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Abstract: The vasopressin V2 receptor (V2R) belongs to the Class A G protein–coupled receptors
(GPCRs). V2R is expressed in the renal collecting duct (CD), where it mediates the antidiuretic
action of the neurohypophyseal hormone arginine vasopressin (CYFQNCPRG-NH2, AVP). Desmo-
pressin ([1-deamino, 8-D]AVP, dDAVP) is strong selective V2R agonist with negligible pressor and
uterotonic activity. In this paper, the interactions responsible for binding of dDAVP to vasopressin
V2 receptor versus vasopressin V1a and oxytocin receptors has been examined. Three-dimensional
activated models of the receptors were constructed using the multiple sequence alignment and the
complex of activated rhodopsin with Gta C-terminal peptide of transducin MII–Gta (338–350) proto-
type (Ślusarz, R.; Ciarkowski, J. Acta Biochim Pol 2004 51, 129–136) as a template. The 1-ns uncon-
strained molecular dynamics (MD) of receptor–dDAVP complexes immersed in the fully hydrated
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) membrane model was conducted in
an Amber 7.0 force field. Highly conserved transmembrane residues have been proposed as being
responsible for V2R activation and G protein coupling. Molecular mechanism of the dDAVP binding
has been suggested. The internal water molecules involved in an intricate network of the hydrogen
bonds inside the receptor cavity have been identified and their role in the stabilization of the agonist-
bound state proposed. # 2005 Wiley Periodicals, Inc. Biopolymers 81: 321–338, 2006

This article was originally published online as an accepted preprint. The ‘‘Published Online’’ date
corresponds to the preprint version. You can request a copy of the preprint by emailing the Biopoly-
mers editorial office at biopolymers@wiley.com
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INTRODUCTION

G protein–coupled receptors (GPCRs) are the mem-

brane proteins that mediate actions of many extracel-

lular regulatory molecules as diverse as peptides, bio-

genic amines, amino acids, glycoproteins, phospholi-

pids, nucleosides, and Ca2þ ions as well as a range of

exogenous ligands as odorants, tastants, pheromones,
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and photons of light.1 Moreover, they are very impor-

tant pharmaceutical drug targets and identification of

a GPCR activation mechanism is the major requisite

of rational drug design.2,3 The largest and best-stud-

ied Class A of GPCRs4 includes, among others, rho-

dopsin (RD) and the neurohypophyseal hormone

receptors, which are the subject of this work. The X-

ray structure of the inactive (dark) form of bovine

RD5–8 is the only crystal structure of GPCR resolved

to atomic resolution. It is an agreement that RD

makes a good structural template for other Class A

members.3,9–13 Accordingly, it was used as a template

for building neurohypophyseal hormone receptor

models in our previous investigations.14–16 The neu-

rohypophyseal hormone receptor subgroup includes

three vasopressin receptors (V1aR, V1bR, and V2R)

and a unique oxytocin receptor (OTR).17–19 The main

function mediated via V2R expressed in the collect-

ing duct (CD) of the kidney is the regulation of water

reabsorption and concentration of the urine (antidiu-

retic effect).20 Mutations in the V2R gene are respon-

sible for the X-linked form of nephrogenic diabetes

insipidus (NDI).21 V1aR mainly controls increase of

blood pressure, whereas the stimulation of adrenocor-

ticotropin hormone secretion is mediated via V1bR

(also known as V3R), which is not a subject of this

work.22,23 OTR is involved mainly in the control of

labor and lactation in the mammals.24,25 Moreover,

neurohypophyseal hormone receptors play a role in

many reproductive, behavioral, and social func-

tions.26 V1aR, V1bR, and OTR are functionally

coupled to the Gq/11 protein that stimulates the activ-

ity of phospholipase C and cytosolic calcium mobili-

zation, whereas V2R is coupled to the Gs protein that

stimulates adenylyl cyclase.17,18 The cellular

response resulting from receptor activation is mainly

determined via a type of a coupled G protein. The

molecular mechanism determining the selectivity of

receptor–G protein interaction is important for under-

standing the signal transduction pathway.

The neurohypophyseal hormone receptors, as typi-

cal GPCRs members, share a common membrane to-

pology, thus being membrane-embedded proteins

built of a single long polypeptide chain that traverses

the membrane seven times and forms the transmem-

brane domain consisting of seven �-helices (TM)

successively connected with extracellular (EL) and

intracellular (IL) loops.5,9,11 Receptor activation is

induced when diffusable extracellular agonist docks

to the receptor binding cavity and causes the switch

of the receptor protein from an inactive state to an

active conformation capable of interacting with a G

protein.27 The nonapeptide hormone arginine vaso-

pressin (CYFQNCPRG-NH2, AVP), also termed the

antidiuretic hormone (ADH), is an endogenous ago-

nist of the vasopressin receptors. The second neuro-

hypophyseal hormone oxytocin ([I3,L8]AVP, OT)

binds to the vasopressin receptors with low affinity,

however, it is a natural agonist of OTR.28 AVP is

released into the blood for interaction with respective

receptors under two main stimuli, i.e., the response to

low urine osmolality and changes in blood volume

and pressure.29 Vasopressin also displays to a low

degree typical OT activities: uterine contraction and

milk ejection.28

Desmopressin ([1-deamino, 8-D]AVP, dDAVP),

the main subject of this investigation, is strong selec-

tive V2R agonist with negligible pressor and utero-

tonic activity.30,31 It is widely used for treatment of

central diabetes insipidus and primary nocturnal enu-

resis.32,33 dDAVP also increases levels of the coagula-

tion factor VIII in mild hemophilia A and von Wille-

brand factor in von Willebrand disease.34–36 In Table I

the biological activities of the neurohypophyseal hor-

mones and AVP analogues: dAVP (1-deamino-argi-

nine vasopressin), DAVP (8-D-arginine vasopressin),

and dDAVP are given. It is known that the deamina-

tion of the AVP molecule results in almost four times

the enhanced affinity toward V2R (see Table I), prob-

ably due to a change of the molecule conformation.37

The deamination does not change affinity toward

V1aR, while this receptor is very sensitive to substitu-

tion at position 8, and the presence of D-Arg in this

position results in the very low pressor activity (see

Table I Biological Activities of AVP, OT, dAVP, DAVP, and dDAVP Toward

Respective Receptors

V2R V1aR OTR Reference

AVP(IU/mg) 465 412 17 28

OT(IU/mg) 5 5 450 28

dAVP(IU/mg) 17456 385 346 6 13 — 114

DAVP(IU/mg) 2536 44 1.16 0.04 — 114

dDAVP(IU/mg) 12006 126 0.396 0.2 — 31

322 Ślusarz, Ślusarz, and Ciarkowski

Biopolymers DOI 10.1002/bip



Table I). Thus, the high V2R/V1aR selectivity of

dDAVP results from absence of some critical recep-

tor–ligand interactions in V1aR. Consequently, it has

been established that single-residue Asp103 located in

the first extracellular loop (EL1) of V2R is responsible

for the high affinity binding of the dDAVP.38

To clarify molecular mechanism of receptor–ligand

interactions, experimental investigations are indispen-

sable. However, they provide limited information

about the dynamics of the docking and activation

processes as well as about the role of environment

(lipid or water molecules). Computer simulations

make it possible to investigate many aspects of bind-

ing and activation processes in detail and they inter-

play with experiments either confirming experimental

results or providing a new hypothesis for experimental

verification. Unfortunately, available force fields are

not advanced enough to simulate the receptor activa-

tion via docking agonist and subsequent molecular

dynamics (MD) simulation in timescales typical for

GPCR activation. The crystal structure of GPCR (RD)

also represents the inactive state of the receptor5–8 and

its activation mechanism is still poorly recognized.

However, it has been accepted that RD activation

involves an outward move of the TM6, TM7, and

TM2 cytosolic halves along with adjacent loop parts,

away from the 7TM bundle with the simultaneous

clockwise (viewing from the cytosol) TM6 rota-

tion.39,40 These conformational rearrangements even-

tually result in conversion from rhodopsin to meta-
rhodopsin (Meta II, MII). It is also known that the

C-terminal peptide Gt�(340–350) stabilizes MII.41–44

Accordingly, an atomic-resolution model of the MII

monomer complexed with the Gt�(338–350) fragment

has been proposed;45 subsequently, it was used as

the template for construction of activated neurohypo-

physeal hormone receptor models and the interacting

fragments of respective G proteins: Gs�(382–394);

(IIQRMHLRQYELL) for V2R and Gq/11�(347–359);

(TILQLNLKEYNLV) for V1aR and OTR.46 These

models were applied successfully in our former inves-

tigations concerning the interactions with OT and

AVP.46,47 The same models are currently used in this

work for analysis of receptor–dDAVP interactions.

METHODS

Parametrization

Nonstandard amino acid residues and other structure frag-

ments were parameterized as recommended in the Amber

7.0 manual.48 Specifically, the point atom charges were fit-

ted by applying the Resp procedure49 to the electrostatic

potential calculated in the 6-31G* basis set using the pro-

gram Gamess.50

Models

The three-dimensional model of dDAVP was built using

the coordinates of pressinoic acid51 and the Biopolymer

module of the Sybyl package.52 The three-residue C-termi-

nal tail of dDAVP was added in the Amber 7.0 force field.48

The lowest-energy conformation of dDAVP was obtained

using energy minimization followed by the simulated

annealing protocol in Amber.53 Nonetheless, regardless of

the ‘‘seed conformation’’ of the ligand, the AutoDock pro-

gram,54 subsequently used for docking dDAVP to recep-

tors, employs a modified genetic algorithm55 to explore the

conformational states of a flexible ligand. Hence, the exten-

sive conformational changes do occur during docking and

any reasonable initial dDAVP structure is considered satis-

factory at this point.54,56

The three-dimensional models of activated neurohypo-

physeal hormone receptors (V2R, V1aR, and OTR) and the

� subunit C-terminal fragments of suitable G protein neces-

sary to keep the receptor in an activated state were con-

structed as described previously,46 using the model of MII–

Gt�(338–350), which is the appropriate modification of the

x-ray RD structure,5 as a template. Briefly, all computer

modifications necessary to obtain neurohypophyseal receptor

models were made using standard Amber 7.0 tools48 and the

Biopolymer module of Sybyl52 as described previously.46

Docking and MD Simulation

In the next step dDAVP was docked into 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 AutoDock program.54 AutoDock is a

suite of programs designed to predict the bound conforma-

tion(s) of a flexible ligand to a macromolecular target.54,56

Details of the docking procedure were described else-

where.14,56,57 The relaxation of the complexes using a con-

strained simulated annealing (CSA) protocol in vacuo for

15 ps,53 followed by energy minimization, with positional

constrains on C� atoms in 7TM to maintain the receptors

shape in homology to MII was done. The two lowest-

energy systems per each V2–Gs�(382–394)–dDAVP, V1a–

Gq/11�(347–359)–dDAVP, and OTR–Gq/11�(347–359)–

dDAVP complex were chosen. Subsequently, six selected

complexes were inserted into the fully hydrated 1-palmi-

toyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)

membrane model.58,59 No additional water molecules were

placed inside the receptor cavity. The models were submit-

ted to the MD simulation in the Amber 7.0 force field,48

using particle-mesh Ewald electrostatic summation60 as al-

ready described.14 Briefly, the periodic box of each com-

plex consisted of 120 POPC lipid molecules, over 3,500

water molecules, and Cl— counterions. Moreover, for all

components of complexes, the OPLS61 united atom param-

eters 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 helices. In accordance

with the standard Amber protocol, the positional TM C�
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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 degeneration. From 100 to 1,000 ps

free MD simulation without positional constraints was car-

ried out. Finally, the energy minimization of the 1-ns MD

snapshots in the Amber 7.0 force field48 was done.

Analysis of Interactions and
Supplementary MD

After MD simulation six relaxed complexes were obtained.

For analysis of the receptor–ligand interactions, one lower

energy complex for each receptor was selected. It has been

experimentally demonstrated that the D103 located in the

EL1 of V2R determines the high affinity binding of the

dDAVP.38 Unfortunately, in both V2R–dDAVP complexes

this interaction did not appear, neither during docking nor

during unconstrained MD. Thus, we attempted the supple-

mentary manual docking of the dDAVP in V2R using a

Swiss–PdbViewer.62 The previously selected (that of lower

energy) dDAVP–V2R complex was slightly modified via

displacement of ligand molecule toward the EL1 to serve as

input for a new 1-ns MD. Therefore, the D-Arg8 side chain

was situated proximal to EL1 D103, while the cyclic part of

the molecule was retained docked in the depth the binding

cavity within the 7TM domain (see Figure 1). Subse-

quently, the complex was relaxed by the CSA protocol fol-

lowed by the energy minimization and submitted to the 1-

ns MD simulation in hydrated membrane analogously as

described above and subsequently used for analysis of

V2R–dDAVP interactions. Actually, dDAVP was partially

‘‘undocked’’ by being pulled out toward the extracellular

side and slowly docked again during MD, resulting in the

second V2R–dDAVP complex. It is impossible to observe a

course of the docking in AutoDock, where the ligand is

instantly generated in the optimal location inside the bind-

ing cavity, thus the AutoDock-produced complexes repre-

sent the final states of docking. The slow ligand docking

during 1-ns MD might stand for model of the docking

course. Therefore, the supplementary V2R–dDAVP com-

plex might represent one of early states of docking.

Receptor amino acid residues involved in ligand binding

have been identified using distance criteria, i.e., all amino

acid residues in which any atom was not farther away than

3.5 Å from any atom of the dDAVP residue, were chosen to

be interacting. Subsequently all receptor residues not

involved in any interaction were omitted during visual

inspection. Several distant residues interacting with the

ligand were added on condition that they were not farther

away than 4.5 Å. The amino acid residues meeting these

criteria are listed in Table II. The most essential interactions

between dDAVP and respective receptors are characterized

by visual inspection and are presented in Figure 2.

Nomenclature

The dDAVP residues are identified using three-letter codes

with the indices in parentheses, e.g., D-Arg8, while the re-

ceptor residues are identified using one-letter codes with

the universal Class A indices (Ballesteros–Weinstein num-

bering scheme)63 placed as superscripts, followed by the

absolute numbers and e.g., V2R E1.3540. In the Ballesteros–

Weinstein scheme, the most conserved residue in the TM

helix ‘N’ has been given the number ‘N’50, and each resi-

due is numbered according to its position relative to this

conserved residue. Residues placed in loops are identified

with a one-letter code, followed only by the residue abso-

lute number e.g., EL2 V189.

Moreover, in describing receptor–ligand interactions

involving the three-component names of complexes, e.g.,

‘‘V2R–dDAVP–Gs�(382–394),’’ the clause ‘‘Gs�(382–

394)’’ is omitted for better legibility. Telling about the re-

ceptor–G protein interaction, the name of the G protein seg-

ment e.g., ‘‘Gs�(382–394)’’ is abbreviated to ‘‘Gs�.’’ The G

protein residues are identified a using one-letter code fol-

lowing the name of G protein class e.g., Gs� L393.

Two V2R–dDAVP complexes are marked as I and II

(AutoDock and manual docking, respectively).

RESULTS AND DISCUSSION

Conformation of Receptors and dDAVP

and Their Changes during MD

The binding pockets of the dDAVP in all receptors

are formed within TM1–TM7 with the ligand located

perpendicularly to the longer axis of the receptor (see

Figure 2). All receptor–dDAVP complexes remained

stable during 1-ns unconstrained MD and there were

insignificant conformational changes of the receptor

structures. The RMSD measured on the all atoms/

FIGURE 1 dDAVP docked to the V2R cavity after man-

ual docking, before MD. The D-Arg8 side chain is situated

proximal to EL1 D103, while the cyclic part of the mole-

cule remains docked in the depth the binding cavity within

the 7TM domain. The figure was prepared using the pro-

gram RasMol.115
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7TM C� atoms were 3.45 Å/2.48 Å for V2R(I), 1.62

Å/1.26 Å for V2R(II), 2.64 Å/1.79 Å for V1aR, and

2.91 Å/2.88 Å for OTR. The lower RMSD for

V2R(II) is not surprising and results from better

relaxation of the input receptor structure, which was

previously simulated for 1 ns as opposed to remaining

complexes (see Analysis of Interactions and Supple-

mentary MD). Moreover, strong receptor–ligand in-

teractions (see below) contribute to the stability of

the complex. Finally, there are very similar dDAVP

conformations in both V2R–dDAVP(I) and V2R–

dDAVP (II) complexes with only the exception of

D-Arg8 location as shown in Figure 2. In general,

the location of dDAVP is nearly identical in all

complexes contrary to the dissimilar AVP location

observed in the same receptors, as described in our

previous work.47 The location and conformation of

dDAVP change somewhat during MD in all recep-

tors, mostly in OTR, and the RMSD measured on the

C� atoms of dDAVP are: 1.15 Å in V2R(I), 0.74 Å in

Table II List of the V2R, V1aR, and OTR Residues Directly Involved in the Interactions with dDAVP
a

TM ‘N’

domain V2R(I) V2R(II) V1aR OTR

Universal

numbering

Experimental

data (Ref.)

N terminus R32 R32 R46 R34 — 68, 69

TM1 E40 E40 E54 E42 1.35 70

L44 L44 L58 L46 1.39 70, 97

TM2 V88 V88 — — 2.53 92

Q92 Q92 Q104 — 2.57 64, 99, 100

— V93 — V93 2.58 99

Q96 Q96 Q108 Q96 2.61 64

W99 W99 W111 W99 2.64 73

— — D112 D100 2.65 95

TM3 V115 V115 V127 — 3.28 101

— K116 K128 K116 3.29 64, 100, 101, 102

Q119 Q119 Q131 Q119 3.32 64

M120 — V132 V120 3.33 —

M123 M123 M135 M123 3.36 —

— — F136 F124 3.37 —

S127 S127 — — 3.40 —

TM4 — — Q185 Q171 4.60 64, 100

— Q180 M191 — 4.66 —

EL2 R181 R181 I192 R178 — 105 (V2R)

— S187 — — — —

— G188 K199 — — —

V189 V189 A200 — — —

T190 T190 R201 F185 — —

C192 C192 — — — —

TM5 — — Y216 Y200 5.38 —

V206 V206 V217 I201 5.39 103 (V2R)

I209 I209 M220 I204 5.42 92 (V2R)

— A210 — — 5.43 —

V213 — I224 V208 5.46 —

F214 F214 F225 — 5.47 104

TM6 F287 F287 F307 F291 6.51 102

Q291 Q291 Q311 Q295 6.55 64

A294 — S314 S298 6.58 92 (V2R)

TM7 — F307 — F311 7.35 —

V308 V308 T331 I312 7.36 —

M311 M311 A334 M315 7.39 —

— L312 L335 L316 7.40 —

— A314 G337 A318 7.42 —

S315 S315 S338 S319 7.43 65

a The majority of residues conserved in the vasopressin/oxytocin family were previously experimentally determined as crucial for ligand

binding. Among the non-conserved residues, for residues determined in V2 receptor subtype, the receptor name is given in parentheses.
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V2R(II), 1.45 Å in V1R, and 2.48 Å in OTR. The

lower RMSD for ligand molecule in V2R(II) results

from their better relaxation before docking. The low

RMSD values for both the ligand and the receptor

show stability of the whole complex. In all investi-

gated receptors the �-turn is formed in the ligand

molecule and the stability for dDAVP conformation

is provided via one hydrogen bond between peptide

backbone, i.e., the carbonyl oxygen of Mpa1 interacts

with the Phe3 amide proton. Furthermore, the C-ter-

minal part of molecule, i.e., the important guanidi-

nium group of D-Arg8 is located within TM1–TM3.

However, in the V2R–dDAVP (II) complex, the D-

Arg8 side chain projects outside the 7TM core,

whereas in V2R-dADVP(I) it is more embedded by

the binding cavity. In all complexes the N-terminal

part with the Tyr2 and Phe3 aromatic rings is situated

near TM5–TM6, but in no complex do they interact

with each other, as a consequence of Tyr2 with

respect to Phe3 location on the opposite sides of the

macrocyclic ring plane in the V1aR–dDAVP and

OTR–dDAVP complexes. Similarly, in both V2R–

dDAVP complexes the Phe3 side chain is situated

perpendicularly to the plane of the tocin ring, since

there is also no chance for stacking interaction with

Tyr2. In Figure 3 the superposition of dDAVP struc-

tures before and after MD simulations is presented. In

the V2R–dDAVP(I) complex, three other intramolec-

ular hydrogen bonds between side chains are formed

in the ligand molecule. Therefore, the Cys6 carbonyl

oxygen simultaneously interacts with the D-Arg8 am-

ide and Asn5 carboxamide protons. Moreover, the

Pro7 carbonyl oxygen interacts with the D-Arg8 guani-

dinium. As a result of forming the hydrogen bonds

involving side chains of Asn5 and D-Arg8, they are

slightly weaker when exposed to interactions with the

receptor residues, contrary to the fully accessible

Gln4 and the C-terminal carboxamides. In the V2R–

dDAVP(II) complex, only one intramolecular hydro-

gen bond present in the V2R–dDAVP(I) complex has

been retained, hence, the Cys6 carbonyl oxygen still

interacts with the D-Arg8 amide proton. As a result of

the lack of other hydrogen bonds involving the polar

side chains in V2R–dDAVP, they are fully accessible

for interactions with the receptor residues. In both

dDAVP–V2R complexes, the aromatic side chain of

Tyr2 is well exposed for interaction with the receptor,

whereas, in the dDAVP–V2R(II) complex, the Phe3

aromatic ring, slightly dislocated over the macrocy-

clic ring, is less accessible for receptor residues. The

most significant conformational change observed in

the dDAVP–V2R(I) complex during 1-ns MD is the

dislocation of D-Arg8 side chain and formation of

hydrogen bond with Pro7 as described above (see Fig-

ure 3A). The situation of the remaining side chains

has also changed, mainly that of Gln4 and Pro7. In the

V2R–dDAVP(II) complex, the location of all side

chains changes only to a small extent (see Figure

3B), however, mainly for Gln4, as in the former com-

FIGURE 2 Representation of the dDAVP binding pock-

ets in neurohypophyseal hormone receptors. (A) V2R(I),

(B) V2R(II), (C) V1aR, (D) OTR. The TM helices are col-

ored from blue (TM1) to red (TM7), the dDAVP is gray,

the G� protein C-terminal peptide is magenta. Several heli-

ces are drawn thinner or transparently for clarity. Left: the

location of the ligand and G protein segments inside their

binding cavities is shown. Right: the binding amino acid

residues are marked and their side chains are exposed; they

are colored in agreement with the TM to which they belong

while the EL2 residues are gray. The extracellular loops are

omitted for clarity. The figure was prepared using the pro-

gram MolMol.116
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plex. In the V1aR–dDAVP complex, one more intra-

molecular hydrogen bond can be observed involving

the Asn5 amide oxygen and the C-terminal carboxa-

mide proton, thus the latter group is less accessible

for interaction with the receptor than the other side

chain groups. The Asn5 side chain is folded back

beneath the ring moiety toward the disulfide bridge

and this is the most important change during 1-ns

MD along with the displacement of the Gln4 side

chain (see Figure 3C). In the complex with OTR, one

more hydrogen bond also can be formed, between the

Phe3 carbonyl oxygen and the Gln4 amide proton (see

Figure 3D), resulting in a poor accessibility of this

group for OTR residues. Moreover, in this complex,

the location of all side chains changes noticeably dur-

ing MD in agreement with the highest RMSD for

dDAVP in OTR.

V2R–dDAVP Complexes

Influence of Highly Conserved Residues Interacting
with dDAVP on Receptor Activation. In Figure 2A and

B and Table II, the most noticeable V2R–dDAVP

interactions are given. The network of many hydro-

gen bonds involving the conserved amino acid resi-

dues (see multiple sequence alignment in Figure 4)

can be observed in both V2R–dDAVP(I) and V2R–

dDAVP(II) complexes. The interactions involving

the highly conserved 7TM Gln residues (Q2.5792,

Q2.6196, Q3.32119, and Q6.55291) seem to be espe-

cially important for ligand binding. This is not sur-

prising since they make a part of the binding cavity,

moreover, their side chain carboxamide could either

be a donor or an acceptor of hydrogen bonds formed

with the ligand. Therefore, the Gln carboxamides

could form the hydrogen bonds with the polar side

chains group of dDAVP as follows: Q2.5792–Asn5;

Q2.6196–D-Arg8, and Q6.55291–Tyr2, identically in

both V2R–dDAVP complexes with the exception of

Q3.32119 interacting with Asn5 and Gln4 in V2R–

dDAVP(I) and V2R–dDAVP(II) complexes, respec-

tively. The conserved 7TM Gln residues have been

first recognized as responsible for binding neurohypo-

physeal hormones and their analogs to rat V1aR.64

Moreover, their importance for OT and AVP binding

in human neurohypophyseal hormone receptors has

been proposed.46,47 The detailed examination of

obtained receptor models, both inactive and active,

may explain their function. In the model of the inac-

tive receptor, constructed on the template of RD crys-

tal structure,5,16 the Q2.5792, Q2.6196, and Q3.32119

carboxamides interact via hydrogen bonds with

another highly conserved residue S7.43315 (see Figure

5A). This interaction is broken in the agonist-bound

model, as a result of interaction of these three Gln

residues with dDAVP as described above (see Table

II and Figure 2). Moreover, S7.43315 also interacts

with the ligand via its hydroxyl forming the hydrogen

bond with the backbone carbonyl of Asn5 or Gln4 in

V2R–dDAVP(I) and V2R–dDAVP(II) complexes,

respectively. Accordingly, S315R mutation in V2R

has been identified as being responsible for NDI by

impairing AVP binding.65 The docking of ligand may

directly break the interaction between three Gln and

S7.43315 as an internal constraint between TM2,

TM3, and TM7 and consequently result in their rear-

rangement, which is believed to be part of the activa-

tion process.12 There are several reasons that may

support this hypothesis. First of all, for the human �2
adrenergic receptor, it has been proposed that two

equivalent residues, Y7.43316 and D3.32113, interact

with each other in the unoccupied receptor model and

FIGURE 3 Stereodiagrams of superimposition of the

dDAVP conformations inside the respective receptors

before (gray) and after (black) MD. (A) V2R(I), (B)

V2R(II), (C) V1aR, (D) OTR. The figure was prepared

using the program RasMol.115
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this interaction is absent in the agonist–receptor com-

plex.66 Second, it is also noticeable that S7.43315 is

equivalent to RD K7.43296 (see sequence alignment,

Figure 4), where the K7.43296–E3.28113 salt bridge

maintains RD in the inactive state.67 In the vasopres-

sin/oxytocin receptor subfamily, the valyl (V3.28)

is conserved at this position and Q2.5792, Q2.6196,

and Q3.32119 are the only residues in this region

that possess polar side chains long enough to form

the interhelical interaction (see sequence alignment,

Figure 4).

Two other highly conserved V2R residues, R32

and E1.3540, located in the N-terminus and TM1,

respectively, might be involved in ligand recognition.

In both complexes their oppositely charged side chain

groups form a salt bridge with each other and interact

with the ligand simultaneously. In the V2R–

dDAVP(I) complex, the C-terminal carboxamide of

dDAVP is headed toward R32 guanidinium in the N-

terminal sequence, whereas in the V2R–dDAVP(II)

complex it is located closer to the E1.3540 carboxyl.

Indeed, the C-terminal carboxamide might interact

with both residues forming an ionic pair at the same

time. The equivalent arginyl (R46 and R34 in V1aR

and OTR, respectively) has been identified as playing

a critical role in high-affinity agonist binding.68,69 In

addition, E1.3546 has been recently determined to be

critical for AVP binding in V1aR.70 The molecular

basis for the significance of these two residues has

not been defined; however, it has been suggested that

it could be involved in the intramolecular interactions

with negatively charged residues.69,70 Molecular

modeling in this study may help to explain this mech-

anism. In the inactive state of V2R, the R32 side

chain is exposed toward the extracellular side and

forms a salt bridge with the conserved EL3 E303 (see

Figure 5B). Differently, in the agonist-bound model

(V2R–dDAVP(I) complex), the R32 side chain is dis-

located toward the binding cavity and interacts with

the E1.3540 carboxyl (see Figure 5C). Furthermore,

this ionic pair strongly interacts with the C-terminal

carboxamide of dDAVP, as described above. Accord-

ingly, it has been demonstrated that the deletion of C-

terminal carboxamide results in AVP analogs with

low agonist activity.71 It is conceivable that dDAVP

approaching from the extracellular side might interact

directly via C-terminal carboxamide with highly

exposed R32, resulting in dislocation of its side chain

toward the binding cavity along with the docking

ligand. This interaction would result in the disruption

of the R32–E303 salt bridge linking TM1 and TM7

and triggering the conformational changes leading

to receptor activation. Interestingly, in the V2R–

dDAVP(II) complex the R32 interacts with these both

aspartates simultaneously (Figure 5D). This might be

a model of the intermediate state, resulting from the

slower docking during MD, contrary to instant dock-

ing in AutoDock (see Analysis of Interactions and

Supplementary MD).

The highly conserved W2.6499 interacts with the D-

Arg8; however, in the V2R–dDAVP(I) complex these

residues are situated perpendicularly to each other in

FIGURE 4 Primary sequence alignment of the human neurohypophyseal hormone receptors

(OTR, V1aR, and V2R) and bovine rhodopsin, obtained using Multalin.117 The putative transmem-

brane 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.25 The TM ‘N’50 residues are marked with an arrow.63
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contrast to their exactly parallel arrangement in the

V2R–dDAVP(II) complex. The hydrogen bond is

formed between the W2.6499 indole and D-Arg8 gua-

nidinium in the V2R–dDAVP(I) complex. The model

of interaction of these two planar groups observed in

the V2R–dDAVP(II) complex has been recognized as

being energetically favorable72 and might be directly

involved in the ligand dislocation toward the bottom

of the binding cavity (see below). Furthermore, a

W99R mutation has been identified in NDI patients

and oligonucleotide-directed mutagenesis revealed

that W2.64 is involved in high-affinity binding of ago-

nists to the V2R.73 The remaining conserved residues

interacting with the dDAVP (see Table II) in our

models do not seem to be as important as the residues

described above. Some of the hydrophobic residues,

especially those with bulky side chains, may play a

role in proper positioning of important receptor resi-

dues, such as two conserved valyl residues: V2.5388

and V3.28115. These two residues, in an inactive re-

ceptor, form the steric constraints delimiting the con-

formational space of crucial Q2.5792 (partially also

Q3.32119). Therefore, they might force the appro-

priate Gln position to form the interhelical interac-

tion with S7.43315 as described above and shown in

Figure 5A.

Nonconserved Residues Are Involved in the V2R–

dDAVP Selectivity. As described under Methods, the

dDAVP molecule was ‘‘redocked’’ with manual help

to form the salt bridge between D-Arg8 guanidinium

and EL1 D103 (see Figure 1). Unexpectedly, after

1-ns MD this interaction was discontinued. The anal-

ysis of the MD trajectory revealed slow relocation of

W2.6499 indole between D-Arg8 and D103 until dis-

ruption of the previously formed salt bridge as shown

in Figure 6. The exactly parallel arrangement of

indole W2.6499 and D-Arg8 guanidinium in the final

complex (see Figure 5E) prevents any interaction of

the latter with EL1 D103 carboxyl. Nevertheless, it

does not necessarily contradict the experimental

results, in which the EL1 D103 was identified as a

residue crucial for high affinity V2R–dDAVP binding

FIGURE 5 Representation of some interactions crucial

for the V2R activation or ligand binding. The TM helices

are signed and crucial receptor residues are exposed; the

ligand is marked with dotted lines. (A) The interhelical

interactions between the conserved residues stabilizing the

inactive V2R. (B–D) The interactions involving the highly

conserved arginyl observed in the inactive V2R, V2R–

dDAVP(I) complex, and V2R–dDAVP(II) complex, respec-

tively. (E) The location of W2.6499 after MD in V2R–

dDAVP(II) complex resulting in the disruption of the salt

bridge between D-Arg8 and EL2 D103; the dDAVP D-Arg

side chain is thicker for clarity. (F) The interhelical interac-

tion of the highly conserved residues involved in the recep-

tor activation; the TM2 is transparent for clarity. The figure

was prepared using the programs RasMol115 and Mol-

Mol.116

FIGURE 6 Representation of the W2.6499 dislocation

disrupting the D-Arg8–D103 salt bridge observed during

MD. All distances has been measured from the centers of

gravity of the side chain heavy atoms. (A) Distance

between the D-Arg8 and D103 side chains. (B) Distance

between the W2.6499 and half of the hypothetical line con-

necting the D-Arg8 and D103.
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and proposed to interact with D-Arg8.38 Therefore, the

D-Arg8–D103 salt bridge might be formed at the rec-

ognition stage, before dDAVP entry into the V2R

binding pocket. Subsequently, the interaction would

slowly disappear during docking, thus making possi-

ble a correct, deep immersion of ligand inside the

binding cavity leading to full receptor activation.

Other interactions are probably less important.

The interactions involving the nonconserved 7TM

residues and Gln4 and Tyr2 of the ligand can be

observed. In both complexes the S3.40127 hydroxyl

might form a hydrogen bond with the Gln4 carboxa-

mide, whereas F5.47214 might interact with the Tyr2

and/or Gln4 side chains. The interaction between the

C-terminal carboxamide and V7.36308 can be ob-

served in both complexes. Moreover, the second

extracellular loop strongly interacts with the C-termi-

nal part of the ligand. Thus, in the V2R–dDAVP(I)

complex, the EL2 T190 hydroxyl may form hydrogen

bonds with the C-terminal carboxamide, the Gly9 am-

ide proton, and the D-Arg8 guanidinium simultane-

ously. Similar interaction can be observed in the

V2R–dDAVP(II) complex, where the EL2 T190

hydroxyl may form a hydrogen bond with the C-ter-

minal carboxamide of dDAVP. The aromatic–hydro-

phobic interactions between M3.33120, V5.39206,

I5.42209 and aromatic rings of Tyr2 and Phe3 take

place; furthermore, M7.39311 interacts with the

dDAVP disulfide bridge. In any V2R–dDAVP com-

plex aromatic p–p receptor–ligand interactions have

not been observed, in agreement with the hypothesis

that they are involved in stabilization of an inactive

state of the receptor, as previously proposed.15,16,74

Interaction with the Gs�(382–394) C-terminal Pep-
tide. To identify the V2R–Gs�(382–394) interac-

tions, any receptor and Gs� residues within the mu-

tual distance of 4.0 Å or less have been selected and

subjected to detailed analysis. The receptor residues

identified as interacting with the Gs� segment are

shown in Table III and Figure 7. In both V2R–

dDAVP(I) and V2R–dDAVP(II) complexes these

interactions are identical. This is not surprising, since

the location of Gs�(382–394) and its interaction with

V2R remained unchanged during the renewed dock-

ing of dDAVP (see Methods). Subsequent 1-ns MD

has not had any effect on their interactions.

The residues involved in the receptor–Gs� interac-

tion are prevailingly hydrophobic; however, a few

significant polar contacts occur. The important polar

interactions seem to be two salt bridges formed by

R3.50137 and D3.49136 from the highly conserved (D/

E)RY (in V2R : DRH) motif at the cytoplasmic end

of TM3. In our model the D3.49136 carboxyl interacts

with the Gs� R389 guanidinium, while the R3.50137

guanidinium might interact with the Gs� L394 C-ter-

minal carboxyl and/or Gs� E392 carboxyl. Moreover,

the same Gs� E392 interacts with the carboxamides

of the highly conserved N7.45317 and N7.49321 via

hydrogen bonds as well as the another hydrogen bond

that may be formed between the Y7.53325 hydroxyl

and the Gs� Q390 carboxamide. R3.50137 has been

recognized to play a key role in triggering G protein

activation and mutation of this residue to histidine in

the human V2R totally abolishes V2R–Gs coupling,

resulting in a complete type of NDI.75 Mutation of

the R3.50 in OTR and several other receptors has

established an important role of this residue in G pro-

tein activation.76–79 Accordingly, it has been sug-

gested that the substitution of the adjacent acidic resi-

due (Glu or Asp in D/ERY motif) with noncharged

residue leads to constitutive activity.80–82 However, it

has been recently demonstrated that the arginyl of the

DRY motif is not essential for G protein coupling for

a novel wild-type receptor, ORF74-EHV2.83 Hence,

although this motif is highly conserved, its function

in the GPCR activation and signaling might be spe-

cific for particular receptors.84 The N7.49321 and

Y7.53325 are the part of highly conserved NPxxY

motif at the cytoplasmic side of TM7; mutations of

N7.49 in different GPCRs have revealed that this resi-

due is involved either in the adenylyl cyclase or in

the phospholipase C activation.85–87 Moreover, the

analysis of the inactive V2R model reveals that

N7.49321 participates in the network of the interheli-

cal hydrogen bonds, involving the highly conserved

residues N1.5055, D2.5085, and S7.46318 (see Figure

5F). Interestingly, S7.46318 interacts simultaneously

with S7.43315, which is involved in the interhelical

interaction with three Gln residues, as already

described (see Figure 5A). Therefore, it is possible

that the docking of agonist not only breaks the inter-

action between three Gln and S7.43315, as proposed

previously, but initiates a gradual disruption of the

interhelical hydrogen bond network during receptor

activation, finally leading to the N7.49321 side chain

rearrangement toward the intracellular side for inter-

action with Gs�(382–394); as shown in the V2R–

dDAVP complexes (Figure 7). An activation mecha-

nism involving N7.49 has been recently proposed for

thyrotropin receptor.88

The remaining interactions at the receptor–

Gs�(382–394) interface are hydrophobic. The most

important handle point seems to be the highly con-

served Gs� L393, interacting with as many as five

V2R residues: I2.4378, L2.4681, M3.42129, I3.43130,

and M3.46133 (see Figure 7). Less important hydro-

phobic interactions can also be observed, involving
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the highly conserved Gs� L388, interacting with

I2.3974 and F2.4277. These two Gs� Leu residues,

L388 and L393, are conserved among members of

functionally different G protein classes42 and have

been recognized as being absolutely crucial for recep-

tor–G protein binding.89–91 Moreover, the noncon-

served C-terminal Gs� L394 interacts with A3.45132

and M3.46133 while the Gs� Y391 interacts with

P7.50322 and Y7.53325 again from the NPxxY motif.

Accordingly, the mutation of P7.50322 has been iden-

tified in NDI, resulting in a V2R mutant having im-

paired its ability to mediate the activation of adenylyl

cyclase.92

Described V2R–Gs�(382–394) interaction involves

the conservative residues of both interacting individu-

als: DRY and NPxxY motifs from receptor and two

highly conserved leucyls from the G protein. These

interactions have been formed at the step of activated

models building,46 while subsequent MD simulation

with dDAVP applied in this study allows better fitting

of the receptor–G protein interacting parts and

strengthening of the existing interactions. Hence, it

is a reasonable validation of our recent hypothesis

concerning the interaction of class A GPCRs with G

proteins.45

The Role of Internal Water Molecules. Internal

water molecules, contributing to the intricate network

of hydrogen bonds inside the receptor, involving the

dDAVP and Gs�(382–394), have accumulated during

Table III List of the V2R, V1aR, and OTR Residues Involved in the Interaction with

the GaC-Terminal Segments

V2R(I, II) V1aR OTR

Universal

numbering

TM1 L57 S71 — 1.52

V58 V72 V60 1.53

A61 A75 A63 1.56

R65 T79 T67 1.60

IL1 — K82 K70 —

TM2 P73 — — 2.38

I74 M86 L74 2.39

F77 F89 F77 2.42

I78 I90 M78 2.43

L81 — — 2.46

TM3 M129 M141 — 3.42

I130 — L130 3.43

A132 — — 3.45

M133 M145 M133 3.46

D136 D148 D136 3.49

R137 R149 R137 3.50

A140 — — 3.53

I141 — I141 3.54

IL2 Y148 — — —

TM6 — R288 R272 6.32

— — M276 6.36

— — I279 6.39

— — I280 6.40

— — F284 6.44

TM7 N317 — — 7.45

S318 — — 7.46

N321 N344 N325 7.49

P322 P345 P326 7.50

Y325 Y348 Y329 7.53

T333 7.57

C-terminus — — L336 —

— L356 F337 —

— V360 — —

— F363 — —
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the productive MD simulation. As described under

Methods, no water molecules were intentionally lo-

cated inside the receptor, nonetheless water mole-

cules, hydrating the lipid bilayer, migrated into the

receptor cavity during the simulation. The water mol-

ecules escaped the hydration layer after approxi-

mately 50 ps of MD and remained at their target posi-

tions through the rest of the simulation (see Figure 8).

In both V2R–dDAVP complexes water molecules

interact mainly with the polar residues having well-

exposed long side chains, which makes it favorable

binding site for an H-bond donor/acceptor. In Figure 9,

several water-mediated interactions exemplifying

their structural function and a role in stabilization of

the receptor agonist-bound state are depicted. The

most important ones appear to be the interhelical

interactions that can be formed due to mediating

water molecules. Therefore, as one may see in Figure

9A, this particular interaction might have an influence

on the rearrangement of the adjacent parts of TM1,

TM2, and EL2, where the interacting residues of the

receptor belong. This interaction may contribute to

forming the protuberance of EL2 projecting toward

the extracellular side as observed in the activated

state (Figure 2). Some of the identified water mole-

FIGURE 8 The dislocation of a specimen water mole-

cule escaping the hydration layer. The water molecules

enter inside the receptor cavity at the very beginning of the

MD and remain at approximately the same (final) position

over the whole simulation.

FIGURE 9 Representation of the water-mediated inter-

actions exemplifying their structural function and role in

stabilization of the receptor agonist-bound state (for details

see The Role of Internal Water Molecules). The figure was

prepared using the program MolMol.116

FIGURE 7 Gs�(382–394) docked inside the intracellular

cavity of V2R. The TM helices are colored from blue

(TM1) to red (TM7); the G protein is magenta. TM1–TM3

are made transparent for clarity; the interacting V2R resides

are exposed. The figure was prepared using the program

MolMol.116
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cules, located within the receptor–ligand contact sur-

face, may mediate the receptor–ligand indirect inter-

actions (e.g., see Figure 9B and C). In Figure 9B, one

may see an interaction of one water molecule with

two receptor residues and one ligand residue. This

interaction might have an influence on the correct

position of two highly conserved Gln, Q2.5792 and

Q3.32119, which, apart from water-mediated interac-

tion with Cys6 backbone, could interact with the

ligand directly (see Figure 2A and B). The largest

cluster consisting of five water molecules mediates

the interaction with as many as four receptor and one

ligand residues as shown in Figure 9C. Therefore,

three receptor domains, TM3 (K2.29116), TM4

(Q4.60174, Q4.66180), and TM6 (Q6.55291), are

involved in an interhelical water-mediated hydrogen

bond network. Moreover, the Tyr2 backbone also par-

ticipates in these stabilizing interactions. It is noticea-

ble that in our model highly conserved Q4.60174 and

K2.29116 interact with the dDAVP only due to media-

tion of water molecules, but not directly. Both of

these residues, along with Q6.55291, are believed to

be crucial for ligand binding,64 whereas the noncon-

served Q4.66180 has been proposed as being responsi-

ble for selective binding to V2R.47 The network of

water molecules can be also observed within recep-

tor–Gs� contact surface (Figure 9D and E). These

interactions also contribute to the stabilization of the

whole complex. In Figure 9D, one water molecule

mediating the interaction between Gs� E392 and two

receptor residues, N7.45317 and N7.49321, is shown. A

similar interaction is shown in Figure 9E, where two

Gs� residues, R385 and L394, interact via one water

molecule with the highly conserved D3.49136. As can

be seen in Figure 9E, at the receptor–G protein con-

tact surface long water bridges also can be formed. It

is shown that the S333 from the C-terminus of V2R

does not interact with the Gs� directly.

The structure and function of internal water mole-

cules in GPCR is still little known contrary to their

well-defined function in bacteriorhodopsin.93,94 Yet,

water molecules identified in the vicinity of highly

conserved residues in the RD crystal structure have

been proposed to control the activity of RD and other

class A GPCRs.7 Selected water-mediated interac-

tions presented in this section demonstrate fairly well

their possible contribution to the stabilization of the

V2R–dDAVP–Gs� complexes. The detailed exami-

nation of several different complexes of vasopressin

and oxytocin receptors, both in antagonist- and ago-

nist-bound states, supporting the hypothesis about the

structural function of internal water molecules is in

progress and the results will be published in the future

(Ślusarz et al., unpublished results).

V1aR–dDAVP and OTR–dDAVP Complexes

In both complexes, the residues equivalent to those in

V2R also interact with the ligand. Therefore, the

interactions with the highly conserved Gln residues

occur, confirming their possible role in the mecha-

nism of dDAVP binding. The most important specific

interactions appear to be two analogous salt bridges,

involving the D-Arg8 guanidinium and two carboxyls

of either conserved E1.35 (54 and 42 in V1aR and

OTR, respectively) or nonconserved D2.65(112,100)

(see Figure 2C and D). This interaction is obviously

absent in the V2R–dDAVP complexes, where the

equivalent position occupies the positively charged

K2.65100. Accordingly, it has been demonstrated that

the presence of K2.65100 in V2R is adverse for

dDAVP binding in the human V2 receptor, whereas

the presence of aspartate at this position assists the

binding of the dDAVP.95 However, it has not

affirmed whether the latter interact directly or indi-

rectly with an agonist.95 Similarly, as in the V2R–

dDAVP complexes, the dislocation of the highly con-

served arginyl (46 and 34 in V1aR and OTR, respec-

tively) occurs, thus supporting our hypothesis that it

might be involved in the receptor activation as

described above. Similarly, as in the V2R–dDAVP

complexes, any strong aromatic p–p interactions

between receptor and ligand do not appear, except an

insignificant interaction F6.51307–Phe3 in the V1aR–

dDAVP complex; only several hydrophobic or aro-

matic–hydrophobic interactions can be observed.

The V1aR and OTR residues identified as interact-

ing with the Gq/11�(347–359) C-terminal segment

are given in Table III. In general, the location of Gq/

11� C-termini in both V1aR–dDAVP and OTR–

dDAVP complexes has not been retained during MD.

In the final complexes, both Gq/11� peptides are par-

tially displaced from the V1aR and OTR cavities to-

ward the IL1 and intracellular side. This is probably a

result of lack of some crucial stabilizing interactions

at the receptor–Gq/11�(347–359) interface. The im-

portant interactions with two highly conserved motifs

DRY/C (in V1aR and OTR, respectively) and NPxxY

occur, however they are not as strong as in the V2R–

dDAVP complexes. Similarly, the highly conserved

Gq/11� L353 and L35842 only weakly interact with

the receptor. The interactions with IL1 K(82,70) as

well as R6.32(288,272) appear in the V1aR and OTR,

which have not been observed in V2R (see Table III).

It is conceivable that all of the interactions observed

in the V1aR–dDAVP and OTR–dDAVP complexes

have been formed during the simulations (docking,

CSA, energy minimization, and MD) and result sim-

ply from the ligand optimal fitting inside the binding

Desmopressin Binding in Vasopressin and Oxytocin Receptors 333

Biopolymers DOI 10.1002/bip



cavity, past the recognition step that actually impli-

cates the binding of dDAVP to V1aR and OTR with a

small affinity. This consequently results in inappro-

priate arrangement of other receptor residues and

makes impossible their high affinity interaction with

the G protein, allowing its partial dislocation from

the receptor cavities.

Eventually, as in the V2R–dDAVP complexes, the

internal water molecules in the ligand and Gq/

11�(347–359) vicinity can be observed in V1aR and

OTR. They are accumulated within the receptor–

ligand contact surfaces, interacting with polar, long-

chain residues and in general are similar to V2R–

dDAVP complexes, contributing to the stabilization

of the receptor–ligand–G protein complexes.

Comparison of Modeling Results to
Available Experimental Data

In the absence of experimentally determined 3D

structures for vasopressin and oxytocin receptors, re-

ceptor models used in this study were constructed on

the template of activated RD complexed with Gt� C-

terminal peptide.45,46,96 Although it is agreed that RD

makes a good structural template for other family A

members,3,9–13 using activated RD as a template for

modeling other GPCR activated states is problematic

and requires a validation for any specific case. Ini-

tially, the predicted receptor models were refined

computationally by energy minimization followed by

CSA to reduce the steric clashes.46 However, the

obtained models may be validated based on available

experimental data for vasopressin/oxytocin receptor

subfamily. Therefore, MD simulation (which effi-

ciently samples conformational space) of agonist-

bound receptor models was conducted and 12 com-

plexes with endogenous hormones, vasopressin and

oxytocin (six complexes per each ligand), were inves-

tigated.46,47 The majority of receptor amino acid resi-

dues proposed as interacting with the ligands were

previously identified as important for binding in ex-

perimental studies [46,47 and references therein]; the

remaining receptor–ligand contacts provide guide-

lines for future experimental site-directed mutagene-

sis. Since, these two earlier studies46,47 provided a

partial refinement of the receptor structures, the same

receptor models were consequently used to study the

receptor–dDAVP interactions. In this investigation,

the receptor–ligand complexes were generated by

AutoDock.54 Exclusively, in one V2R–dDAVP com-

plex a D-Arg8–D103 salt bridge was manually formed

based on experimental evidence on the D103 rele-

vance for dDAVP binding.38 All remaining receptor–

ligand interactions were formed during the simulation

(docking, CSA, and energy minimization) and refined

during 1-ns unconstrained MD. Comparing our mod-

eling results with the available site-directed mutagen-

esis data for vasopressin and oxytocin receptors, the

ligand-binding properties of several mutants are

found to be in good agreement with the receptor–

ligand complexes obtained in this study. These exper-

imental data provide very useful information to vali-

date our receptor models64,68–70,73,92,95,97–105 (refer-

ences assigned to specific residues are shown in Table

II). As one may see in Table II, a majority of recep-

tor–ligand contacts that occur in complexes obtained

in this study were previously found to be involved in

ligand binding for vasopressin/oxytocin receptor sub-

family. For instance, a sigficant reduction in AVP

affinity toward rat V1aR, reported for the Q2.57A,

Q2.61A, Q3.32A, and Q6.55A mutants,64 can be ex-

plained by their polar, direct interactions with the

ligand observed in our models (see Figure 2, Table II,

and above text). Q4.60A mutant showed considerable

impairment of AVP binding toward rat V1aR.64 In

V1aR and OTR, Q4.60 directly interacts with the

dDAVP, whereas in V2R there is the water-mediated

interaction (see above text and Figures 2 and 9). The

intricate network of hydrogen bonds is formed within

the K3.29116, Q4.60174, Q4.66180, Q6.55291, Tyr2 of

dDAVP and water molecules (see Figure 9C), hence

the disruption of this dense network of interaction

may result in critical rearrangement of binding cavity

and loss of ligand high-affinity binding. Q2.61 is found

to be in strong, polar interaction with the dDAVP D-

Arg8 side chain. Both Q2.61A and Q4.60A mutants

demonstrated a substantial reduction in affinity to

AVP,64 thus suggesting that they are especially im-

portant determinants of AVP binding. Accordingly,

in our model, Q2.61 and Q4.60 are located one helical

turn closer to the extracellular side than Q2.57, Q3.32,

and Q6.55 (suggested as less important for AVP bind-

ing64); therefore, these two residues may be in addi-

tion involved in ligand recognition among vasopres-

sin and oxytocin receptors. The moderate changes in

AVP–V1aR affinity64 resulting from Q2.57A, Q3.32A,

and Q6.55A mutations are also in agreement with our

results. These residues, located somewhat deeper

inside the binding cavity, form the hydrogen bonds

with crucial dDAVP residues: Tyr2 and Asn5/Gln4

(see Table II, Figure 2, and text above). In general,

in the obtained models, all highly conserved Gln

residues interact with the following ligand residues:

Tyr2, D-Arg8, Asn5/Gln4. It is noticeable that resi-

dues at these amino acid positions are commonly

known as especially important for agonistic acti-

vity among vasopressin/oxytocin receptor sub-

family.17,106–111
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Two other highly conserved residues, which have

been previously proposed as critical for agonist bind-

ing toward vasopressin and oxytocin receptors are

also involved in dDAVP binding in our models.

Accordingly, it has been found in site-directed muta-

genesis that the mutation of highly conserved N-ter-

minal R (32, 46, and 34 in V2R, V1aR, and OTR,

respectively) results in strong impairment of ligand

binding.68,69 This is in agreement with our models,

where this conserved arginyl forms a hydrogen bond

with the C-terminal carboxamide of dDAVP as

described above (see also Figure 2). More recently it

has been demonstrated that the highly conserved

E1.35 also plays an analogous role70 and, in agreement

with this finding, in our model this residue interacts

via hydrogen bond with the C-terminal carboxamide

(see Figure 2 and above text).

Detailed experimental data for human V2R also

support validation of our receptor models, e.g.,

human V2R mutations involving the following resi-

dues: L1.3944, V2.5388, W2.6499, EL2 R181, I5.42209,

A6.58294, and S7.43315 have been previously found

as responsible for NDI by impairing AVP bind-

ing65,73,92,97,98,105 and, accordingly all of these resi-

dues directly interact with dDAVP in our models (see

Table II). Two other V2R residues identified in our

study as interacing with dDAVP (M3.36123, S3.40127)

also have been recognized as being responsible for

NDI, but it is still undetermined whether they affect

ligand binding.112,113

The obtained receptor–ligand models provide the

information on receptor–ligand interactions at the

molecular level that are sufficient to be validated by

available experimental data. Moreover, the obtained

models also generate hypotheses regarding the mo-

lecular details of GPCR function, i.e., receptor activa-

tion, G protein coupling, or internal water molecules

role. These hypotheses might be next tested by

experiments whose results, in turn, would be used to

modify and refine molecular models.

CONCLUSION

The docking of dDAVP to neurohypophyseal hor-

mone receptors and subsequent 1-ns MD simulation

of complexes allowed us to propose a model of recep-

tor–dDAVP interactions, involving both highly con-

served and nonconserved receptor residues. A large

part of the V2R–dDAVP interactions and those previ-

ously proposed for OT46 and AVP47 is common.

Moreover, the majority of residues identified in this

study have been previously determined in several ex-

perimental investigations to be involved in ligand

binding for the neurohypophyseal hormone receptors

subfamilies. The highly conserved residues have been

proposed in this study as contributing to the network

of interhelical interactions that, if broken, might initi-

ate the conformational rearrangements during activa-

tion.

The nonconserved EL1 D103 recognized as cru-

cial for V2R–dDAVP high affinity binding38 has been

proposed to be involved only in the ligand recogni-

tion. The receptor DRH/Y/C (in V2R, V1aR, and

OTR, respectively) and NPxxY motifs, being the

hallmarks for the family A GPCRs, have been identi-

fied to be involved in the G protein coupling. Two

highly conserved Leu residues at the C-terminus of

Gs� protein appear to be mainly responsible for re-

ceptor binding. Eventually, the internal water mole-

cules forming an intricate network of the hydrogen

bonds inside the receptor cavity have been detected.

These molecules appear to be involved in both

dDAVP binding and in Gs� coupling, contributing

significantly to the stability of the whole system.

In summary, molecular models of receptor–ligand

interactions might significantly facilitate rational

design of new AVP analogs useful in several patho-

logical conditions related to vasopressin V2 receptor.

On the other hand, detailed knowledge on the V2R

activation mechanism might assist in design of new

ligands capable of activating the mutated V2R in

NDI. Moreover, given the structural homology

among Class A, these results might find an applica-

tion in the design of drugs acting via other class A

GPCRs.
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Kozlowska, J. New J Chem 2003, 27, 251–256.

73. Albertazzi, E.; Zanchetta, D.; Barbier, P.; Faranda, S.;

Frattini, A.; Vezzoni, P.; Procaccio, M.; Bettinelli, A.;

Guzzi, F.; Parenti, M.; Chini, B. J Am Soc Nephrol

2000, 11, 1033–1043.

74. Colson, A-O.; Perlman, J. H.; Jinsi-Parimoo, A.; Nus-

senzveig, D. R.; Osman, R.; Gershengorn, M. C. Mol

Pharmacol 1998, 54, 968–978.

75. Rosenthal, W.; Antaramian, A.; Gilbert, S.; Birn-

baumer, M. J Biol Chem 1993, 268, 13030–13033.

76. Fanelli, F.; Barbier, P.; Zanchetta, D.; De Benedetti,

P. G.; Chini, B. Mol Pharmacol 1999, 56, 214–225.

77. Scheer, A.; Fanelli, F.; Costa, T.; De Benedetti, P. G.;

Cotecchia, S. EMBO J 1996, 15, 3566–3578.

78. Ballesteros, J.; Kitanovic, S.; Guarnieri, F.; Davies,

P.; Fromme, B. J.; Konvicka, K.; Chi, L.; Millar,

R. P.; Davidson, J. S.; Weinstein, H.; Sealfon, S. C.

J Biol Chem 1998, 273, 10445–10453.

79. Zhu, S. Z.; Wang, S. Z.; Hu, J.R.; Elfakahany, E. E.;

Mol Pharmacol 1994, 45, 517–523.

80. Acharya, S.; Karnik, S. A. J Biol Chem 1996, 271,

25406–25411.

81. Rasmussen, S. G. F.; Jensen, A. D.; Liapakis, G.;

Ghanouni, P.; Javitch, J. A.; Gether, U. Mol Pharma-

col 1999, 56, 175–184.

82. Alewijnse, A. E.; Timmerman, H.; Jacobs, E. H.;

Smit, M. J.; Roovers, E.; Cotecchia, S.; Leurs, R.;

Mol Pharmacol 2000, 57, 890–898.

83. Rosenkilde, M. M.; Kledal, T. M.; Schwartz, T. W.

Mol Pharmacol 2005, 68, 11–19.

84. Hawtin, S. R.; Mol Pharmacol 2005, 68, 1172–1182.

85. Barak, L. S.; Menard, L.; Ferguson, S. S.; Colapietro,

A. M.; Caron, M. G. Biochemistry 1995, 34, 15407–

15414.

86. Hunyady, L.; Bor, M.; Baukal, A. J.; Balla, T.; Catt,

K. J. J Biol Chem 1995, 270, 16602–16609.

87. Galés, C.; Kowalski-Chauvel, A.; Dufour, M-N.;

Seva, C.; Moroder, L.; Pradayrol, L.; Vaysse, N.;

Fourmy, D.; Silvente-Poirot, S. J Biol Chem 2000,

275, 17321–17327.

88. Urizar, E.; Claeysen, S.; Deupı́, X.; Govaerts, C.; Cos-

tagliola, S.; Vassart, G.; Pardo, L. J Biol Chem 2005,

280, 17135–17141.

89. Garcia, P. D.; Onrust, R.; Bell, S. M.; Sakmar, T. P.;

Bourne, H. R. EMBO J 1995, 14, 4460–4469.

90. Osawa, S.; Weiss, E. R. J Biol Chem 1995, 270,

31052–31058.

91. Martin, E. L.; Rens-Domiano, S.; Schatz, P. J.;

Hamm, H. E. J Biol Chem 1996, 271, 361–366.

92. Ala, Y.; Morin, D.; Mouillac, B.; Sabatier, N.; Var-
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Phalipou, S.; Morin, D.; Hibert, M.; Manning, M.;

Durroux, T.; Barberis, C.; Mouillac, B. Eur J Biochem

2000, 267, 4253–4263.

101. Breton, C.; Chellil, H.; Kabbaj-Benmansour, M.; Car-

nazzi, E.; Seyer, R.; Phalipou, S.; Morin, D.; Durroux,

T.; Zingg, H.; Barberis, C.; Mouillac, B. J Biol Chem

2001, 276, 26931–26941.

102. Tahtaoui, C.; Balestre, M-N.; Klotz, P.; Rognan, D.;

Barberis, C.; Mouillac, B.; Hibert, M. J Biol Chem

2003, 278, 40010–40019.

103. Postina, R.; Ufer, E.; Pfeiffer, R.; Knoers, N. V.; Fah-

renholz, F. Mol Cell Endocrinol 2000, 164, 31–39.

104. Acharjee, S.; Do-Rego, J-L.; Oh, D-Y.; Ahn, R. S.;

Choe, H.; Vaudry, H.; Kim, K.; Seong, J. Y.; Kwon,

H. B. J Biol Chem 2004, 279, 54445–54453.

105. Pan, Y.; Wilson, P.; Gitschier, J. J Biol Chem 1994,

269, 31933–31937.

106. Manning, M.; Sawyer, W. H. In Vasopressin; Schrier,

R. W, Ed.; Raven Press: New York, 1985; pp 131–144.

107. Walter, R. Fed Proc Am Soc Exp Biol 1977, 36,

1872–1878.

108. Chan, W. Y.; Wo, N. C.; Cheng, L. L.; Manning, M.

J Pharmacol Exp Ther 1996, 277, 999–1003.

109. Sawyer, W. H.; Acosta, M.; Balaspiri, L.; Judd, J.;

Manning, M. Endocrinology 1974, 94, 1106–1115.

110. Gillessen, D.; du Vigneaud, V. J Biol Chem 1967,

242, 4806–4812.

111. Postina, R.; Kojro, E.; Fahrenholz F. J Biol Chem

1996, 271, 31593–31601.

112. Arthus, M. F.; Lonergan, M.; Crumley, M. J.; Nau-

mova, A. K.; Morin, D.; De Marco, L. A.; Kaplan,

B. S.; Robertson, G. L.; Sasaki, S.; Morgan, K.;

Bichet, D. G.; Fujiwara, T. M. J Am Soc Nephrol

2000, 11, 1044–1054.

113. Morello, J. P.; Bichet, D. G.; Annu Rev Physiol 2001,

63, 607–630.

114. Manning, M.; Balaspiri, L.; Moehring, J.; Haldar, J.;

Sawyer, W. H. J Med Chem 1976, 19, 842–845.

115. Bernstein, H. J.; TIBS 2000, 25, 453–455.

116. Koradi, R.; Billeter, M.; Wüthrich, K. J Mol Graphics
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