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The DRY Motif as a Molecular Switch of the Human Oxytocin Receptor
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ABSTRACT. The human oxytocin receptor is known to exhibit promiscuous activity by coupling to both
Gag and Gy G proteins to activate distinct signaling pathways. A single-amino acid substitution within
the highly conserved E/DRY motif at the cytosolic extension of helix 3 [i.e., D136(3.49)N] increased the
rate of both basal and agonist-stimulated inositol phosphafeaé¢Bumulation of the receptor. Furthermore,

like for a typical constitutively active receptor, the partial agonist arginine vasopressin behaved as a full
agonist for the D136(3.49)N mutant. Subsequently, both oxytocin and arginine vasopressin showed an
increased potency in stimulating IP3 accumulation as compared to the wild-type receptor. Very interestingly,
our experiments provide strong evidence that the D136(3.49)N mutant inhibits receptor signaling via
Gai-mediated pathways while increasing the activity through the-@ediated pathways. Molecular
simulations of the free and OT-bound forms of wild-type OTR and of the D136(3.49)N constitutively
active mutant suggest that the receptor portions close to the E/DRY and NPxxY motifs are particularly
susceptible to undergoing structural modification in response to activating mutations and agonist binding.
Furthermore, computational modeling suggests that the OT-bound form of wild-type OTR is able to explore
more states than the OT-bound form of the D136(3.49)N constitutively active mutant, consistent with its
G protein promiscuity. Taken together, these observations emphasize the important role of the E/DRY
motif not only in receptor activation but also in the promiscuity of G protein coupling. Knowledge of the
mechanism of selective G protein coupling could aid drug discovery efforts to identify signaling specific
therapies.

G protein-coupled receptors (GPCR®)present the largest  cases, ligands bind within the core of the helix bundle
family of cell surface receptors known and are structurally forming multiple connections with amino acid residues
characterized by seven transmembrane (Tédhelices located in different domains, including both helices and loops
connected by alternating extracellular and intracellular loops as often observed for peptide receptors. Sometimes, the
(EL and IL, respectively) 1—3). Mutational analysis has binding site is entirely located on a large and highly
revealed that the extracellular halves of these receptors arestructured amino-terminal domain, as for amino acids or
primarily involved in ligand binding, whereas the cytosolic glycoprotein hormone receptor$—<3).
loops mediate the interaction with one or more heterotrimeric ~ Mammalian GPCRs tend to fall into one of three families
G proteins to trigger intracellular signaling£3). In many termed A, B, and CZ, 3). Family A is the rhodopsin-like

or adrenergic receptor-like family; family B is the glucagon
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independent) receptor activation and signal transduction cytosolic extension of helix 6, playing an essential r@8)(
pathways {7—26). The arginine residue is fully conserved, Additional evidence also indicated that the proximal 51
and mutagenesis studies have suggested that it is essenti@mino acids of the COOH terminus were required for
for constraining the receptor in an inactive stat®<21). coupling to Gyg, but not for the @&;-mediated signaling
The adjacent aspartate residue is also highly conserved anghathways 84).

plays an important role in receptor activation as mutations This study is based on the integration between in vitro
of this residue are reported to result in constitutive activation experiments and computational modeling. In vitro experi-

of some GPCRs, including rhodopsi22j, and theayp ments were essentially aimed at finding novel constitutively
adrenergic 17, 18), 8- adrenergic 2Z3), histamine H (24), active OTR mutants and at investigating further the OTR
vasopressin V225), and muscarinic M (26) receptors. features, which regulate coupling taxgand Gy; proteins.

The OT receptor (OTR) is one receptor that demonstrates Computational modeling was aimed at inferring the structural
promiscuous G protein Coup“ng for which no conclusive features differentiating the nonactive from the active forms

evidence regarding the role of the DRY motif on constitutive Of OTR as well as those features which make the difference
activity and G protein coupling promiscuity has been reported between OT-bound forms of WT OTR and OT-bound forms
to date. The OTR belongs to family A (rhodopsin-like) of ©f the D136(3.49)N constitutively active mutant discovered
GPCRs and share a high degree of sequence similarity toin this work.
arginine vasopressin (AVP) receptor subfamily membags V' Taken together, our studies suggest that the DRY motif,
V1, and \Vo. The hormone OT is a nine-amino acid peptide besides playing a crucial role in receptor activation, may also
(Cys-Tyr-lle-GIn-Asn-Cys-Pro-Arg-Gly-Nb and acts as a ~ be implicated in receptor promiscuity.
potent ute_rotor_nc agent_ to play an |mpo_rtant rolein partu_rltlon MATERIALS AND METHODS
and lactation via an action on myometrial OTRs. Immediately
before parturition, OTRs show a dramatic increase in their ~Materials. COS-7 cells and HEK/EBNA cells were obtained
levels of expression, which could induce preterm labor by fromAmerican Type Culture Collection (Rockville, MD) or In-
sensitizing the uterus to the relatively unchanged circulating Vvitrogen (Carlsbad, CA), while Dulbecco’s Modified Eagle’s
levels of OT @7, 28). Clinically, OT is administered to  Medium (DMEM), L-glutamine, penicillin/streptomycin, and
induce labor, whereas OT antagonists could provide a uniquefetal bovine serum (FBS) were purchased from GibcoBRL
approach for the prevention of preterm labor by prolonging (Basel, Switzerland). The Vent DNA polymerase, restriction
uterine quiescence9—32). enzymes (EcoRI and Sall), and DNA ligase were pur-
The OTR is coupled to both PTX sensitiveaGand chased from BioLabs (Beverly, MA). The pRKS5 expression
insensitive G, G proteins, which subsequently activate at Vector and the human OTR gene were generous gifts from S.
least two major different signaling pathway83( 34). Cotecchia (Institute of Pharmacology, Lausanne, Switzerland)
Activation of Gog pathways stimulates phospholipase ¢ and C. Barberis (INSERM, Montpellier, France), respective-
(PLC), leading to an increased level of hydrolysis of Y- Radioactive inositol, myo[2H(N),**q]ornithine vasotocin
phosphatidylinositol 4,5-biphosphate to inositol 1,4,5-triph- analogue (OVTA), andtjrosok2.6-H]oxytocin were pur-
osphate (1B and 1,2-diacylglycerol (DAG) which increase ~ chased from NEN (Boston, MA), and ligands AVP and OT
intracellular C&" concentrations and activate protein kinase Were from BACHEM (Bubendorf, Switzerland). The phos-
C (PKC), respectively. Subsequently, PKC activates the Pho specific antibodies [P-AKT (Ser473) and P-ERK1/2] and
mitogen-activated protein kinase (MAPK) cascade, a vital the non-phospho specific antibodies (AKT and ERK) were
signaling pathway component in an increasing number of Purchased from Cell Signalling, while PI3K inhibitor LY294-
hormonally responsive cell8%). In addition, the ability of ~ 002 was from Calbiochem (Basel, Switzerland). All other
the OTR to activate @ recruits the adaptor protein Grb2 ~réagents were obtained from standard commercial sources.
in a complex with the guanosine nucleotide exchange factor Mutagenesis.The cDNA encoding human OTR was
(GEF) Sos. However, for a full mitogenic response to occur, Mutated by polymerase chain reaction (PCR)-mediated
active Ras-GTP must couple to various effector pathways Mutagenesis and Vent DNA polymerase. The mutated DNA
such as the Ser/Thr kinase c-Raf. Once activated, Rafffagments were assembled by PCR, digested fe8 2 at
phosphorylates the MAPK/ERK kinase (MEK), which inturn 37 °C with EcoRI and Sall restriction enzymes, and

phosphorylates and activates the p42 and p44 MAPKs subcloned into the pRK5 expression vector following an
(ERK1/2). overnight incubation at 15C with T, DNA ligase. The new

Very little is known about structurefunction relationships g(ljencsttr:)ucct)rz\;\;ﬁnsn'trc?czllzfrtl)irergit/jelrg i[;g}gggr?npgtrﬁn}cﬁﬁgs dits))r:es
related to G protein coupling specificity in the OT/vaso- P o . P
?fter an overnight incubation at 3€, and sequences were

ressin receptor subfamily. Mutagenesis studies revealed tha . . )
gll of the ir?tracellular é/omaing of the OTR contained conflrmedl by a)utomated DNA sequencing (ABI Prism 3700
DNA Analyzer).

determinants that influencedogmediated coupling to PLC . .
: ) . .o Cell Culture and Transient ExpressioBOS-7 cells were
(36) with K270(6.30) [the amino acid numbering in paren- grown in DMEM supplemented with 10% FBS, 2 mM

theses, used only for the amino acids in the helix bundle, is L-glutamine, and penicillin/streptomycin (2@/mL). The
- 2 . - y .
that proposed by Ballesteros and Weinst&m}* in the cells were transiently transfected with expression vectors
harboring the WT (0.151 ug/1C cells) or mutant (0.753
2 According to the numbering system of Ballesteros and Weinstein #g/loﬁ cells) receptors using the Fugene-6 method according

(37), every amino acid identifier starts with the helix number, followed uto the manufacturer’s instructions. Membrane preparations
by the position relative to a reference residue among the most conserve

amino acids in that helix. That reference residue is arbitrarily assigned @nd IR accumulation experiments were performed-43
the number 50. h following transfection.




9992 Biochemistry, Vol. 44, No. 30, 2005 Favre et al.

HEK/EBNA cells were grown and transfected in the same  Data AnalysisData were analyzed with Prism (GraphPad
medium and cultured under the same conditions as the COS-7Software Inc., San Diego, CAK; values were calculated
cells. from 1Cs values using the ChengPrusoff equation 39).

Measurements of PTransfected COS-7 or HEK/EBNA Western Blot Analysi$iIEK/EBNA cells stably expressing
cells (7.5x 1CP cells) were seeded in a 12-well plate and the human WT or mutant OTR or HEK/EBNA cells
labeled for 17 h with [ZH(N)]myoinositol at 4xCi/mL in transiently transfected with the human WT or mutant OTR
inositol-free DMEM supplemented with 1% FBS. Cells were Were seeded (X 10° cells/well) in 10 cm plates in serum-
preincubated for 10 min in PBS containing LIL (20 mM) free medium. Forty-eight hours following transfection, cells
and stimulated with OT or AVP for 3645 min. The reaction ~ Wwere stimulated for 5 min with OT (200 nM) and lysed in a
was stopped with perchloric acid (0.4 M) and the mixture detergent RIPA buffer [50 mM Tris-HCI (pH 7.5), 0.5%
neutralized with KOH and KHC® Total IPs were extracted ~ Tfiton X-100, 3 mM EGTA, 12 mMp-glycerophosphate,
and separated using a strong anion exchange column (AGL50 mM NaCl, 50 mM NaF, 1 mM sodium vanadate, 2 mM
1-X8, formate form; 108200 mesh; BiO_Rad)_ F0||Owing DTT, and 1 mM phenylmethanesulfonyl ﬂuoride]. The cell
two wash steps with water, the columns were eluted with lysate was then centrifugated at 139@0r 10 min at 4°C.
an elution solution containing ammonium formate (1 M) in The resulting supernatants were diluted (1:5) in SDS sample
formic acid (25.9 M). At each concentration, a fraction buffer, electrophoresed on a 10% acrylamide gel and
containing inositol monophospates, biphosphates, and triph-transblotted onto a nitrocellulose membrane. After being
osphates was collected, and radioactive IP levels wereblocked with TBS, 0.1% Tween, and 5% BSA, the mem-
determined by means of liquid scintillation counting using branes were incubated overnight at@ with antibodies to

a Beckman LS6000TA reader. This fraction is termed total €ither P-Akt (Ser473) or P-ERK1/2 (1:1000). The membranes
IPs and expressed as disintegrations per minute per well. Were then washed extensively with TBS and 0.1% Tween,

Membrane Preparation and Radioligand Bindifigans-
fected cells were washed twice with ice-cold phosphate-
buffered saline (PBS), scraped in a lysis buffer [10 mM
MgCl;, 2 mM EDTA, and 50 mM Tris (pH 7.5)], and
homogenized in a glass potter (280 strokes). Following
an initial centrifugation step (5601000 rpm or 25 for 5
min), a second ultracentrifugation step (18 000 rpm or
14500@ for 40—60 min at 4°C) was used to pellet the

and detection using a secondary antibody was performed
using standard protocols with peroxidase-coupled antisera
and enhanced chemiluminescence (ECL Western Blotting
Detection Reagents, Amersham Biosciences).

Comparatve Modeling of the OTR and MD Simulations.
A new model of the human OTR was built by comparative
modeling [i.e., through MODELER4(Q)], by using the 2.8
A X-ray crystal structure of rhodopsin as a templadd)(

membranes. These membranes were resuspended in bindin&he model of OTR lacks the last 42 amino acids.

buffer [10 mM MgCh, 10 mM HEPES (pH 7.4), and 0.1%
BSA (pH 7.5)] and used immediately or stored-&80 °C.

For the scintillation proximity assays (SPAs);-55 ug
of membranes was incubated with 0.1 nM9OVTA,
agonist, and PVT PEl-treated beads (1@fwell) in a total
assay volume of 10AL. Nonspecific binding was assessed
in the presence of OT (&M). The reaction mixture was
incubated fo 1 h atroom temperature and then read in a
Wallac Trilux 1450 Microbeta counter (Perkin-Elmer).

For filtration binding assays, 58g of membranes was
incubated with 1.1 nM3H]oxytocin and agonist in a total
assay volume of 208L. Nonspecific binding was assessed
in the presence of OT (&M). The reaction mixture was
allowed to incubate fio2 h atroom temperature. Unifilter350

Different chimeric rhodopsinOTR templates were probed.
In the final chimeric template, helices 5 and 6 were prolonged
at their cytosolic ends by 10 and 6 amino acids from the
OTR sequence, respectively, after deletion of stretches of
rhodopsin residues 223235 and 246-248, respectively (i.e.,
bold characters in the rhodopsin sequence in Figure 1).
Furthermore, such helices were connected by a model of IL3,
based upon the results of fold recognition (i.e., bold
characters in the rhodopsin sequence in Figure 1). Moreover,
the C-tail of rhodopsin was truncated at C223. Slightly
different sequence alignments were probed. The OTR model
presented in this work was produced by means of the
alignment shown in Figure 1. Since, according to such
alignment, a four-amino acid insertion occurs in the N-
terminal half of helix 1 of the OTR (Figure 1j-helical

GF/C plates (Whatman) were used and pretreated with 0.5%restraints were imposed to the stretch of amino acids 32

PEI (polyethyleneimine). Three washes of 10 s were
performed before the plates were dried af@or 1 h; 100

uL of scintillation liquid was added, and the plates were read
in a Wallac Trilux 1450 Microbeta counter (Perkin-Elmer).

For the competition binding experiments, PTX was added
(200 ng/mL) to the medium 24 h before the membrane
preparation. For the G5 experiments, the membranes
were preincubated with 1Q@M GTPyS at 4°C for 30 min.

For competition experiments, in SPA, 0.3 nf4JOVTA
was used in competition with an increasing concentration
of cold OT (from 1 pM to 100uM). For the filtration
competition binding experiments, a concentration of 1.2 nM
[®H]oxytocin was used in competition with an increasing
concentration of cold OT (from 1 pM to 100M). For
competition assays, filtration, or SPA, other conditions are

similar to those of the binding assays previously described.

47, during comparative modeling. For each of the different
input templates and/or alignments, MODELLER generated
50 models, by randomizing the Cartesian coordinates of the
model through a random number uniformly distributed in
an interval from—4 to 4 A (40). Among the 450 models
finally obtained, 10 models were selected, which showed
low restraint violations associated with high values of the
3D-Profile score, computed by means of the Protein Health
module in the QUANTA 2000 package (www.accelrys.com),
and low numbers of main chains and side chains in
nonallowed conformation and close contacts. These models
were first completed by the addition of the polar hydrogens
and then subjected to automatic and manual rotation of the
side chain torsion angles when in nonallowed conformations
as well as to in vacuo energy minimization and MD
simulations by means of the charmm prograd@)( Mini-
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N-TERM
OTR MEGALAANWSAEAANAS--AAPPGAEGNRTAGPPRRNE 36
rhodchim MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFS 38
HELIX 1
OTR ALARVEVAVLCLILL ALSGNACVLLALRT 66
rhodchim MLA - - --AYMFLLIMLGFPINFLTLYVTVAQ 64
L1
OTR TRQKHS 72
rhodchim HK K LR T 70
HELIX 2
OTR RLFFFMKHLSIADLVVAVFQVLPQLLWDIT 102
rhodchim P LNY | LLNLAVADLFMVFGGFTTTLYTSLH 100
EL1
OTR FRFYGP 108
rhodchim G Y F V F G 106
HELIX 3
OTR DLLCRLVKYLQVVGMFASTYLLLLMSLDRCLAI 141
rhodchim P TGCNLEGFFATLGGEIALWSLVVLAIERYVVYV 139
IL2
OTR CQPLRSLR-R- 150
rhodchim CKPMSNFRFGE 150
HELIX 4
OTR RTDRLAVLATWLGCLVASAPQVH 173
rhodchim NHA I MGVAFTWVMALACAAPPLYV 173
EL2
OTR I FSLREVADGVFD-CWAVFIQPW-G-P - 197
rhodchim GWS - RY I PEGMQCSCGIDYYTPHEETNN 200
HELIX 5
OTR KAYI TWITLAVYIVPVIVLATCYGLISFKIWQNLR 232
rhodchim ESFV I YMFVVHF I IPLIVIFFCYGQISFKIWQNLR 225
IL3
OTR LKTAAAAAAEAPEGAAAGDGGRVALARVSSVKL 265
rhodchim LK TAAAAAAEAPEGAAAGDGGRVALARVSSVKL
HELIX 6
OTR I SKAKIRTVKMTFI IVLAFIVCWTPFFFVQMWSVWD 301
rhodchim | SKAKIEVTRMVI IMVIAFLICWLPYAGVAFYIFTH 278
EL3
OTR ANAPKEA 308
rhodchim QG SDF G P 285
HELIX 7 HELIX8
OTR SAFI I VMLLASLNSCCNPWIYMLFTGIHLFHELVQRFLCZC 347
rhodchim | FMT I PAFFAKTSAVYNPVIYIMMN-IKQFRNCMVTTLCC 323

Ficure 1: Sequence alignment of a rhodopsin chimeric template (rhodchim) and the human OTR. In detail, the rhodopsin structure has
been subjected to deletions of the following amino acid segments: residue222and 246-248 (both from I3) followed by the addition

of the amino acid segment of residues 2231 representing the cytosolic extensions of helices 5 and 6 and IL3 of OTR (bold characters
on the rhodopsin sequence). The OTR sequence of residue$732orresponding to the extracellular half of helix 1, was subjected to
o-helical restraints during comparative modeling (i.e., bold characters). The amino acids, which belong to “helix 8", at the cytosolic extension
of helix 7, are boxed, both in OTR and in rhodopsin sequences.

mizations were carried out by using 1500 steps of steepestThe “united atom approximation” was used for the receptor
descent followed by a conjugate gradient minimization, until protein. MD simulations were carried out on the minimized
the root-mean-square gradient was less than 0.001 kcal mol coordinates of WT and mutated OTR in their free and ligand-
A. A distance-dependent dielectric teren< 4r) was chosen.  bound forms. The lengths of the bonds involving the
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hydrogen atoms were restrained according to the SHAKE were used for simulating all the other forms considered in
algorithm, allowing an integration time step of 0.001 ps. The this study.

systems were heated to 300 K ia 5 Kincrease, every The structure of OT employed for generating the-OT
100 steps per 6000 steps, by randomly assigning velocitieSOTR complexes was the one extracted from the crystal
from the Gaussian distribution. After heating, the system was structure of the OFneurophysin complex [PDB entry 1npo
allowed to equilibrate for 34 ps. A disulfide bridge patch (44)]. Furthermore, the carboxy function of Gly9 was
was applied to C112(3.25) and C187 in EL2 as well as to substituted with an amide. Approximately 350 different input
Cysl1 and Cys6 of the peptide OT (the one-letter code is structures of the OFOTR complexes were built by manual
employed for the amino acids in the receptor, whereas thedocking, taking into account the information from the
three-letter code is employed for the amino acids which experimental data on OTR and other GPC&S50). This
constitute the hormone). information and the results of quality checks on the average

The secondary structure of the helix bundle was preserved,minimized structures of the OTOTR complexes from the
by assigning distance restraints (i.e., minimum and maximum short MD trajectories were in turn used for selecting the
allowed distances of 2.7 and 3.0 A, respectively) between trajectories, which would be worth prolonging to 1 ns.
the backbone oxygen atom of residuand the backbone Testing was carried out on the WT OTR carrying D136-
nitrogen atom of residue+ 4. The scaling factor of such  (3.49) in its unprotonated form. The selected input structures
restraints was 10, and the force constant at 300 K was 100f the free OTR as well as of the G-TOTR complexes were
kcal mott A. The application of these intrahelical distance used to build the free and OT-bound forms, respectively, of
restraints was instrumental in (a) reducing the system degreeshe D136(3.49)N constitutively active mutant. Such mutated
of freedom, (b) inferring the structural and dynamic role of forms of OTR were subjected to 1 ns MD simulations as
prolines, and (c) letting the helices move as rigid bodies, well. Different allowed conformations of the N136(3.49) side
consistent with the experimental evidence for rhodopsin chain were probed.

activation @3). To provide more strength to the results of in vacuo

For the empty receptor forms, short (100 ps) equilibrated computations, small variances of the selected input structures
MD runs were carried out, probing different input structures of the empty and bound forms of WT and mutated OTR
and different combinations of intrahelical distance restraints. were subjected to energy minimization and 1 ns MD
The latter tests consisted of applying distance restraints tosimulations using an implicit membranater model (i.e.,
different amino acid stretches in each helix. Finally, the IMML1) recently implemented in charmn®{). This is an
computation conditions and the input receptor structure wereextension of the EEF1 implicit water salvation model to
chosen, which, following MD simulation, produced average heterogeneous membranaqueous media5(). Different
arrangements characterized by a good quality (evaluated byMD runs were carried out, probing different computation
means of the Protein Health module in the QUANTA 2000 conditions. In the setup finally selected, the adjustable
package) together with structural similarity to rhodopsin. The parameterd” and the nonpolar core thickness were set equal
similarity between the average minimized structures of the to 0.85 and 32 A, respectively. Minimizations were carried
empty OTR and rhodopsin structure was evaluated on theout by using 1500 steps of steepest descent followed by a
basis of the root-mean-square deviation (rmsd) of the main conjugate gradient minimization, until the root-mean-square
chain backbone atoms in the transmembrane domains as welgradient was less than 0.001 kcal mok. The “united atom
as the degree of conservation of the interaction patternsapproximation” was employed. The lengths of the bonds
involving the conserved amino acids. involving the hydrogen atoms were restrained according to

The finally selected intrahelical distance restraints involved E)hg OslHAKEHaIg?rithr;w,”allov(\;int% an integrati:)n time step of
the following amino acid stretches: (a)-386 in helix 1, : ps. Healing Tollowe € same Selup as in vacuo

(b) 73-102 in helix 2, (c) 109-141 in helix 3, (d) 152 simulations, whereas the length of equilibration was set equal
173in helix 4, () 199'232 in helix 5, (f) 267—361 in helix to 64 ps. No intrabackbone distance restraints were assigned.
6, (q) 311_33'2 in helix 7, and (h) 3’33347 in “helix 8" The selected input structures of empty and OT-bound forms
Th K fth ; ; . of WT OTR were also simulated for 1 ns by setting D136-

e backbone oxygen atoms of the amino acids at position , ) ) 1 rotonated form [i.e., D136(3.49)PROT]. DIif-

i — 4 with respect to prolines were not subjected to distance : : .
restraints. Furthermore, the backbone oxygen atoms of theferent conformations of the protonated D136(3.49) side chain

amino acid stretches of residues 2206 in helix 5 were were probed -by MD. ) ]
subjected to distance restraints with the backbone nitrogen The analysis of the results of computational experiments
atoms at position + 5. Finally, as for helix 7, the backbone ~Was essentially based upon the comparisons of the structures

oxygen atom of amino acid 316 was not subjected to averaged over different time periods of MD simulations.
restraints, whereas those in the stretch of residues-319

were subjected to distance restraints with the backbone RESULTS

as inherited from rhodopsin structure. These conditions of yajority of the activating mutations, which were considered,
intrahelical distance restraints were used also for relatively gre |ocated at the cytosolic extensions of helices 3 and 6,
long (1 ns) MD simulations of the empty receptors. whereas only two are located in helices 1 and 2 (Table 1).
The computation conditions and the input structure In particular, (a) A53(1.46) in OTR is homologous to A373-
selected, based upon MD simulations of the empty WT OTR, (1.46) in the lutropin receptor (LHR) and mutation to V
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s

Table 1: Mutations Introduced into the Human OTR (A) 3000

mutated residue location  constitutively  homologous
inthe OTR  of mutation active receptor mutated residue refs

A53(1.46)V helix1 LHR A373(1.46)V 52,53
M78(2.43)T helix2 LHR M398(2.43)T 52,53
D136(3.49)N/A/V  helix3  rhodopsin family D136(3.49)A 22—26
R137(3.50)A/K helix3 OTR R137(3.50)A 19
C138(3.51)A helix3 ourAR Y144(3.51)A 54
K270(6.30)R helix 6  rhodopsin family K270(6.30)R 52—57
V274(6.34)E/K/I helix 6 a1r-AR A293(6.34)E/K 58
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activates the latter5@, 53). (b) M78(2.43) in OTR is MOCK wr D136N
homologous to M398(2.43) in LHR, and mutation to T (B) 2500 "
activates the lattei5@, 53). (c) D136(3.49), of the conserved
E/DRY motif, has been found to be susceptible to activating § 200
mutations in several members of the rhodopsin fan#B~

26). (d) C138(3.51) in OTR is homologous to Y144(3.51)
in the ayp-adrenergic receptong,-AR), in which mutation

of this conserved tyrosine to alanine was found to be
activating 64). (e) K270(6.30) in OTR is homologous to a
glutamate/aspartate, which is found in rhodopsin and in many
members of the rhodopsin family and which induces
constitutive activation when replaced with neutral or cationic o ‘ ‘
amino acids %2—57). Finally, (f) V274(6.34) in OTR is mMocK wr D136N

homologous to A293(6.34) in the;-AR, and mutationsto ~ FiGURe 2: Basal and OT-stimulated §Rccumulation of the WT
either E or K activate the latte68). (O) and D136N OTR M). WT and D136N receptors were

. . . . ) transiently transfected in COS-7 (A) and HEK/EBNA (B) cells,
Following tranS|ent transfection into COS-7 cells, cell and the accumulation of total {Rvas assessed. The mean of five

mutated receptors [A53(1.46)V, M78(2.43)T, D136(3.49)A/ in triplicate. The IR production of the WT and D136N mutant was
V, and V274(6.34)E/K] which excluded any further analysis. expressed in counts per minute. The expression level for the WT
Low levels of cell surface expression could be detected for (Bmax= 700 pmol/mg) was 2 times higher than the expression level

- of the D136N recepto = 300 pmol/mg). Cells were stimulated
four of the remaining mutated receptors [K270(6.30)R, for 40 min in the ffbsgngxe or pregence ggp&ﬂ OT. The level of

V274(6.34)l, C138(3.51)A, and R137(3.50)A], but when pasal IR accumulation of the D136N mutant was increased by 50%
tested in a functional assay, OT-stimulated IP accumulation as compared with that of the WT. Data are given as the mean

was impaired compared with the WT control (data not the standard error of the mean for three or more experiments; each
shown). Surprisingly, these nonexpressing receptors includeoixgeég“em was performed in triplicate. Two asterisks indigate
the R137(3.50)A mutant, which was previously reported to R

show an enhanced basal level of IP3 production compared

1500

1000

[*H]IPs-accumulation (c|
[4.]
8

Table 2: Kp and Bmax Values of the WT and Mutant D136(3.49)N

with tha_t of the' WT OTR 19). _ . OTR Measured by a3H]OT Filtration Assay in Transiently
Consistent with the results of mutagenesis experiments onTransfected COS-7 and HEK/EBNA Cells
other GPCRs17—19, 22—26), a mutation of the aspartate COS-7 HEK/EBNA

of the DRY motif induced constitutive activity to the OTR. A
We observed that, unlike with the D136(3.49)A and D136- W[T*gsg B";ﬁ;é;'lo'z’sog) f“;i";")s B"‘la;gorlozg‘s) gzi‘g")l
(3.49)V mutants, a D136(3.49)N mutant demonstrated a : : : :
significantly increased (approximately 50%) basal level of DIS6NOTR 450100 1.5+ 0'_7 2450+ 410 _1'Oi 0.2
IP3 accumulation compared with the WT receptor in COS-7 aWT and D136(3.49)N were transiently transfected in COS-7 and

. . . HEK/EBNA cells, and the expression level usingH[OT was
cells (Figure 2A) and HEK/EBNA cells (Figure 2B). As with determined. The mean of three different experiments is shown; each

basal levels, 1M O_T was able to stimulate significantly experiment was performed in triplicate. A DNA ratio of 10:1 (D136N:
more IP accumulation in D136(3.49)N-expressing cells WT OTR) was used for the transfection.

compared with WT receptors [approximately 50% in COS-7
cells (Figure 2A) and 35% in HEK/EBNA cells (Figure 2B)].  stimulated IPs levels than the WT receptor, consistent with
The increased activity of D136(3.49)N was not simply due properties of a typical constitutively active receptor. Transient
to a larger number of receptors expressed per cell since theransfection of HEK/EBNA cells with the WT or mutant
expression level of D136(3.49)N was approximately half that D136(3.49)N receptor yielded similar expression levels for
of the WT receptor as shown with saturation binding both receptors (Table 2). Nevertheless, as observed in COS-7
experiments. Binding of3H]OT to both WT and D136-  cells, the D136(3.49)N mutant receptor exhibited a signifi-
(3.49)N receptors was saturable and of high affinity with cantly higher level of basal IP3 accumulation than the WT
calculatedKp values of 1.5+ 0.5 and 1.3+ 0.7 nM for WT receptor (Figure 2A).

and D136(3.49)N receptors, respectively (Table 2). However, Another common feature of constitutively active receptors
D136(3.49)N receptors were expressed at a significantly is an increased potency for an agonist in a functional assay.
lower level compared with the WT, witBn.« values of 1000 This was investigated by comparing efficacy and potency
+ 200 and 45@t 100 pmol/mg, respectivelyn(= 3). Hence, values for WT and D136(3.49)N receptors for the full agonist
our D136(3.49) mutant demonstrated higher basal and OT-OT and the partial agonist AVP in an IP3 accumulation
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Ficure 3: Comparison of agonist potencies at the V) and D136N OTR ©). WT and D136N receptors were transiently transfected

in COS-7 cells. Following stimulation for 40 min, theslBccumulation was assessed in the presence of increasing concentrations of either
oxytocin (OT) (A) or arginine vasopressin (AVP) (B). This is a schematic representation of three different experiments; each experiment
was performed in triplicate.
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Ficure 4. Competition binding of the WT and D136N OTR in the absence [WY dnd D136N M)] or presence [WT®) and D136N

(O)] of guanosine (30-thio)triphosphate (GT#S) or following treatment with pertussis toxin (PTX). Membranes were prepared from
COS-7 cells transiently transfected with cDNA encoding either for the WT OTRQRAor for the D136N OTR (B-D). Competition
binding using $H]OT was performed in the presence or absence of @A0GTPyS (A and B) or following 200 ng/mL PTX (C and D).

Data are given as the meah the standard error of the mean for three or more experiments; each experiment was performed in
triplicate.

assay. As shown in Figure 3A, increasing concentrations of OT. For the WT receptor, competition curves were charac-
OT dose-dependently increased the level of IP3 accumulationterized by Hill coefficients of less that unity and data were
at both WT and D136(3.49)N receptors. However, the best-fitted to a two-site binding model, revealing hid)(
potency of OT was significantly highep (< 0.05) in D136- and low ) dissociation constants of 16 0.2 and 16+ 6
(3.49)N than in WT cells (E& of 22+ 5 and 47+ 10 nM, nM, respectively (Figure 4A). In contrast, the displacement
respectively). Furthermore, the D136(3.49)N receptors hadcurve for OT at the D136(3.49)N mutant receptor was
an increased efficacy, with maximum IPs levels accumulated monophasic, with a Hill coefficient of unity andkg value
being 385% times that of the WT receptor. Similarly, using of 12 + 1 nM (Figure 4B).
the partial agonist AVP, potency and efficacy values were To further investigate this phenomenon, we performed
increased with the D136(3.49)N mutant & ©f 47 £ 6 competition binding experiments on WT and mutant recep-
and 166+ 21 nM, respectively). As we previously observed tors in the presence of 1M GTPyS, a nonhydrolyzable
in Figure 2, basal IP3 levels were higher in the D136(3.49)N analogue of GTP that disrupts the interaction of receptors
receptor than in the WT (Figure 3A,B). with G proteins. In the presence of Gjf®, binding data
To further characterize the pharmacology of the mutated were best described by a one-site binding model, wikhg a
D136(3.49)N receptor; values for OT were determined value of 1.3+ 0.3 nM (Figure 4A). In contrast, no changes
in homologous competition binding experiments usifd]{ were observed at the D136(3.49)N receptér € 3.15+
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EXTRACELLULAR DOMAIN
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Ficure 5: Signaling network. A schematic overview of a signaling network downstream of the OTR, emphasizing the pivotal role of the
Gyi—Ras-Raf~-MAPK and G,q—PLC—IP3/C&" signaling cascade, and the potential point of cross talk linking PRKC—Raf to the
MAPK cascade is shown. The red star denotes the D136N(3.49)N mutation.

0.7 nM) (Figure 4B). Thus, it would appear that D136(3.49)N transient transfection of the WT OTR resulted in an increase
lacks a high-affinity binding site observed in the WT the basal level of ERK1/2 phosphorylation. The addition of

receptor. OT (200 nM) rapidly increased the level of ERK1/2
To further investigate whether the high-affinity binding phosphorylation further (Figure 6A). The maximal stimula-
site of the OTR was due to an interaction witlg we tion was achieved at around 5 min (data not shown). A 17

performed binding experiments following overnight incuba- h pretreatment with PTX (300 ng/mL) reduced this level of
tion of COS-7 cells with PTX (200 ng/mL), which specif- OT-stimulated ERK1/2 phosphorylation, indicating that the
ically ADP-ribosylates the @y, subunit at the C-tail and  majority of phosphorylation is PTX sensitive and mediated
therefore disrupts &,—receptor couplingg8). High-affinity by Gai. Stimulation of the WT and or D136(3.49)N mutant
binding at the WT OTR was PTX sensitive and displayed cDNA with increasing concentrations of OT resulted in a
one-site binding curves (Figure 4C) an&avalue of 1.8+ dose-dependent increase in the level of stimulation of
0.2 nM, similar to that obtained in the presence of GEP ERKZ1/2 phosphorylation. In contrast to the WT receptor,
In contrast, at the D136(3.49)N mutant receptor, the monopha-where PTX completely inhibited any OT-stimulated ERK1/2
sic binding andK; (1.30 &= 0.2 nM) of OT remained  phosphorylation in a statistically relevant manner <
unchanged (Figure 4D), suggesting that the D136(3.49)N 0.015), the D136(3.49)N mutant-mediated stimulation was
mutation augments signaling througtwgbut disables the  only slightly altered (Figure 6B). Thus, the D136(3.49)N
coupling of the OTR to G. mutant is dramatically impaired in its capability to stimulate
Because of the reports of the dual coupling of the OTR to cellular events mediated through activation @f; G proteins,
Ga; and Gy, (33), we used an alternative approach to analyze suggesting that the D136(3.49)N receptor has a phenotype
the effect of the D136(3.49)N mutation on signaling proper- that expresses an enhanced ability to signal through®&
ties by investigating the effect on the activation of Ras and proteins while losing its ability to interact with & G
PKC, activated by @ and G, pathways, respectively. Once ~ proteins.
activated, these kinases can then phosphorylate ERK1/2 in  Computational Modeling of the Free and OT-Bound Forms
the nucleus of the cell (Figure 5). To investigate the; G of the WT and Mutated OTRn this study, in vacuo
component of this pathway, we studied the effect of PTX molecular simulations of the free and OT-bound forms of
on p44/42 MAP kinase phosphorylation using a specific OTR were carried out to gain insight into the molecular
phospho ERK1/2 antibody [Phospho-p44/p42 MAP Kinase mechanism of the structural information transfer from the
(Thr202/Tyr204) Antibody, Cell Signalling]. However, fol-  hormone binding site (in the extracellular half of OTR) to
lowing the transfection of COS-7 cells with cDNAs encoding the cytosolic domains. Moreover, molecular simulations of
the WT or the D136(3.49)N OTR, no OT-mediated (200 nM) the free and OT-bound forms of the D136(3.49)N constitu-
ERK1/2 phosphorylation could be detected due to a high tively active mutant were instrumental in inferring hypotheses
basal level of phosphorylation (data not shown). Hence, we about the structural commonalities and differences between
were unable to observe if PTX could affect ERK1/2 agonist- and mutation-induced active states as well as about
phosphorylation in these cell lines and decided to use HEK/ the molecular determinants of thexgselectivity shown by
EBNA cells transfected with either the WT or the D136- the OT-stimulated D136(3.49)N mutant, as compared to the
(3.49) OTR. In comparison to mock transfected cells, Go; and Gxq promiscuity of the OT-stimulated WT. Com-
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MOCK WT-hOTR been carried out. However, herein, only one rather repre-
+ o+ o+ sentative long trajectory for each of the different forms of
+ 4 OTR will be discussed in more detail. For each receptor form,
- particular focus will be devoted to the few structural features,
L < P-AKT(LY) which make the difference between nonactive and active
! forms, overemphasizing the commonalities rather than the
TR SSeSe o differences between in vacuo and IMM1 simulations.
Since 1 ns IMML1 trajectories have been produced also
for the WT OTR carrying D136(3.49) protonated, in the
‘..' <" PERK(LY) following text, the terms WT OTR and D136(3.49)PROT
SEEs .. @ t P-ERK(PD) will stand for OTR carrying the E/DRY aspartate in its
M < ERK unprotonated and protonated forms, respectively.

g ! The selected in vacuo 1 ns trajectory of the unbound form
of WT OTR is characterized by a persistent intrahelix charge-
reinforced H-bond between R137(3.50), of the E/DRY motif,

10000% . |3p136N — and the adjacent aspartate, D136(3.49). In the latest steps of
OD136N + PTX simulation, the conserved arginine is additionally involved
8000% - __ in a H-bonding interaction with T273(6.33). Such interhelical
) interaction substitutes, at least in part, for the interhelical
SO0 1 salt bridge found in the rhodopsin structure between the
homologous arginine and a glutamate at position 6.30 (Figure
7) (41). The same pattern of intramolecular interactions
20008 | characterizes the IMML trajectory (Figure 8). Other features
. . shared in common by the empty OTR structures derived by
- = : in vacuo and IMM1 simulations are H-bonding interactions
Nonstim 10 100 300 involving highly conserved polar amino acids in the TM
, . nM OT o portion of helices 2 and 7, including interactions of D85-
Ficure 6: (A) Stimulation of ERK1/2 and AKT signaling by OT = (2 50) with N325(7.49) and interactions of N321(7.45) with

ligand using HEK/EBNA cells transiently transfected with hOTR- .
(WT). Cells were stimulated for 5 min with 200 nM OT in the both W288(6.48) and N325(7.49) (Figures 7 and 8). How-

presence or absence of pertussis toxin (PTX, 300 ng/mL, preincu- @ver, we do not exclude the possibility that a water molecule
bation for 17 h prior to stimulation) and MEK inhibitor (PD98059, might mediate the H-bonding interaction between D85(2.50)

10 uM, 20 min preincubation). Phosphorylation of AKT and and N325(7.49) as suggested by the advances in the
ERK1/2 is shown by phospho specific antibody (P-AKT Ser473 determination of rhodopsin structurédj.

and ERK Tyr202, Thr204, respectively). Expression was controlled .
by a non-phospho specific antibody (AKT, ERK). (B) Assessment 1 ne highly conserved tryptophan W288(6.48) also forms

of ERK1/2 phosphorylation via the doseesponse relationship of  intrahelix van der Waals interactions with both F284(6.44)
OT in HEK/EBNA cells stably expressing the WT or the D136- and F291(6.51) (Figures 7 and 8). The distances between

(3,-49)|N “Jl]{tam in the ﬁrese,”ce or fébsence of F,’Tx-f%?¥5, Wﬁfe the centers of the interacting aromatic rings in the average
stimulated for 5 min with an increased concentration o in the minimized structure obtained by in vacuo and IMM1

presence or absence of pertussis toxin (PTX, 300 ng/mL, preincu- . - . . .
bation for 17 h prior to stimulation). The bar graph of ERK1/2 simulations are listed in Tables 3 and 4, respectively. In all

phosphorylation, using nonstimulated nontransfected cells as 100%the selected average minimized structures of the empty WT
is shown. Expression was controlled by non-phospho specific ERK OTR, W288(6.48) is oriented so that its phenyl ring points
antibody. This gr.alf(’h .reé’.reste”f g&psicfa' e_Xﬁ_ebr_itment,frEE?(alt/e; fourtoward F291(6.51) whereas the pyrrole ring points toward
E?g:pﬂgzlgﬁgeglzu??o Ig‘?ll';fsat the WTOEDI'Ir']RI).I lono F284(6.44) _(Figures_ 7 and_ 8). This interaction pattern of
W288(6.48) is associated with a bend at P290(6.50), the fully
putations were carried out on the initial receptor model conserved amino acid in helix €€) (Figures 7 and 8). These
achieved by comparative modeling, by using the rhodopsin interaction patterns are almost persistent during the whole
structure as a templatéd ). MD simulation time. Another structural feature of the empty
Previous theoretical investigations on several GPCRs sug-WT OTR is the interaction between Y329(7.51) of the
gested that neighbors of the arginine of the E/DRY sequenceNPxxY motif and F337 in helix 8 (Figures 7 and 8). The
are likely targets of the structural modifications induced by interaction between these two aromatic amino acids char-
agonist or by activating mutationd7—20, 54, 56, 59—62). acterizes also the dark state of rhodopgif)(
Therefore, the interaction pattern of this fully conserved  Both in vacuo and IMML1 trajectories of the D136(3.49)N
arginine is the main focus of the computational modeling constitutively active OTR mutant are characterized by the
herein presented, which essentially consists of comparativebreakage of the salt bridge interaction found in the WT OTR
analyses of a large number of short (100 ps) and longer (1between R137(3.50) and the adjacent D136(3.49) (Figures
ns) in vacuo MD trajectories, probing different input 7 and 8). The breakage of this intrahelix salt bridge is almost
structures as well as different intrahelical distance restraints.concurrent with the breakage of the interaction found in the
Unrestrained MD simulations using an implicit membrane  empty WT between Y329(7.51), of the NPxxY motif, and
water model$1) (i.e., IMM1 simulations) were additionally =~ F337 in helix 8 (Figures 7 and 8).
carried out to corroborate the results of computations. The In the first 500 ps of MD simulations, the interaction
mechanistic hypothesis inferred from this study is based uponpattern of D85(2.50), N321(7.45), and N325(7.49) is almost
the outcome of all the short and long MD runs that have maintained as compared to that of the WT OTR (Figures 7

(A)
oT
LY or PD
PTX

+ o+ o+
+
+

(B) 12000% - -n WT

EWT +PTX

4000%

[%] ERK- phosphorylation

0% -
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FiGUurRE 7: Average minimized structures of the empty forms of the WT OTR (left panel) and of the D136(3.49)N constitutively active
mutant (right panel) achieved by in vacuo simulations. (Top) At the center of each panel, the superimposition of the structures averaged
over the first and last 500 ps of the 1 ns MD trajectory and minimized is shown. Heliceske colored blue, orange, green, pink, yellow,

cyan, and violet, respectively, whereas #11.3 and EL1-ELS3 are colored light green, white, cyclamen, red, purple, and gray, respectively.
Helix 8 is colored violet like helix 7. The receptors are seen in a direction parallel to the membrane surface, the intracellular side being on
top. On the left and right sides of the superimposed receptors, the cytosolic ends of helices 3 and 6 are shown which have been extracted
from the structures averaged over the first and last 500 ps of the 1 ns MD trajectory, respectively. The two helices are seen from the
intracellular side in a direction perpendicular to the putative membrane plane. Details of the interaction of the E/DRY arginine are also
shown. (Bottom) Side view, in a direction parallel to the membrane surface, of helices 3 and 6 extracted from the structures averaged over
the first (left side) and last (right side) 500 ps of the 1 ns MD trajectory. Details of the interactions of the E/DRY arginine, of selected polar
conserved amino acids, and of the aromatic cluster in helix 6 are shown.

and 8). In IMM1 simulations, Y329(7.53) substitutes for Overall, the D136(3.49)N active mutant shows greater
D85(2.50) as the H-bonding partner of N325(7.49) (Figure flexibility than the WT OTR (Figures 7 and 8). In fact, the
8). The reciprocal orientation of the members of the aromatic rmsds between the main chain atoms of the structures
cluster in helix 6 does not diverge substantially from that averaged over the first and last 500 ps of in vacuo MD
found in WT OTR (Figures 7 and 8). In the in vacuo simula- trajectory is 1.97 A (i.e., 1.72 A for IMM1 simulations) for
tions, a perturbation occurs in the second half of the simula- the WT forms, whereas it is 3.28 A (i.e., 2.57 A for IMM1
tion, when W288(6.48) loses its H-bonding interaction with simulations) for the D136(3.49)N active mutant. The same
N321(7.45) and makes intrahelix—sx staking interaction considerations are true for D136(3.49)PROT, which is more
with F291(6.51) (Figure 7). Indeed, in the structure averaged flexible in the cytosolic domains than the WT OTR,; i.e.,
over the last 500 ps, the distance between the centers of thehe rmsd between the main chain atoms of the structures
pyrrole ring of W288(6.48) and the phenyl ring of F291(6.51) averaged over the first and last 500 ps of the IMML1 trajectory
is 4.6 A (Table 3). All the average minimized structures of is 2.29 A.
the D136(3.49)N constitutively active mutant, especially  In all of the >800 equilibrated MD trajectories of the ©T
those derived from IMM1 simulations, are characterized by OTR complexes, the gross orientation of the hormone is such
a significant reduction in the bend at P290(6.50) (Figures 7 that the cyclic part of the ligand docks into a site constituted
and 8), suggesting that the mutation at the cytosolic extensionby EL2 as well as by the extracellular ends of helices 3, 6,
of helix 3 is able to transfer a structural modification in the and 7 (Figures 1812). The linear part of the peptide docks
extracellular half of helix 6, where the bend is located. into a site formed by the extracellular ends of helices 1 and
There is a significant overlapping in the average minimized 2 and by a few amino acids from the N-terminus, EL1, and
structures of the D136(3.49)N mutant and those of D136- EL2 (Figures 16-12).
(3.49)PROT concerning the interaction patterns of the The amino acids, which participate in OT binding, are
conserved amino acids highlighted above (Figures 8 and 9).quite overlapping in in vacuo and IMM1 simulations.
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D136N

Ficure 8: Average minimized structures of the empty forms of the WT OTR (left panel) and of the D136(3.49)N constitutively active
mutant (right panel) achieved by IMM1 simulations. The description of this figure is like that of Figure 7.

Table 3: Distances between the Aromatic Centers of Tyr2, F291, Table 4: Distances between the Aromatic Centers of Tyr2, F291,

W288, and F284 W288, and F284
structuré Tyr2—F29P F291-W288 W288-F284! structuré Tyr2—F29® F291-W288 W288-F284
WT OTRis00 6.5 4.5*% WT OTRs00 6.1 5.7*
WT OTRs00 5.9 4.6* WT OTRsg0 5.9 5.8*
D136Ns00 4.5 4.4* D136PROT500 6.4 5.0*
D136Ns00 4.6* 5.6* D136PROTs00 54 5.3*
OT—WT OTRss00 5.0 5.9*% 4.7 D136Ns00 7.6 5.7*
OT—WT OTRs00 5.0** 6.6* 54 D136Ns00 5.9* 5.7*
OT—D136Ns00 5.0 5.0 5.2* OT—WT OTRss00 4.9 7.5* 4.8
OT—D136Ns00 51 7.3 4.8 OT—WT OTRs00 5.6 5.9* 4.2*
— *
a Structures of the wild-type OTR and the D136(3.49) active mutant 8$_B%§2EESE2§ g; ;j ‘é%*
in their free (WT OTR and D136N) and OT-bound (6WT OTR OT—D136Nsgo 5.4 6.6 56

and OT-D136N) forms averaged over the first and last 500 ps of the _

in vacuo 1 ns trajectory (labeled f500 and 1500, respectively). OT—D136Ns00 53 6.8 50

b Distances (angstroms) between the centers of the phenyl rings of Tyr2 2 Structures of the wild-type OTR carrying D136(3.49) unprotonated
of the hormone and F291(6.51) of the OTR. The double asterisk means(WT OTR) and protonated (D136PROT) as well as the D136(3.49)N
that F292(6.52) substitutes for F291(6.5Distances (angstroms)  active mutant in their free and OT-bound (BWT OTR, OT—
between the centers of the phenyl rings of F291(6.51) and W288(6.48). D136PROT, and OF¥D136N) forms averaged over the first and last
The asterisk means that the center of the pyrrole ring of W288(6.48) 500 ps of the IMM1 1 ns trajectory (labeled f500 and 1500, respectively).
is considered in the measuremehbistances (angstroms) between the P Distances (angstroms) between the centers of the phenyl rings of Tyr2
centers of the phenyl rings of W288(6.48) and F284(6.44). The asterisk of the hormone and F291(6.51) of the OTR. The double asterisk means
means that the center of the pyrrole ring of W288(6.48) is considered that F292(6.52) substitutes for F291(6.51istances (angstroms)

in the measurement. between the centers of the phenyl rings of F291(6.51) and W288(6.48).
The asterisk means that the center of the pyrrole ring of W288(6.48)
] ) ) ] is considered in the measuremehistances (angstroms) between the
However, the details of interactions are different and can centers of the phenyl rings of W288(6.48) and F284(6.44). The asterisk
vary even within the same trajectory. Almost constant means that the center of the pyrrole ring of W288(6.48) is considered
elements in the trajectories of the ODTR complexes are N the measurement.

the interactions between Tyr2 of OT and both F291(6.51)

and Q295(6.55) of OTR (Figure 12). In some of the in vacuo tail and helix 1), an amino acid that has been demonstrated
MD trajectories, the C-terminus of OT is involved in to be required for high-affinity agonist bindingt{, 48).
interaction with R34 (at the boundary between the N-terminal Indeed, this interaction is persistent in the majority of
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D136PROT OT-D136PROT

Ficure 9: Average minimized structures of the empty (left panel) and OT-bound (right panel) forms of D136(3.49)PROT achieved by
IMM1 simulations. The description of this figure is like that of Figure 7.

the IMML1 trajectories, probably because R34 has more change in the conformation and interaction pattern of W288-
degrees of freedom, due to the lack of intrahelix distance (6.48), as compared to that of the empty OTR (Figures
restraints. 7, 8, 10, and 11). Indeed, W288(6.48) detaches from
The OT orientations proposed in this study are similar to F291(6.51), reinforcing its interaction with F284(6.44)
ones previously reported9). However, there are detailed (Tables 3 and 4). This is particularly true for IMM1
intermolecular interactions that are different because of Simulations, which showed a recurrent increase in distance
inconsistencies in the arrangements of the extracellular between the centers of the phenyl rings of F291(6.51) and
domains of the OTR, which in this study are based on the W288(6.48), correlated with the presence of the intermo-
Crysta| structure of rhodopsim_‘(_)_ Despite the differences lecular interaction between Tyr2 of the hormone and F291-
between the old and new OTR models, they both suggest(6.51) of the receptor (Tables 3 and 4 and Figures 10 and
that R137(3.50) is the target of the structural modifications 11). This effect is due, at least in part, to a rotation of the
induced by OT. plane of the indole ring of W288(6.48) from an almost
Molecular simulations carried out on the OT-bound forms perpendicula_r to an almost parallel orientation with respect
of the WT OTR suggest that the optimization of intermo- © the putative membrane surface (FigureslI). The
lecular interactions between Tyr2 of the ligand and F291- éarrangement of W288(6.48) is associated with a reduction
(6.51), amino acids, which have been, respectively, shown Of the bend at P290(6.50), found in the empty OTR (Figures
to be important for OT and GPCR functiodq 50), is 7,8, 10, and 11).
concurrent with the breakage of the intrahelix Charge- In a manner different from that of the OT-bound forms of
reinforced H-bond, which involves the arginine of the E/DRY WT OTR, for the OT-bound forms of the D136(3.49)N
motif in the empty WT OTR (F|gures—711) The transfer mutant and of D136(349)PROT, the establishment of the
of the structural modifications from the extracellular side to TYr2-F291(6.51) intermolecular interaction appears to be less
the intracellular domains is mediated by the cluster of relevant for the perturbation of the interaction pattern of the
aromatic amino acids in helix 6, formed by F291(651), E/DRY arginine, which instead is triggered by the irreversible
W288(6.48), and F284(6.44). In this respect, the information Or reversible charge neutralization of D136(3.49) (Figures
transfer is suggested to be triggered by orthoganak 7—11).
interaction between Tyr2 of the ligand and F291(6.51) As for the H-bonds that involve the polar conserved amino
(Figures 16-12). This interaction, which is suggested to acids in helices 2 and 7, the difference between free and
be favored by the concomitant establishment of an intermo- OT-bound forms, for which consensus exists between in
lecular H-bond between Tyr2 and Q295(6.55), induces a vacuo and IMM1 simulation, is the H-bond between W288-
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Ficure 10: Average minimized structures of the OT-bound forms of WT OTR (left panel) and of the D136(3.49)N constitutively active
mutant (right panel) achieved by in vacuo simulations. The description of this figure is like that of Figure 7.

(6.48) and N321(7.45) absent in the hormeneceptor
complexes (Figures 7, 8, 10, and 11).

In the OT-bound forms of WT OTR and D136(3.49)-
PROT, the breakage of the D136(3.4%137(3.50) charge-
reinforced H-bond is always concurrent with the weakening
of the interaction found in the empty WT OTR between
Y329(7.51), of the NPxxY motif, and F337, in helix 8
(Figures 7#11).

Overall, OT binding significantly increases the structural
flexibility of the WT OTR. In fact, the rmsd between the

receptor mutants have been widely used as tools to inves-
tigate GPCR function as they were thought to mimic, at least
in part, the agonist-bound (i.e., active) state of a GPCR,

adopting a configuration capable of interacting with one or

more G proteins@o).

Currently, the most widely accepted thermodynamic model
of agonist- and mutation-induced GPCR activation is the
extended ternary complex modd770), which predicts
that receptors can exist in equilibrium between an inactive
(R) and an active (R*) conformation that differ in their ability

main chain atoms of the structures averaged over the firstto activate G proteins. According to these models, agonist

and last 500 ps of the MD trajectory is 1.97 A (i.e., 1.72 A
for IMM1 simulations) for the empty WT OTR, whereas it
is 3.32 A (i.e., 2.98 A for IMM1 simulations) for the OT-
bound form. The mobility of the OFD136(3.49)PROT
complex is comparable to that of the ©WT OTR complex,
i.e., a rmsd of 2.71 A compared to a rmsd of 2.98 A. In
contrast, the structural flexibility of the OT-bound form of
the constitutively active mutant is lower than that of the OT-
bound form of the WT OTR. The rmsd between the main

chain atoms of the structures averaged over the first and last Surprisingly

500 ps of the MD trajectory of the OTD136(3.49)N
complexes is 2.44 A (i.e., 1.39 A for IMM1 simulations).

DISCUSSION

binding or constitutively active mutations shift the equilib-
rium toward R*. However, the complex behavior of GPCRs
has now led to predictions that receptors can exist in multiple
states each of which can couple to distinct G proteii (
71-75). Consistent with this idea, mutation-induced and
agonist-induced active states may be different as suggested
by the discovery that some constitutively active mutants did
not exhibit increased levels of phosphorylation as observed
for the agonist-stimulated WT receptork/( 18, 76).

very little alteration in amino acid sequence
is needed for a change in G protein selectivity. Indeed, point
mutations of the LH T7), histamine H2 24), and o.-
adrenergic 10) receptors were shown to uncouple the
interaction with one G protein subtype while retaining the

Mutagenesis studies have provided valuable insights into ability to couple to another subtype. Structural elements

receptor domains critical for G protein coupling and activa-

important for Gxq coupling in the OTR were identified by

tion, but as yet, conserved sequences driving these processanutagenesis experiments, in which substitution of sequences

have not been identifiedl( 3, 8, 64). Constitutively active

from the cytosolic domains of thedzcoupled vasopressin
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Ficure 11: Average minimized structures of the OT-bound forms of the WT OTR (left panel) and of the D136(3.49)N constitutively
active mutant (right panel) as achieved by IMM1 simulations. The description of this figure is like that of Figure 7.

V2 receptor into homologous positions in the OTR markedly (3.49)N mutant could be even higher, as previously shown
reduced ligand affinity and abolishedxgcoupling 38). for the constitutively active histamine H2 receptad). The

With the aim of finding novel constitutively active mutants ~ Partial agonist AVP became a full agonist at the D136(3.49)N
useful in investigating deeply the G protein coupling features receptor, and as with OT, the potency to stimulate IP3
of the human OTR, we mutated amino acid residues found accumulation was increased. This is in contrast to the
to be susceptible to activating mutations in other GPCRs previously reported constitutively active R137(3.50)A OTR
(Table 1) (19, 22—26, 52—58). Pharmacological character- mutant (9) which possessed an increased basal IP3 activity
ization of these OTR mutants revealed an expression levelbut no increase in agonist potency. Hence, a mutation of the
significantly lower than that of the WT receptor, likely to aspartate residue of the DRY motif into asparagine produced
be due to either structural instability or incorrect protein What we believe to be the first highly constitutively active
folding (78—80). Indeed, expression of seven of the mutants OTR mutant. Consistent with reports of other constitutively
was too weak to allow further characterization, and of the active receptors 19, 68, 71), we did not observe any
remaining five that did express, only the D136(3.49)N mutant differences in the binding affinity of OT between the WT
could exhibit an increased level of OT-stimulated IP3 and D136(3.49)N receptor, suggesting that the extent to
accumulation. Surprisingly, we were not able to detect Which agonist binding is affected may be highly variable
expression of the R137(3.50)A mutant, which was previously and ligand specific.

reported to be constitutively activd9). The homologous Very little is known about the role of MAPK in OT action.
mutation in the vasopressin V2 receptor and in other GPCRsPrevious work has shown that OT treatment caused the rapid
resulted in profoundly impaired expression as wef, 81— phosphorylation of ERK2, which was partially inhibited by
85). PTX, consistent with OTRGo coupling. The PTX insensi-

As shown for other GPCRs1{, 18, 20, 22—26), a tive portion of ERK2 phosphorylation was linked toog
mutation of the aspartate of the DRY maotif resulted in the as inhibitors of both phospholipase C and protein kinase C
D136(3.49)N OTR exhibiting constitutive activity through blocked OT-induced ERK2 phosphorylatios3f. To inves-
the Cog pathway. This mutated receptor, despite being tigate the effect of the D136(3.49)N mutation on the
expressed at approximately half the level of the WT receptor, alternative @&, signaling pathway, we measured phospho-
demonstrated a significantly elevated basal level and anrylation of ERK1/2 in HEK/EBNA cells. For the WT OTR,
increased potency for OT to stimulate IP3 accumulation, phosphorylation of p44-p42 MAP kinase occurred through
compared with the WT receptor. At a comparable receptor both PTX sensitive and PTX insensitive pathways. In
density, the basal level of IP3 accumulation of the D136- contrast, for the D136(3.49)N mutant, no effect of PTX was
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Ficure 12: Structures of the OT-bound forms of WT OTR (left panel) and D136(3.49)N mutant (right panel) averaged over the first 500
ps of in vacuo (top) and IMM1 (bottom) 1 ns simulations. Selected receptor amino acids involved in H-bonding interactions with OT are
shown. Manually drawn dashed lines represent the hydrogen bonds. The interaction between Tyr2 of the hormone and F291(6.51) of the
receptor is also shown.

observed, suggesting that this receptor was no longer ableportions close to the E/DRY and NPxxY motifs are
to couple to Gy. particularly susceptible to undergoing structural modification
The constitutively active lipid receptor SIP5 has the ability in response to activating mutations and to agonist binding.
to stimulate various effector pathways, but each pathway to The results of experiments and simulations carried out in
a different extent §6). However, mutations have been this study further corroborate this hypothesis. In fact, both
reported that cause receptor-mediated constitutive couplingin vacuo and IMM1 simulations show that OT binding,
largely restricted to the activation of one single signaling D136(3.49) protonation, and the D136(3.49)N mutation can
pathway. The other signaling properties observed in the break the interactions found in the unbound WT OTR
promiscuous WT receptor were either unaffected or impaired between R137(3.50) and both D136(3.49) and T273(6.33)
(7, 71, 86—89). Thus, such mutations are likely to stabilize (Figures 711). The interaction of R137(3.50) with T273-
selected active states of OTR, indicating that activation of (6.33) substitutes, at least in part, for the interhelical salt
multiple signaling is likely to result from independent bridge found in the rhodopsin structure between the homolo-
coupling with distinct G proteins. Our D136(3.49)N receptor gous arginine and E247(6.30) (FiguresID). The latter was
mutant appeared to exist in a high-affinity state with an suggested to be important for stabilizing the inactive states
attenuated ability to activate theoorotein but a constitutive  of theay-adrenergic$4, 56), 5-adrenergic%5), and 5-Hba
activity toward the @4 pathway. This suggests that while serotonin 90, 91) receptors. Indeed, replacing E6.30 in the
D136(3.49) is required for coupling todos pathways, it is oup-adrenergic receptor with lysine was demonstrated to
also required to keep receptor in a “constrained” state andinduce a very high level of constitutive activitp4, 56).
prevent constitutive activation. The ability to couple solely Interestingly, in the OTR, the homologous residue is a lysine
to one G protein subtype, likely due to a change in the that was shown to be essential foagcoupling specificity
conformation of the cytosolic domains, would suggest that (38). In agreement with a recent study on theopioid
the D136(3.49)N mutated receptor has determinants that steereceptor 92), our results suggest that, in the absence of a
it away from other G protein subtypes that are not desired. conserved glutamate/aspartate at position 6.30, other amino
Computational modeling done before and after the avail- acids in the cytosolic extension of helix 6 may contribute to
ability of rhodopsin structure on the-AR (14, 17, 18, 20, the creation of H-bonding interactions with the E/DRY
54, 56), the LHR 61, 62), the OTR (9), the 5-HTa arginine. This provides stronger support to the hypothesis
serotonine receptob®), and melanin-concentrating hormone that it is the Asp of the E/DRY motif that plays a more
receptors§0) converged into the hypothesis that the receptor important role in stabilizing the inactive state of GPCRs
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compared with the less conserved glutamic/aspartic aminoform of WT OTR as compared to the OT-bound form of
acid in helix 6. the active mutant. Molecular simulations cannot say more
Other perturbations in the cytosolic domains that are sharedabout the G protein selectivity/promiscuity issue also because
by the empty D136(3.49)PROT, D136(3.49)N mutant, and the C-tail of OTR, which could play a role in G protein
OT-bound forms of nonmutated OTR include a destabiliza- recognition, has not been modeled.
tion of the interaction found in the empty receptor between  Theory now suggests that the selectivity of G protein
Y329(7.51), of the NPxxY motif, and F337, in helix 8 coupling is maintained by a combination of an “activation
(Figures 711). These results are consistent with recent domain” and a “selectivity domain”, each of which promotes
experimental evidence on rhodopsin activation, indicating and restricts coupling of GPCR to multiple G protein
that the NPxxY (x) ¢ and D/ERY motifs provide, in concert, subtypes, respectively. These two domains are predicted to
a dual control of the activating structural changes in the define the conformation of the intracellular region of GPCRs,
photoreceptorq4). and as such, any slight change in conformation at these two
In agreement with recent computational modeling studies functional domains could affect the fidelity of G protein
on the 5-HT serotonin and the melanin-concentrating coupling @4).
hormone receptors, 60), in the WT OTR, the agonist- Multiple-state models could also explain the differences
induced transfer of the structural modification from the in the efficiency of an agonist in coupling to distinct signaling
extracellular side to the cytosolic domains is suggested to cascades as a result of possessing different affinities for
be mediated by a cluster of aromatic amino acids in helix 6 distinct active state€99§). This concept of “agonist-specific
[i.e., F284(6.44), W288(6.48), and F291(6.51)]. In this trafficking or receptor signaling"96, 97) is poorly under-
respect, the most productive intermolecular interactions stood, but there is much evidence that receptor coupling to
include the orthogonab—z interactions between Tyr2 of  different signaling pathways is dependent upon expression
the ligand and F291(6.51) of the OTR, an interaction that is levels of receptor, cognate G protein, and/or different
not always persistent over the entire simulation time and that signaling molecules in different cellular modeBsgJ.
is favored by Q295(6.55). The hypothesis inferred from  The cubic ternary modeb@) explains the action of these
computations is that such intermolecular interaction is “biased agonists” as an ability to stabilize distinct active and
instrumental in perturbing the aromatic cluster in helix 6, inactive states of G proteins to stimulate and inhibit G protein
by making W288(6.48) lose its interhelical H-bond with pathways, respectively. The final agonist response will be
N321(7.45) and weaken its intrahelix interaction with F291- governed by its preference for these states and the relative
(6.51), thus reinforcing its interaction with F284(6.44), the amount of G proteins available. Pharmacological diversity
most intracellular and conserved member of the aromatic may thus be achieved by the development of signaling
cluster in helix 6 (Figures 711 and Tables 3 and 4). The specific therapeutic compounds that induce a single receptor
side chain movements of W288(6.48) are associated with aconformation able to interact with distinct G proteins.
significant reduction in the bend at P290(6.50), as compared In conclusion, our results extend further the hypothesis
to that of the empty WT OTR (Figures—1.1). that the E/DRY motif, in addition to a crucial role as a
In contrast, in the OT-bond forms carrying D136(3.49) molecular switch toward receptor activation, acts also as a
protonated or mutated into asparagine, perturbations of thekey determinant in stabilizing a specific conformation for
D136(3.49%-R137(3.59) interaction are suggested to be the selective interaction with different G proteins. NoG
triggered by the neutralization of the E/DRY aspartate rather signaling could be monitored with the D136(3.49)N mutated
than by the structural change triggered by the agonist. Thisreceptor, while the activity via &, pathways was markedly
hypothesis comes, at least in part, from the observation thatenhanced, suggesting that D136(3.49) is required both to
the optimization of peculiar hormoreeceptor interactions, keep the receptor “constrained” to prevent constitutive
including that between Ty2 and F291(6.51), is not necessaryactivation and to couple to& pathways. This may involve
for perturbation of the ground state arrangement of the different oligomeric states of the receptor, consistent with
E/DRY motif. an ever-growing body of evidence that shows that signal
Despite the similarities between them, the OT-bound forms transduction pathways can be modulated by differential
of the WT OTR and of the D136(3.49)N constitutively active GPCR aggregationl00, 101).
mutant show clear structural differences. In general, the OT-
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