J. Med. Chem2006,49, 2463-2469 2463

Molecular Docking-Based Study of Vasopressin Analogues Modified at Positions 2 and 3 with
N-Methylphenylalanine: Influence on Receptor-Bound Conformations and Interactions with
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In this study, four cyclic vasopressin (CYFQNCPRG-NKVP) analogues substituted at positions 2 and

3 with four combinations of enantiomersfmethylphenylalanine have been investigated. Three-dimensional
structures of analogues have been formerly determined using NMR spectroscopy in dimethyl sulfoxide.
Three-dimensional models of the vasopressin and oxytocin receptors were constructed by combining the
multiple sequence alignment and the RD crystal structure as a template. The analogues have been docked
into the receptor using the AutoDock program. The relaxation of the recejand complexes using

energy minimization, followed by the constrained simulated annealing protocols (CSA), has been performed.
The receptor-bound conformations of the investigated analogues have been proposed. We concluded that
the N-methylated residues at positions 2 and 3 act as a structural restraint, determining the conformation of
analogues, their location inside the receptor cavity, and mutual arrangement of the aromatic side chains.
The conserved polar residues constitute the handles keeping the biologically active analogues inside the
binding cavity. The Ar§D?%° salt bridge might be responsible for analogue-selective binding in OTR and
V1aR versus V2R, where the positively chargetfK100 is present at the equivalent position.

Introduction Table 1. Biological Activity of AVP Analogues Substituted at Positions
Arginine vasopressin (CYFQNCPRG-NHAVP) is an en- éj:g‘eg’txlv'ethR'égggttggers dd-Methylphenylalanine toward the

dogenous nonapeptide synthesized in the hypothalamic mag
nocellular neurons and stored in the posterior pituitary gland OTR ViaR VZR
wherefrom it is released into the peripheral circulation under  [p-MePhé&JAvP 6.4 0 0
three main stimuli: hyperosmolality, hypovolaemia, and hy-  [D-MePhéMePhe]AvP 6.6 58 0

) . ; . [MePhé,p-MePhé&]AVP 0 0 0
potensiort The main physiological roles of AVP are the [MePh&3JAVP 0 0 0

regulation of Wgter ba-lance’ the control of blood pressurg, and aThe pharmacological properties of analogues were tested in the
the adrenocorticotropin hormone_ (ACTH) secretion mediated uterotonic, pressor, and antidiuretic tests in vitro The activity values are
via three subtypes of vasopressin receptors: V2 (V2R), V1a given in the pA (pA; values represent the negative base 10 logarithm
(V1aR), and V1b (V1bR), respectively* Moreover, AVP to of the average molar concentration of the antagonist that will reduce
some extent also exhibits the typical oxytocin ([I13,L8]JAVP, OT) the appropriate biological response touhits of agonist to the level of
activities: the contractions of uterine smooth muscle and Units)-

mammary myoepithelium via interaction with the oxytocin - methylphenylalanine, have been investigated. The pharma-

-5 - . . .
receptor .(OTR.?. Furthermore, AVP and OT act as neu- cological properties of these analogues were tested previously
rotransmitters in the central nervous system playing a role in iy the yterotonic, pressor, and antidiuretic tests in vitro (see

many reproductive, developmental, behavioral, and social ap|e 1)22 The modification of AVP molecule at positions 2
funct|ons§‘9 Vasopressin and oxytocin receptors are included 45,4 3 Wwith N-methylphenylalanine results in a structural
in the neurohypophyseal hormone receptors subgroup andgonsraint, determining conformation of the macrocyclic ring
belong thg_lbet studied cta#\ G protein-coupled receptors  4nq spatial orientation of the aromatic side chains at positions
(GPCRs).>** GPCRs are the integral membrane proteins 5 4nq 3. Moreover, the lack of the phenol group in the aromatic
consisting of seven transmembrane helices (FWIlA7), con- side chain at position 2, crucial for transduction, results in loss
nected by alternating extracellular (EL) and intracellular (IL) ot agonistic properties. It is known that a proper orientation of
loops with the extracellular N-terminus and the cytosolic Tyr2 side chain is necessary for agonistic actidityThe
iny<l4-16 - . .
C-terminus.*~ They occupy almosot 3% of the human gFenome substitution of Ty? with b-Tyr2 produces an analogue with only
and are targets for more than 60% drugs on the mafké&t. 5 ia| agonist activity, whereas the deletion or O-alkylation of
Neurohypop.hyseal ho.rrnone receptprs are involved ina number—l—yrz hydroxyl group results in antagonistic properf&sVith
of pathological conditions. Identification of the difference e jntention of explaining the differences in biological activities
between their interactions with agonists, associated with the ot e jnvestigated analogues, their three-dimensional structures
receptor activation and signal transduction and those with .56 peen formerly resolved using NMR spectroscopy in
antagonist, resulting in a blockade of the receptorsélbmdmg aqueous solution and dimethyl sulfoxi&#e®?1t has been shown
domain, is an important task in rational drug desig#: that the geometry of a disulfide bridge does not influence on
In this study the cyclic AVP analogues, substituted at {he activity of the analogues, and it has been concluded that
positions 2 and 3 with the combinations of enantiomers of he piglogical activity could rather depend on a mutual arrange-
*To whom correspondence should be addressed. Phoré8 58 ment of the aromatic side chains at positions 2 aré3In .
3450422; fax: +48 58 3450472; e-mail: magda@chem.univ.gda.pl. this study the molecular docking has been used to determine
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Figure 1. Representation of the box delimiting the ligands docking
space. The approximate location and size of the ligand binding site
has been defined before the docking.

lusrz et al.

binding site in the docking, is presented. The obtained complexes
were previously minimized in Amber 7%. The low-energy
complex for each receptetigand set was selected. In the next step
the relaxation of the selected complexes, using a constrained
simulated annealing protocols (CSA) in vacuo for 15 ps with
positional constrains for €atoms in transmembrane domains, was
performed>4-56 This procedure allowed us to maintain the receptor
three-dimensional structure within the 7TM domain in homology
to RD. The selected lowest-energy models of complexes were used
for characterization and discussion of the ligand conformation and
the receptorligand interactions.

Results and Discussion

Residue Indexing and Abbreviations of the Complexes
Names. The ligand residues are identified using three letter
codes with the indices in superscript, e.g. Pfide receptors
residues are identified using one letter codes with the universal
class A indices (Ballestered/Neinstein numbering schef®e
placed as superscripts, followed by the absolute numbers, e.g.
V1aR Y851300, facilitating match between equivalent residues
in different receptors, e.g. W¥288, 304) in (OTR, V1aR),
respectively. Briefly, in the BallesteredVeinstein scheme, the
specific superscript N.XX defines a position relative to the most
conserved residue in the TM helix ‘N’, which is assigned the
number ‘N’.50. Residues placed in loops are identified with
one letter code, followed only by the residue absolute number,
e.g. EL2 D186. Describing recepteligand interactions, the

receptor-bound conformations of the investigated analogues andhames of the ligandfMePhéJAVP, [D-MePhé MePhé]-
to validate a thesis on a crucial role of the aromatic side chains AVP, [MePhé&,p-MePhé&]AVP, and [MePhé3AVP will be

orientations on the analogue activity. Molecular modeling
approach may provide a “biologically active” conformation of
the ligand and explain the receptdigand interactions at the
atomic resolution.

Methods
Model Building and Molecular Docking. Nonstandard amino

abbreviated to DD, DL, LD, and LL, respectively.

Energy of Obtained Complexes and Location of the
Docked AnaloguesAfter the molecular docking, 360 relaxed
receptor-ligand complexes have been obtained. Important
factors validating the docking procedure are energy of the
obtained complex and locations of docked analogue inside the
receptor binding pocket. Both energy of a complex and location

acid residues and other structure fragments were parametrized a®f a ligand is pertinent to the quality of fitting of the analogue

recommended in the Amber 7.0 manéfal’ Specifically, the point

in the receptor pocket, in relation to its biological activiy243

atom charges were fitted by applying the Resp procedure to the For some recepterligand complexes the values of interaction

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

program Games¥:3The three-dimensional models of vasopressin
analogues were built using the obtained NMR coordinédhe

three-dimensional models of the neurohypophyseal receptors (V2R,

Vl1aR, and OTR) were constructed as described previdsiy.
Briefly, the receptor models were built by applying multiple
sequence alignment for bovine rhodopsin (RD), OTR, V1aR, and
V2R and subsequently using the three-dimensional model of
inactive RD as the templaé#* Computer mutations, insertions,

energy following from docking are extremely (maximally) high,
showing the difficulty with appropriate docking of this particular
conformation of ligand. Indeed, if the AutoDock-calculated
energy is in the order of 2®kcal/mol (maximum), it simply
means the impossibility of proper docking of the ligand. For
complexes of all analogues with V2R as many as-80%
complexes were those of maximum-energy, suggesting poor
ligand fitting in the receptor binding cavity, in the agreement

and/or deletions ensuing from multiple sequence alignment were with experimental data (see Table 1). Among the remaining

performed using standard Amber 7.0 tools and the Biopolymer
module of SybyB>4>Subsequently, all receptor and ligand models
were energy-minimized and relaxed using the Amber 7.0 force
field.35

In the next step, all four analogues were docked to the OTR,
Vl1aR, and V2R, using a modified genetic algorithm (GA) as
implemented in the AutoDock progratfi*’ This docking procedure

complexes, both with OTR and V1aR, poor “hits” do not exceed
20—30%. The difference in the number of improperly docked
ligands is probably a result of a better sequence identity between
OTR and V1aR than between any of the former and V2R.
The ligand locations in specific receptors are dissimilar and
might partially explain the differences in their biological

is a hybrid search technique that implements an adaptive globalactivities. It is known that the macrocyclic ring of AVP is

optimizer with local search. The global search method does not
require gradient information in order to proceed, and it also uses
fixed variances for the determination of the probabilistic way of a
change of a particular state variable, such as the x-transtétion.

These variances are either doubled or halved during the search

docked inside the 7TM domain, while the three-residue talil,
and especially Arg protrudes outside the 7TM, toward the
extracellular domaif?-53 The described location is well cor-
related with the dual polarity of the receptor: hydrophobic cavity

depending on the number of consecutive successful (drop in energy)and hydrophilic extra- and intracellular domains. During the

or failed moves'® To execute docking, the approximate location QOcking i_n AutoDock, where the Ii_gan_d i_s instant_ly generat_ed
and size of the ligand binding site in the receptor central cavity IN the optimal (lowest-energy) location inside the binding cavity,

was defined using AutoGritf (module of the AutoDock program)
in agreement with the experimental structueetivity datas549-53
In Figure 1 the representation of the “box” delimiting the ligand

nonphysiological ligand orientation, incompatible with the
receptor pocket polarity, is permissible. In Table 2 the statistics
of analogues orientation is given. The percentage shows the
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Figure 2. Representation of the DL and DD analogues binding pockets in OTR and V1aR. Panel A;[DTRanel B, V1aR-DL; panel C,
OTR-DD; panel D, V1aR-DD. Only receptor extracellular parts are shown. The TM helices are arranged counterclockwise from TM1 (blue) to
TM7 (red); ligand is black. Several helices are drawn thinner for clarity. The binding amino acid residues are marked, and their side chains are
exposed.

Table 2. The Percentage of the Ligand Orientations Having the low-energy complexes: both DL and DD per OTR and both
Macrocyclic Ring Docked Inside the Binding Cavity and Arg DL and DD per VlaR, were chosen for further detailed
Protruding toward the Extracellular Side examination after CSA (see Methods). The receptors amino acid
bL bb LD LL residues forming the putative ligand binding pockets were
OTR 50 55 35 25 selected using the distance criterion. Thus, all receptor residues
x;?eR gg gg gg g’g whose any atom was not farther than 3.5 A from any atom of
the ligand were selected. The OTR and V1aR residues proposed
as interacting with the DL and DD are given in Table 3. The
most important receptetligand interactions are presented in
Figure 2.

proper ligand orientation compatible with the receptor polarity.
In all complexes the percentage of proper ligand location is
relatively low in agreement with the low biological activity of . . ) .
investigated analogues (see Table 2). Nevertheless, the detailed | N€ location of DL is vertical (parallel to the longer axis of
comparison of Tables 1 and 2 reveal that the differences in the € receptor) in both OTR and V1aR, with the aromatic rings
experimentally determined receptdigand affinities (Table 1) immersed dee_pl_y _mto the hydrophobic bottom of the cavity g_nd
are reflected in the differences of AutoDock-resulting locations the Arg’ guanidinium group exposed toward the hydrophilic
of the analogues inside the receptor cavities (Table 2). Accord- extracellular side (see Figure 2, panels A, B). The location of
ingly, the previously investigated strong OTR antagonists, DD analogue in OTR, although rather tilted than vertical, places
atosiban and barusiban, were properly orientated inside thethe aromatic side chains still in a close contact with the
receptor binding cavity in the majority of complex@g243 hydrophobic bottom of the binding pocket with Zrguani-
Moreover, the mutual arrangement of the aromatic side chainsdinium group turned toward hydrophilic entrance of the binding
at positions 2 and 3 is probably the most important factor pocket (see Figure 2, panel C). on the contrary to situation of
determining the binding of DD and DlersusLD and LL the same analogue in V1aR, where the ligand position is more
analogues in specific receptors. It is possible that their arrange-even more “horizontal” (i.e. perpendicular to the longer axis of
ment in LD and LL analogues makes difficult fitting the tocin the receptor). In the latter complex, the aromatic rings are
ring of a in the binding cavity due to the steric hindrances.  situated approximately at the same depth as the® Atmni-
Analysis of DL and DD Complexes with OTR and V1aR. dinium group, which interacts with the deeper part of the
For two analogues exhibiting biological activity, viz.p{[ receptor than in the former three complexes (see Figure 2, panel
MePhé&3AVP and p-MePhé MePhé]AVP, see Table 1) four D). It is noticeable that for the V1aRDD complex “inap-
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Table 3. List of the OTR and V1AR Residues Involved in the

Interactions with the Ligands A
™ [D-MePhé,MePhé]AVP  [D-MePhéSAVP | niversal
‘N'’domain OTR VliaR OTR V1aR numbering®
™1 E42 E54 E42 - 1.35
- T61 - T61 1.42
T™2 D85 D97 - - 2.50
V88 V100 V88 V100 2.53
Q92 Q104 Q92 Q104 2,57
V93 V105 Va3 V105 2.58
Q96 Q108 Q96 Q108 2.61
- M109 - - 2.62
D100 D112 D100 -— 2.65
T™3 V115 V127 V115 V127 3.28
K116 - - - 3.29
Q119 Q131 Q119 Q131 3.32
V120 - V120 V132 3.33

M123 M135 M123 M135 3.36 B
- - F124 - 3.37
S126 S138 S126 S138 3.39
T127 - T127 - 3.40
TM5 - - - M220 5.42
- - T205 T221 5.43
- - - F225 5.47
- - V213 - 5.51
TM6 F284 Y300 F284 Y300 6.44
c287 - c287 - 6.47
W288 W304 w288  W304 6.48
F291 F307 F291 F307 6.51
- - F292 F308 6.52
Q295 Q311 Q295 Q311 6.55
™7 1312 - 1312 - 7.36
- T333 - - 7.38
M315 A334 M315  A334 7.39
A318 L335 A318 L335 7.41
S319 S338 S319 S338 7.43
N321 N340 N321 N340 7.45

S322 S341 S322 S341 7.46
N325 N344 N325 — 7.49

EL2 V184 vigs -
F185 R201 F185 — -
D186 D202 - D202 -
w188 w204 wi8s w204 -
propriate” locations of the docked ligand (see Table 2) indicate
difficulty with the fitting ligand into the receptor cavity in the
docking process, thus suggesting a weaker binding of DD in
V1aR in analogy to the nonactive LL and LD analogues.
In Figure 3, the superimpositions of NMR-based conforma-
tions (with the highest statistical weight) of the DL and DD
analogues? and their receptor-bound conformations (from the

lowest-energy complex) are given. The conformation of the tocin
ring of DL and DD analogues did not change considerably D
during docking, and the RMSd measured on tltea@ms of

the tocin ring were as follows: 0.82 A for DL docked in OTR;
0.50 A for DL docked in V1aR; 0.72 A for DD docked in OTR;
0.55 A for DD docked in V1R. Conversely, the significant
changes of the side chain conformation and the C-terminal three-
residue tails as well as their location relative to macrocyclic
ring can be observed in both DL and DD. In the receptor-bound
conformation of DL, the aromatic side chains of the residues at
positions 2 and 3 are situated on the edge of the ligand and
may strongly interact with each other stronger than in the
unbounded analogue. Thus, in both OTBL and V1aR-DL
complexes, the dislocation af-MePhé aromatic side chain

results in the increase of the intramolecutarsr interaction in

both OTR-bound and V1aR-bound conformations of DL (see Figgre 3._ S_tereodiagrams _of superimposition of the analogue confor-
Figure 3, panels A and B). However, this interaction is to a mations inside the respective receptors. NMR-based structures before
. 9 ' P . ’ ! A docking are gray, and receptor-bound conformations are black. Panel
little extent weaker in the latter, where a small rotation of A DL in OTR; panel B, DL in V1aR; panel C, DD in OTR; panel D,

pD-MePhé aromatic ring is observed (Figure 3, panel B). DD in V1aR.

Completely different phenomena can be observed in the

receptor-bound conformations of DD analogue. Unexpectedly, b-MePhe& andb-MePhé aromatic side chains in the unbounded
the energetically favorable, almost parallel orientation of the analogue (NMR-determined structure) is not retained in the
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Figure 4. Primary sequence alignment of the human neurohypophyseal hormone receptors (OTR, V1aR, and V2R) and bovine rhodopsin, obtained
using Multalin#* The putative transmembrane helices7lare underlined. The TM ‘N’'50 residues are marked with an affow.

receptor-bound conformations. Thus, in both OTR-bound and with OTR but not in the nonactive V1aRDD complex.
V1aR-bound conformations of DD the reciprocal location of Remarkably, in V2R (which binds neither of the investigated
aromatic side chains at positions 2 and 3 excludes their analogues) the equivalent position is occupied with the positively
interaction (see Figure 3, panel C and D). Therefore, it seemscharged K5 100 (see Figure 4), incapable of forming a salt
that the location of the aromatic rings at positions 2 and 3 in bridge with Ard. It is known that Ard is crucial for selectivity
receptor-bound conformations results from forming some crucial in the vasopressin receptd¥& Thus, identification of interac-
aromatic receptotligand interaction (see below), which are tions of its guanidinium group via a salt bridge with thé®

more energetically favorable than an intramolecuiar carboxyl might be critical for ligand binding. In addition, this
interaction would be. acidic residue is located at the extracellular ends of the TM2;
The Interactions Responsible for DL and DD Binding in hence, it may be also involved in the ligand recognition. Another

OTR and V1aR. The residues proposed as interacting with the important interaction involving the Afgguanidinium group is
two biologically active DL and DD analogues are given in Table the hydrogen bond formed with the carboxyl df¥£54, in the
3. As one can see, the OTR residues interacting with either DL V1aR—DL complex and in both complexes with OTR (with
or DD analogues are nearly the same (see Table 3), in agreemerthe equivalent residue'E® 42). This interaction is not present
with the similar ligand locations inside the receptor binding in the V1aR-DD complex. Moreover, in the V1aRDD
cavity, as well as with nearly identical antagonistic activity (see complex does not appear any interaction with the conserved
Table 1). Regarding V1aR, although both ligands are situated N7#° 344 interacting with the ligand in three remaining
differently, similar residues are still involved in interactions; complexes. The nonconserved®fd 109, 728 333, and EL2
however, some strong interactions that might be responsible forR201 interact with the ligand exclusively in the V1aRL
receptor-ligand selectivity do not appear (see below and Table complex. Consequently, the lack of some polar interactionsin
3). the V1aR-DD complex could partially explain the differences
All investigated complexes are stabilized by networks of between the DL and DD activities with respect to V1aR (see
hydrogen bonds (see Figure 2), which appear to be importantTable 1).
anchors keeping the ligand inside the binding site and stabilizing  In all complexes, besides the polar contacts, strong aromatic
the receptorligand complexes. Very important interactions in - aromatic recepterligand interactions can be observed as listed
all four analyzed complexes involve the highly conserved (for in Table 3. Thus, the interactions of the aromatic residues at
sequence alignment of neurohypophyseal hormone receptors sepositions 2 and 3 with #4284, Y6-44300, and \§48(288, 304),
Figure 4) 7TM GIn residues &7, Q5% Q332 and (9. These F651 (291, 307), and #52 (292, 308) in OTR and V1aR,
residues make important parts of the receptor binding pocketsrespectively, can be observed (see Table 3 and Figure 2). The
and have been previously identified as interacting with the most important seem to be the interactions with*\(288, 304)
neurohypophyseal hormones and their analogfi&/s!0.42:43.49 present in all complexes and witl¥# 284 (Y®44300), found

They are involved in stabilization of the receptdigand in three complexes, again with the exception of the V&®
complexes, but they do not pertain to selectivity toward the complex. The strong aromati@romatic interactions with W8
respective receptors. (288, 304), B44 284 (Y844300), and other aromatic residues

A crucial interaction for selectivity might be the salt bridge result in strong binding of TM6 and might prevent from receptor
between the guanidinium group of Ar@and the carboxyl of activation. The hypothesis that the TM6 cluster of aromatic
the nonconserved 43° (100, 112). This interaction occurring residues is involved in stabilization of an inactive state of the
in the V1aR-DL complex is also present in both complexes receptor has been formulated for thyrotropin-releasing hormone
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(TRH) receptot® and also confirmed in our former investi-
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11/2.6/ARP/U/2/05. We would like to thank the Academic

gations3940-43 Moreover, the interaction of the aromatic TM6 Computer Center (CI TASK) in Gdansk, Poland, and the
residues with ligands appears to be a feature typical of membersinterdisciplinary Center for Mathematical Modeling (ICM) in

of the GPCRs family A>:31-34

Conclusion

In this study four cyclic AVP analogues substituted at
positions 2 and 3 with combinations of enantiomersNsf
methylphenylalanine were docked into OTR, V1aR, and V2R.
During the docking, the N-methylated residues at positions 2

and 3 act as a structural restraint, determining the conformation

of analogues, their location inside the receptor cavity, and mutual
arrangement of the aromatic side chains. For the completely
inactive LL and LD analogues, in general, it seems to be
energetically unfavorable to adopt a conformation that allows
efficient docking. For the biologically active DL and DD

Warsaw, Poland, for the computational time.
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mined, showing that the conformation of the tocin ring does
not change considerably, contrary to the highly flexible three-
residue C-terminal tails. The location of the aromatic side chains
at positions 2 and 3 is determined by their stromgsz

interaction with the receptor residues. These aromatic interac-

tions with the TM6 cluster of aromatic residues are probably
responsible for antagonistic activity of investigated analogues.

The conserved polar residues constitute the handles keeping the

biologically active DL and DD analogues inside the binding
cavity, whereas the AfgD2%5salt bridge might be responsible
for their selective binding in OTR and V1aR versus V2R. In
V2R, which does not bind any of the investigated analogues,
this interaction would be impossible due to presence of
positively charged K55100 at the equivalent position.

The biological activity of investigated analogues is determined
by the receptor-bound conformation and location, making the
interactions with several crucial receptor residues (im)possible.
The detailed knowledge about the receptiigand interactions
at the molecular level will allow optimization of the pharma-
cological profile of investigated compounds by guiding the
synthesis of the next generation of AVP analogues. Therefore,

the amino acids at positions 2, 3, and 8 have been determined

in this study to be especially crucial for binding due to their
interaction with key receptor residues. Specifically, the simul-
taneous interaction of these residues with TM6 cluster &8 D
respectively, appears to be responsible for activity of investigated
analogues, as proposed. The differences in chirality of N-
methylated residues at positions 2 and 3 result in different
analogue selectivity. However, the amino acid residue at position
8 is occupied by arginyl in all investigated analogues. The
substitution of this arginyl may provide new drugs with
improved antagonistic activity and selectivity toward oxytocin
receptors.

In summary, this molecular modeling study is in good
agreement with experimental d&fZ*3°Moreover, our results
complete these data, providing the detailed information about
the receptor-bound conformations of analogues and their
interaction with vasopressin and oxytocin receptors at the
molecular level. Molecular modeling of receptdigand inter-
actions in the conjuction with pharmacological and NMR data

appear to be valuable tool to determine the relationships between

the structure and activity of newly synthesized compounds and

thus may be a successful approach to designing a new generation

of potent drugs with improved selectivity.

Acknowledgment. Magdalena J. Bsarz is supported by
L’Oréal — UNESCO “For Women in Science” Fellowship 2005

and European Social Fund (ESF) scholarship no. ZPORR/2.22/

function, and regulatiorPhysiol. Re. 2001, 81, 629-683.

(6) Engelmann, M.; Wotjak, C. T.; Neumann, |.; Ludwig, M.; Landgraf,
R. Behavioral consequences of intracerebral vasopressin and oxy-
tocin: focus on learning and memoiyeurosci. Biobeha Re. 1996
20, 341—-358.

(7) Barberis, C.; Tribollet, E. Vasopressin and oxytocin receptors in
the central nervous syster@rit. Rev. Neurobiol.1996 10, 119-

154.

(8) McEwen, B. B. General introduction to vasopressin and oxytocin:
structure/metabolism, evolutionary aspects, neural pathway/receptor
distribution, and functional aspects relevant to memory processing.
Adv. Pharmacol.2004 50, 655-708.

(9) Bielsky, I. F.; Young, L. J. Oxytocin, vasopressin, and social
recognition in mammalsPeptides2004 25, 1565-1574.

(10) Kimura, T.; Tanizawa, O.; Mori, K.; Brownstein, M. J.; Okayama,
H. Structure and expression of a human oxytocin receptature
1992 356, 526-529.

(11) Morel, A.; O'Carroll, A. M.; Brownstein, M. J.; Lolait, S. J. Molecular
cloning and expression of a rat V1a arginine vasopressin receptor.
Nature 1992 356, 523-526.

(12) Birnbaumer, M.; Seibold, A.; Gilbert, S.; Ishido, M.; Barberis, C.;
Antaramian, A.; Brabet, P.; Rosenthal, W. Molecular cloning of the
receptor for human antidiuretic hormori¢ature 1992 357, 333—

335.

(13) Gorbulev, V.; Behner, H.; Akhundova, A.; Fahrenholz, F. Molecular
cloning and functional characterization of V2 (8-lysine) vasopressin
and oxytocin receptors from a pig kidney cell lirieur. J. Biochem.
1993 215 1-7.

(14) Lu, Z.-L.; Saldanha, J. W.; Hulme, E. C. Seven-transmembrane
receptors: Crystals clarifylrends Pharmacol. Sc2002 23, 140—

146.

(15) Ballesteros, J. A.; Shi, L.; Javitch, J. A. Structural mimicry in G
protein-coupled receptors: implications of the high-resolution struc-
ture of rhodopsin for structurefunction analysis of rhodopsin-like
receptorsMol. Pharmacol.2001, 60, 1—19.

(16) Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima,
H.; Fox, B. A.; Le Trong, |.; Teller, D. C.; Okada, T.; Stenkamp, R.
E.; Yamamoto, M.; Miyamoto, M. Crystal structure of rhodopsin:
A G protein-coupled receptoScience200Q 289, 739-745.

(17) Klabunde, T.; Hessler, G. Drug design strategies for targeting
G-protein coupled receptor&hembiochem2002 3, 928-944.

(18) Lundstrom, K. Structural genomics of GPCRsgnds Biotechnol
2005 23, 103-108

(19) Becker, O. M.; Shacham, S.; Marantz, Y.; Noiman, S. Modeling the
3D structure of GPCRs: advances and application to drug discovery.
Curr. Opin. Drug. Disceery Dev. 2003 6, 353-361.

(20) Ballesteros, J.; Palczewski, K. G protein-coupled receptor drug
discovery: implications from the crystal structure of rhodopSiurr.
Opin. Drug. Disca. Devel. 2001, 4, 561-574.

(21) Laszlo, F. A.; Laszlo, F. Jr.; De Wied, D. Pharmacology and clinical
perspectives of vasopressin antagoniBtsarmacol. Re. 1991 43,
73—-108.

(22) Kowalczyk, W.; Derdowska, |.; Dawidowska, O.; Prahl, A.; Hartrodt,
B.; Neubert, K.; Slaninowa, |.; Lammek, B. Analogues of Arginine
Vasopressin Modified in the NTerminal Part of the Molecule with
Enantiomers of N-Methylphenylalaning.Pept. Re2004 63, 420~
425.

(23) Hruby, V. J.; Chow, M. S.; Smith, D. D. Conformational and
structural considerations in oxytocin-receptor binding and biological
activity. Annu. Re. Pharmacol. Toxicol199Q 30, 501-534.



Vasopressin Analogues Modified at Positions 2 and 3

(24) Sikorska, E.; Bisarz, M. J.; Sisarz, R.; Kowalczyk, W.; Lammek,

B. Investigation of cis/trans ratios of peptide bonds in AVP analogues
containing N-methylphenylalanine enantiomersPept. Sci2006
12, 13-24.

(25) Ballesteros, J. A.; Weinstein, H. Integrated methods for modeling
G-protein coupled receptorslethods Neuroscil995 25, 366-428.

(26) SQusarz, M. J.; $Susarz, R.; Ciarkowski, J. Molecular dynamics

simulation of human neurohypophyseal hormone receptors complexed

with oxytocin — modeling of an activated staté. Pept. Sci2006

12, 171-179. )

Qusarz, M. J.; GietdopA.; Slusarz, R.; Ciarkowski, J. Analysis of

interactions responsible for vasopressin binding to human neurohy-

pophyseal hormone receptors molecular dynamics study of the

activated receptor-vasopressig-8ystems.J. Pept. Sci2006 12,

180-189.

Postina, R.; Kojro, E.; Fahrenholz, F. Separate Agonist and Peptide

Antagonist Binding Sites of the Oxytocin Receptor Defined by Their

Transfer into the V2 Vasopressin ReceptbiBiol. Chem1996 271,

31593-31601.

Colson, A.-O.; Perlman, J. H.; Jinsi-Parimoo, A.; Nussenzveig, D.

R.; Osman, R.; Gershengorn, M. C. A Hydrophobic Cluster between

Transmembrane Helices 5 and 6 Constrains the Thyrotropin-Releasing

Hormone Receptor in an Inactive Conformatibtol. Pharmacol.

1998 54, 968-978. )

Ciarkowski, J.; Drabik, P.; GietdoA.; Kazmierkiewicz, R.; $usarz,

R. Signal transmission via G protein-coupled receptors (GPCRs) in

view of the rhodopsin structure determinatigkcta Biochim Pol.

2001, 48, 1203-1207.

(31) Dixon, R. A.; Sigal, I. S.; Strader, C. D. Structttfeinction analysis
of the -adrenergic receptoCold Spring. Harb. Symp. Quantum
Biol. 1988 53, 487—497.

(32) Choudhary, M. S.; Sachs, N.; Uluer, A.; Glennon, R. A.; Westkaem-
per, R. B.; Roth, B. L. Differential ergoline and ergopeptine binding
to 5-hydroxytryptamine2A receptors: ergolines require an aromatic
residue at position 340 for high affinity bindinlol. Pharmacol.
1995 47, 450-457.

(33) Roth, B. L.; Shoham, M.; Choudhary, M.; Khan, N. Identification
of Conserved Aromatic Residues Essential for Agonist Binding and
Second Messenger Production at 5-Hydroxytryptagifeceptors.
Mol. Pharmacol.1997, 52, 259-266.

(34) Javitch, J. A.; Ballesteros, J. A.; Weinstein, H.; Chen, J. An aromatic
cluster of residues in the sixth membrane-spanning segment of the
dopamine D2 receptor is accessible in the binding-site crevice.
Biochemistry1998 37, 998-1006.

(35) Case, D. A.; Pearlman, D. A., Caldwell, J. W., Cheatham, T. E.;
Wang, J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K.
M.; Stanton, R. V.; Cheng, A.; Vincent, J. J.; Crowley, M.; Tsui,
V.; Gohlke, H.; Radmer, R.; Duan, Y.; Pitera, J.; Massova, |.; Seibel,
G. L.; Singh, U. C.; Weiner, P.; Kollman, P. A. Amber 2002
University of California, San Francisco.

(36) Cieplak, P.; Cornell, W. D.; Bayly, C.; Kollman, P. A. Application
of the Multimolecule and Multiconformation RESP Methodology to
Biopolymers: Charge Derivation for DNA, RNA, and Proteids.
Comput. Chem1995 16, 1357-1377.

(37) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. A well-
behaved electrostatic potential based method using charge restraints
for deriving atomic charges: the RESP modelPhys. Chenl993
97, 10269-10280.

(38) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. The General
Atomic and Molecular Electronic Structure SystemComput. Chem.
1993 14, 1347-1363.

@7

(28)

(29)

(30)

Journal of Medicinal Chemistry, 2006, Vol. 49, 6B

(39) Sikorska, E./ Bisarz, M. J.; Lammek, B. Unpublished results.

(40) Susarz, M. J.; 8usarz, R.; Kamierkiewicz, R.; Trojnar, J.; Wis
niewski, K.; Ciarkowski, J. Molecular modeling of the neurohypo-
physeal receptor/atosiban complexBsotein Pept. Lett2003 10,
295-302.

(41) Husarz, R.; $usarz, M. J.; Kamierkiewicz, R.; Lammek, B.
Molecular modeling of interaction of the vasopressin analogues with
vasopressin and oxytocin receptd@SAR Comb. S2003 22, 865—

872.

(42) Susarz, M. J.; ®isarz, R.; Meadows, R.; Trojnar, J.; Ciarkowski, J.
Molecular dynamics of complexes of atosiban with neurohypophyseal
receptors in the fully hydrated phospolipid bilay&SAR Comb. Sci.
2004 23, 536-545. )

(43) Susarz, M. J.; GietdopA.; Slusarz, R.; Meadows, R.; Trojnar, J.;
Ciarkowski, J. Study of new oxytocin antagonist barusiban (Fe200
440) affinity toward human oxytocin receptor versus vasopressin V1a
and V2 receptors- molecular dynamics simulation in POPC bilayer.
QSAR Comb. ScR005 24, 603-610.

(44) Corpet, F. Multiple sequence alignment with hierarchical clustering.
Nucl. Acids Res1998 16, 10881-10890.

(45) Sybyl 6.8, Tripos Inc. 1699 South Hanley Rd., St. Louis, MO 63144.

(46) Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart, W.
E.; Belew, R. K.; Olson, A. J. Automated Docking Using a
Lamarckian Genetic Algorithm and Empirical Binding Free Energy
Function.J. Comput. Cheml998 19, 1639-1662.

(47) Solis, F. J.; Wets, J. B. Minimization by Random Search Techniques.
Math. Oper. Res1981, 6, 19—-30.

(48) Goodsell, D. S.; Morris, G. M.; Olson, A. J. Docking of Flexible
Ligands: Applications of AutoDockl. Mol. Recognit1996 9, 1-5.

(49) Mouillac, B.; Chini, B.; Balestre, M. N.; Elands, J.; Trumpp, K. S;
Hoflack, J.; Hibert, M.; Jard, S.; Barberis, C. The binding site of
neuropeptide vasopressin V1a receptor. Evidence for a major
localization within transmembrane regiodsBiol. Chem1995 270,
25771-25777.

(50) Chini, B.; Mouillac, B.; Ala, Y.; Balestre, M. N.; Trumpp-Kallmeyer,
S.; Hoflack, J.; Elands, J.; Hibert, M.; Manning, M.; Jard, S.; Barberis,
C. Tyrl15 is the key residue to determine agonist selectivity in the
V1a vasopressin receptdMBO J.1995 14, 2176-2182.

(51) Kojro, E.; Eich, P.; Gimpl, G.; Fahrenholz, F. Direct identification
of an extracellular agonist binding site in the renal V2 vasopressin
receptor.Biochemistryl993 32, 13537-13544.

(52) Ufer, E.; Postina, R.; Gorbulev, V.; Fahrenholz, F. An extracellular
residue determines the agonist specificity of V2 vasopressin receptor.
FEBS Lett.1995 362,19-23.

(53) Cotte, N.; Balestre, M.-N.; Aumelas, A.; MahE.; Phalipou, S.;
Morin, D.; Hibert, M.; Manning, M.; Durroux, T.; Barberis, C.;
Mouillac, B. Conserved aromatic residues in the transmembrane
region VI of the V1a vasopressin receptor differentiate agonist vs
antagonist ligand bindingur. J. Biochem200Q 267, 4253-4263.

(54) Kirkpatrick, S.; Gelatt, C. D., Jr; Vecchi, M. P. Optimization by
simulated annealingSciencel983 220, 671—-680.

(55) Clore, G. M.; Nilges, M.; Binger, A. T.; Karplus, M.; Gronenborn,

A. M. A comparison of the restrained molecular dynamics and
distance geometry methods for determining three-dimensional struc-
tures of proteins on the basis of interproton distance restr&BBS

Lett. 1987 213 269-277.

(56) Saunders: M.; Houk, K. N.; Wu, Y.-D.; Still, W. C.; Lipton, M;
Chang, G.; Guida, W. C. Conformations of Cycloheptadecane. A
Comparison of Methods for Conformational Searchihgdhm. Chem.
S0c.1990 112 1419-1427.

JM051075M



