptide Sci. 2006; 12: 171-179
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OTR and V1aR (see the following text and Figure 3).
Thus, in all complexes OT is buried in a binding
pocket of the receptors, extending from the extracellular
domain into ~15 A depth of the transmembrane region
(Figure 3, panels A, C and D). The location of OT is
rather horizontal (perpendicular to longer axis of the
receptor) in all complexes contrary to OT antagonists,
as described in our previous papers [58,59]. In the
complexes of OT with OTR and V1aR, the tocin ring is
located within TM1, TM2 and TM7 domains, whereas
the C-terminal tail is situated close to TM4 and TM5.
In V2R-OT complex, the orientation of the ligand is
exactly opposite. Therefore, the same highly conserved
receptor residues interact with different OT residues in
OTR and V1aR than V2R, as described above.

Our results show the probable contribution of the
highly conserved Gln residues for binding of OT to all
investigated neurohypophyseal hormone receptors. It is
significant that all GIn residues, Q2%7, @261, 9332, Q460,
Q%55 and also K329, proposed in this work to be involved
in OT binding, have been identified as responsible for
binding neurohypophyseal hormones and their analogs
to rat V1aR by mutagenesis studies [74]. A relatively
large number of these interacting residues capable of
forming many hydrogen bonds favors the hypothesis
that the hormone-receptor complex is stabilized by
the network of many interactions, rather than by
a few precisely given points of contact [10]. Thus,
the GIn residues are not responsible for selectivity,
but merely impose location of OT inside the binding
domain and keep the ligand in active conformation
by forming a network of hydrogen bonds. The lack
of some of these stabilizing residues in the V2R-OT
complex allows the ligand to dislocate toward the
extracellular side during MD (Figure 3). It seems
obvious enough that the conserved residues (Table 2
and the Results section), both polar and nonpolar,
interacting with OT in all three investigated complexes,
would rather not pertain to selectivity of binding.
However, we observe that the number of these types
of interactions is greater in the complex with OTR,
than with V1aR and even fewer with V2R, where in
the latter some of them do not appear at all. This
observation is in agreement with common knowledge
about affinity of OT toward neurohypophyseal hormone
receptors and it confirms weaker binding of OT to
Vl1aR and V2R - with approximately 400-fold lower
affinity than AVP [19,75,76]; Table 1. Moreover, some
of residues proposed in this work as responsible for
receptor-ligand selectivity, were earlier found as the
residues forming the OT binding site [5,77].

The essence of our results is that the nonconserved
hydrophobic OTR residues V©®%4%294 and V738314
interacting with OT Ile(3) might be mainly responsible
for selectivity of binding of OT to OTR. The EL2 F185
and S*%5176, more exposed to the extracellular side,
might also play a significant role in OTR-OT selectivity,

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

perhaps in recognition of the ligand. The remaining
hydrophobic amino acid residues are probably less
involved in selectivity, as we have already discussed.

In conclusion, the results presented in this paper
provide guidelines for experimental site-directed muta-
genesis and if confirmed, they may be helpful in the
designing of new selective OTR analogs with antag-
onistic properties. The latter are widely used in the
treatment of preterm labor and dysmenorrhea [78], but
in view of the fact that in recent years the OT receptor
system has been identified in many different tissues of
both sexes. OT analogs could potentially find applica-
tion in the treatment of many, especially psychiatric,
illnesses [5].
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