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ABSTRACT: Vasopressin (VP) receptors belong to the widespread G protein-coupled receptor family. The
crucial role of VP receptor intracellular loops in the coupling with the heterotrimeric G proteins was
previously demonstrated by construction of a vasopressin receptor chimera. Yet, no fine structural data
are available concerning the receptor molecular determinants involved in their interactions with G proteins.
In this study, we synthesized both a linear and a cyclic form of the second intracellular loop (i2) of the
human Mavasopressin receptor isoform that is important for the interaction betweetih&l G protein

and the receptor. These two peptides are biologically active. They specifically inhibit vasopressin binding
to the Viareceptor, suggesting that the corresponding endogenous peptides contribute to the structure of
the vasopressin binding site via intra- or intermolecular interactions with the core of {necéptor. The

i2 peptide structures were determinedBiyNMR. Both exhibit a helix and helical elements in their N-

and C-terminal parts, respectively, separated by a turn imposed by a proline residue. More interestingly,
the central Pro-Leu motif conserved in many GPCRs and thought to be important for coupling to G
proteins can adopt different conformations. The “U” shape structure of the i2 loop is compatible with its
anchoring to transmembrane domains Il and IV and is very similar to the shape of bovine rhodopsin i2.
Altogether, these data contribute to a better understanding of the structure of a not yet crystallized GPCR
using the mimetic peptide approach.

G protein-coupled receptors (GPCRsYe expressed at  high-resolution structure of a well-known GPCR, rhodopsin.
the surface of cells and involved in the control of funda- While this study represents an important piece to the puzzle
mental aspects of the behavior and physiology of living of GPCR-mediated signal transduction, the applicability of
organisms, mediating signals from hormones, neurotrans-the rhodopsin paradigm to other GPCRs is question&le (
mitters, autocrine and paracrine factors, nucleotides andin particular, the high level of amino acid sequence variability
nucleosides, lipids, and proteins and having light, odorant, observed in the GPCR intracellular loops, known to interact
and taste-sensing functions. Association of GPCRs with their with G proteins, suggests that the structure of these coupling
specific ligands is thought to trigger a conformational change, interfaces may be dissimilar. Indeety NMR structural
enabling them to interact with heterotrimeric G proteit)s (  investigations have recently shown that the cytoplasmic loops
One of the greatest challenges in this research field is to of thea2A adrenergic receptor (i2X), angiotensin receptor
characterize the GPCR structural determinants involved in

the interaction with their partne_rs and more partICUIarW.to 1 Abbreviations: BOP, benzotriazol-1-yloxytris(dimethylamino)-
understand the molecular basis of G protein selectivity. pnosphonium hexafluorophosphate; CD, circular dichroism; CHO,
Relatively recently, Palczewski et aR)(published the first Chinese hamster ovary; COSY, correlation spectroscopy; NIS'-
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(i3) (5), pheromone receptor (i3B), parathyroid receptor
(i3) (7), and canabinoid receptor (i3)(adopt a conformation
strikingly different from that of rhodopsin. At present, there
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Chinese Hamster @ary Cell Culture and Membrane
Preparation.Membranes from CHO cell lines stably trans-
fected with the human ) and V. receptors (h-V<R and

are no clues about the origin of such dissimilarities, though h-V,-R, respectively) were prepared as previously described

they are likely to contribute to the selectivity of GPCR

coupling to heterotrimeric G proteins. The vasopressin

by Cotte et al. 14).
Binding Experimentg*H]AVP binding to plasma mem-

receptor isoforms represent good candidates for studying suctbrane preparations was performed as described previously

coupling determinants. Whereas the different subtypeg (V
Vi, and V%) exhibit a high level of amino acid sequence
homology (40-50%), they interact with different G proteins
(Gg and Gs). The M and Vi, receptors are specifically

coupled toag/oll G proteins that in turn activate the
phospholipase £ leading to the production of inositol

phosphates (IPs) and diacylglycerol. In contrast, the V
receptor is coupled to thedS protein and stimulates adenylyl

cyclase activity involved in cAMP production. By analyzing
the pharmacological and functional properties aft-W

(15). Briefly, membrane preparations (4@ of protein/assay)
were preincubated for 15 min at 3T in 150uL of a buffer
containing 50 mM Tris-HCI (pH 7.4), 0.15 mM Mggl1
mg/mL bovine serum albumin, and 0.1 mM phenylmethane-
sulfonyl fluoride with increasing amounts of vasopressin
receptor intracellular loops. Then 1 nNHJAVP (displace-
ment binding experiments) or increasing amounts3bi{
AVP (saturation binding experiments) were added to the
medium, and the mixture was incubated for an additional
period of 60 min. An excess of unlabeled AVP(l1) was

chimera receptors, Wess and collaborators demonstrated thatlso added to the incubation medium to determine the level

the second intracellular loop of the;Meceptor is crucial
for PLC+5 activation via thexg/all G protein and that the
third intracellular loop of the Yreceptor triggers adenylyl
cyclase activation via the & protein 0, 10). These

of nonspecific binding. The reaction was stopped by addition
of 4 mL of cold washing solution [10 mM Tris-HCI (pH
7.4) and 3 mM Mgdl]], and the mixture was immediately
filtered onto the Whatman glass fiber (6-8.2 um) previ-

functional data strongly suggest the involvement of these ously presoaked fo2 h with 10 mg/mL BSA. The filters
intracellular loops in the respective recognition and activation were then rinsed three times with 4 mL of the washing

of the corresponding G proteins.

solution, and the remaining radioactivity was measured by

To better understand the mechanisms of interaction liquid scintillation spectrometry. The level of specific binding
between intracellular loops of VP receptors and heterotrim- Was calculated as the difference between the total and
eric G proteins, we thus decided to analyze the structure of nonspecific values.

these loops using the mimetic peptide strategy. The validity

[**™]OH-LVA binding was performed as described previ-

of this experimental approach was recently demonstrated byously (12). Briefly, 1-2 ug of membranes was incubated

Yeagle et al. 11). They synthesized the intracellular loops

with or without vasopressin receptor intracellular loops at

of the bovine rhodopsin protein and showed that their 37 °C as described above except tia]AVP was replaced
structures are very similar to those determined by Palczewskiwith [**4]JOH-LVA. The concentration of P4]OH-LVA used

et al. for the native crystallized molecule. In this report, we

in the displacement experiments was around 45 pM, a value

present structural investigations concerning synthetic peptidescorresponding to thi of this labeled analogue for h:¥R

mimicking the second intracellular loop of the humag, V
receptor (h-V+R) and discuss their properties compared to
those of other structurally characterized GPCR i2 loops.

MATERIALS AND METHODS

Chemicals. Tritiated [Argf]vasopressin (60 Ci/mmol)
([*H]JAVP) was obtained from NEN Life Science Products;
OH-LVA, a specific V15 vasopressin antagonist (2000
Ci/mol), was radioiodinated using the IODO-GEN technique
as described previouslyl?, 13). [Arg®]Vasopressin was
obtained from Bachem.

Peptide Synthesi®eptides were synthesized using stan-

(12). Radioactivity was measured using @ounter. In these
experiments, we explored a range of synthetic peptide
concentrations from 0.3 to 1M where nonspecific binding
was not significantly modified from control levels without
peptide. Nonspecific binding represented £33% of the
total binding under these conditions (four distinct experiments
each performed in triplicate). For higher mimetic peptide
concentrations (3@M), the level of nonspecific binding
increased up to 6& 7% of the total level of binding. To
avoid nonspecific effects, we thus decided to use peptide
concentrations not higher than L®/ in this study.

Circular Dichroism (CD) Measurement®?eptide CD
spectra were recorded on a Jobin Yvon CD6 spectropola-

dard methods of solid-phase peptide synthesis. Alkylation rimeter. The spectra were scanned at room temperature in a
of thiol groups with bromoacetamide and thioether chemose- quartz optical cell with a path length of 0.03 cm. Baseline

lective ligation and cyclization were carried out in buffered

spectra for each solvent were obtained before the peptide

water under a nitrogen atmosphere. The products werespectra. Peptides were diluted to a concentration oftd\30

purified by semipreparative HPLC on a Vydac C18 column

in 50 mM phosphate buffer (pH 6.4) containing either

with linear gradients of a mobile phase consisting of solutions trifluoroethanol (TFE), sodium dodecyl sulfate (SDS), or

A [0.1% (v/v) TFA in water] and B [0.1% (v/v) TFA in

acetonitrile]. The purity and the structure of the peptides

dodecylphosphocholine (DPC) (100 equiv).
NMR SpectroscopyThe 600 and 400 Bruker AMX

were checked by analytical HPLC and mass spectrometry spectrometers were used to carry out all NMR experiments.

(MALDI-TOF). The control peptide i2 EA (Aspl82-

Peptide concentrations were typically between 1 and 2 mM.

Glu205 sequence derived from the intracellular part of the All the experiments were carried out in the phase-sensitive
bovine endothelin A receptor) was synthesized with the mode in a StatesTPPI fashion {6). NOESY spectra were
standard automated solid-phase peptide synthesis proceduregcorded with mixing times of 100 and 200 ms. TOCSY

and characterized in the laboratory.

spectra used a spin-locking field of 10 000 Hz for a total
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o N BAla and S-carboxymethylcysteine, respectively, to repro-

) Y=o ¢ duce a distance similar to that evaluated from the R/

o [ =9 - o model (Figure 1). Cys154 in the sequence of the receptor

: o <=o was also replaced with Ser9 in the peptide to avoid any
possibility of incorrect cyclization. We also synthesized the

linear peptide i2 lin which corresponds to the open chain

form of the i2 cyc peptide.

Both peptides were obtained from resin-bound protected
precursorl, which was prepared by solid-phase peptide
synthesis using Fmoc chemistry (Figure 2). This precursor
Ficure 1. Sequence of the native second intracellular loop of the \yas eijther bromoacetylated, released from the solid support,
human Vi, vasopressin receptor (i2 hiyR) and structures of the 4 then subjected to a thioether chemoselective liga#an (

cyclic (i2 cyc) and open chain (i2 lin) mimetic peptides. The - . R . .
Scarboxymethylcysteing-alanine linker of i2 cyc is suitable for  |€ading to the cyclic peptide i2 cyc, or alternatively, it was
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reproducing a distance of up 8 A between the & atoms of3Alal acetylated to give the linear model i2 lin after cleavage and

and Cys22 when completely extended. alkylation with bromoacetamide (Figure 2). The intramo-
) ) lecular ligation of the linear peptid2 was fast, compared

duration of 46-60 ms, using a MLEV-17 or TOWNY1(7) to the bimolecular reaction of excess bromoacetamide with

sequence. The typical spectral width was 6500 Hz in both peptides.
dimensions, with 2048 data pointstnand 512 data points Biological Studies. Influence of he¥R i2 Loop-Deried

in t,. Water suppression was achieved by application of a peptides on Radiolabeled Vasopressin Analogue Specific
Watergate filter 18) or by presaturation of the water ginding to Human VP ReceptorShe effects of i2 lin and
resonance during the relaxation delay (and mixing time for j2 cyc were evaluated on their ability to alter the specific
NOESY experiments). TOCSY and NOESY spectra were pinding of either jHJAVP, a VP agonist, orPAJOH-LVA,
acquired at three temperatures (15, 20, ant3Qo alleviate 5 vp antagonist, on crude plasma membranes from CHO
resonance frequency overlaps. A phase-sensitive COSYce|| lines stably transfected with the human VP receptors.
spectrum helped us to discriminateaHHp, and H  Between 0.3 and 1M, both i2 lin and i2 cyc dose-
resonances. Spectra were processed using the GIFA softwargependently inhibited the specific binding GHJAVP to
(19). The two-dimensional matrices were multiplied by a .y, R. i2 cyc mimetic peptide was found to be slightly
shifted cosine-bell function, zero-filled to 512 1024  mgore active than i2 lin. Maximal inhibitions observed at 10
complex points, and Fourier transformed. Proton chemical ,\ were 62+ 2 and 50+ 4% for i2 cyc and i2 lin,
shifts were referenced to internab®l _ respectively. This micromolar concentration range is con-
Structure CalculationsStructure calculations were per-  sjstent with values obtained with peptide segments derived
formed and NOE cross-peak assignments made in an iterativrom distinct receptors such as rhodopsi2A adrenergic,
fashion using the Aria 1.1.2 modul@() implemented in  p1 dopamine, 5-HT-1A, Y. vasopressin, 082 adrenergic
CNS version 1.121). Peak lists of the NOESY spectra with  receptors 24—29). In contrast, used at the same concentra-
mixing times of 100 and 200 ms and chemical shift tables tjon these peptides were not able to inhiBFEJOH-LVA
from Gifa (19) were used directly as input for Aria. The  gpecific binding (Figure 3A).
conversion from peak volumes to distances was done by Aria - saturation experiments performed wifftHJAVP in the
routines. For both peptides, the peak lists comprised ap-presence or absence of &B! i2 cyc or i2 lin indicated that
proximately 10% of unassigned or partly assigned peaks. Forspecific binding inhibition affected the maximaHJAVP
example, for the i2 lin peptide, the HN resonances of Arg4, binding capacity Bmay rather than the affinityKq) of the
Tyr5, and Ala7 are very close and it is difficult to assign ragjolabeled AVP for h-ViR (data not shown), suggesting
the relevant correlation peaks next to the diagonal in the 4 noncompetitive inhibition mechanism.
HN/HN region. In a first step, we excluded alhassigned To demonstrate the specificity of these effects, two control
peaks that could have been interpreted as long-rangeeyperiments were performed. First, we showed that a linear
constraints. These peaks were then manually assigned on thgentige i2 ET, mimicking the second intracellular loop of
basis of the first calculated structures and reintroduced in the human endothelin A receptor was not able to inhibit the
the peak lists. specific binding of H]JAVP to h-V1+R under experimental
RESULTS conditions where i2 cyc was active, i.e., 2B (Figure 3B).
Second, we tested the influence of i2 lin or i2 cyc on the
Design and Synthesis of the Linear and Cyclic Intracellular specific binding of JH]JAVP to h-V,-R, which belongs to
Loop of the Y, Vasopressin Receptofo synthesize a cyclic  the same GPCR family as ht¥R. As illustrated in Figure
peptide mimicking the h-\4R i2 loop (Figure 1), we used 3B, even tested at 1M, i2 lin and i2 cyc did not alter the
the h-Vi+R model established by Phalipou et &R)to select specific binding of {H]AVP to h-V,-R.
the appropriate N- and C-terminal residues at the cytoplasmic CD SpectroscopyTo determine the secondary structure
ends of TM lll and TM 1V, respectively. We selected Thr146 of i2 mimetic peptides, their CD spectra were recorded. In
and Serl67, corresponding putatively to a close contact (aphosphate buffer alone, both peptides adopted a random
7.9 A distance was evaluated betweem &oms) and to an  conformation as indicated by a minimum of ellipticity
orientation compatible with side chain to side chain cycliza- observed at 198 nm (Figure 4A). The addition of 100 equiv
tion. A chemoselective ligation strategy was devised to of SDS (concentration higher than the critical micellar
synthesize a cyclic form (i2 cyc) of the peptide. Therefore, concentration) led to a slight right shift in the CD spectra,
N- and C-terminal residues of the i2 loop were replaced with suggesting the presence of more secondary structure
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Ficure 2: Synthesis of linear and cyclic i2 peptides: (a) Fmoc-Xaa-OH/DIC/HOBL, (b) piperidine/DMF (1:4, viv), (c) FAla€dH/
DIC//HOBE, (d) (BrCHCO)0, (e) AcO, (f) TFA/HO/TIS/EDT (92.5:2.5:2.5:2.5, viviviv), (g) TOM, 2 h in NaHPO/NaH,PO, buffer,
TCEP (2.5 equiv at 30 min), and (h) BrGEIONH; (2.25 equiv), 20 h in N&HPQOy/NaH,PO, buffer, TCEP (2.5 equiv).
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Ficure 3: Biological properties of i2 mimetic peptides. (A) Influence of i2 mimetic peptides on specific binding of radiolabeled vasopressin
analogues to human vasopressin receptors. Membranes from CHO cells which stably expregsRd(18V:g of protein/assay) were
preincubated for 15 min without (control) or with increasing amounts of i2 Ej)cof i2 lin (M) as described in Materials and Methods.

Then 1 nM BHJAVP (total binding) or 1 nM fHJAVP with 1 uM unlabeled AVP (nonspecific binding) was added to the incubation
medium and the reaction allowed to proceed for an additional 60 min. Levels of specific binding were calculated under each experimental
condition and expressed as a percentage of control values (30222 + 8 dpm). Results are mearsthe standard error of the mean of
triplicate determinations from four independent experiments. Similar experiments with iD¢yr (2 lin (@) were performed using 45

pM [124]OH-LVA as radioligand. The level of specific binding was calculated and expressed as a percentage of control values (100%
4400+ 132 dpm). Results are meatisthe standard error of the mean of triplicate determinations from three independent experiments.
When no error bar is shown, it is smaller than the size of the symbol. (B) Specificity of i2 mimetic peptides on vasopressin receptor
binding. Binding experiments were performed as described for panel A with CHO membranes which stably expregseadhivW,-R

with 1 nM [BH]JAVP in the presence or absence (control) of i2 lin, i2 cyc, or i2Ed synthetic peptide mimicking the intracellular loop

of the i2 human endothelin A receptor). The level of specific binding was calculated and expressed as a percentage of control values (100%
= 222 + 8 dpm for CHO-h-\{; and 382+ 15 dpm for CHO-h-¥-R). Results are means of triplicate determinations from three distinct
experiments.

elements. In contrast, 100 equiv of DPC, added in the The spectra of both peptides in pure water are typical of
phosphate buffer, did not produce any more significant random coil averaged conformations (data not shown). In
peptide structure modifications than the phosphate buffer contrast, in accordance with the study by CD, addition of
alone (data not shown). TFE causes a dispersion of proton resonances indicative of
CD spectra exhibiting more typical features of helical peptide folding in this solvent. Assignments of both peptides
elements (ellipticity minima at 206 and 224 nm) were are listed in Table S1 of the Supporting Information. For
obtained by adding TFE in the peptide dilution buffer. both the linear and cyclic peptides, in the 50:50 TFEH
Titration experiments indicated that the maximum of second- buffer, the resonances of Leul2 are broad, which suggests a
ary structure is obtained at a 50:50 ratio at room temperatureconformational exchange for this particular residue. For the
(data not shown). Thus, further mimetic peptide structure linear peptide, after a careful inspection of the spectra, we
investigations were performed under this last experimental have found a second HN resonance at 7.99 ppm. This second
condition. resonance, with a narrower line width, is of approximately
NMR Structural Parametershe structure of i2 lin and  the same intensity and exhibits an exchange peak on the
i2 cyc in 100% HO and a 50:50 TFE/KMD mixture was NOESY spectra with the other resonance (Figure S1 of the
studied by'H NMR at 400 and 600 MHz, respectively. We  Supporting Information). The broadening of the resonances
carried out the sequential assignment of all proton resonancess temperature-dependent, supporting the hypothesis of
following the standard method proposed by thich (30). conformational exchange (Figure S2 of the Supporting
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FiGure 4: Structural properties of i2 mimetic peptides. (A) CD spectra of i2 lin and i2 cyc in phosphate buffer, in a phosphate buffer/TFE
mixture (1:1, v/v), and in the presence of SDS micelles. The peptide concentration waiM180d the SDS:peptide ratio was 100. (B)

Plot of the deviations of HN and d¢dchemical shifts (NMR) from random coil values for i2 lin (top) and i2 cyc (bottom). (C) Summary

of the sequential and medium-range NOEs (NMR) for i2 lin (top) and i2 cyc (bottom) peptides. The thickness of the bars corresponds to
the intensity of the NOEs.

Information). A possible explanation would be that this amide resonance exhibits a pattern of additional middle-range
doubling of resonances is a result afia—transequilibrium NOEs peaks, namely, HN LeutHp Ala7 and HN Leul2-

of the peptidic bond of Proll. However, on the NOESY Hy GInl6, that were not found for the resonances at 9 ppm
spectra, we could find no evidence of the presence of this (Figure S1 of the Supporting Information). The sequential
equilibrium, such as concomitaatd His10—aH Proll and and middle-range NOEs between Leul2 on one side and
aH His10-0H Proll NOEs. All the sequential NOEs Proll and His10 on the other side show slightly reduced
between His10 and Proll indicate that the peptidic bond and increased intensities, respectively. Finally, the temper-
between His10 and Proll iens In addition, no second ature dependence of the resonances at 9 and 7.99 ppm are
set of resonances was found for the adjacent residues. Finally;+2.4 and—6.7 ppb/K, respectively, suggesting different
the presence of exchange peaks between the two resonancdsvels of solvent exposure for the HN atom of Leul2 in the
has not been reported to our knowledge for arss-trans two conformations.

equilibrium in a peptidic bond. Hence, we conclude thatthe No second resonance was found for the cyclic peptide.
doubling of resonances for the amide proton of Leul2 The resonance of Leul2 for this closed form is found at 8.49
originates from a conformational equilibrium that is not due ppm, thus exactly the average between the two resonances
to cis—transisomerization of Pro11. Interestingly, this second observed for the linear peptide. Furthermore, it has a
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Table 1: Structural Statistics Calculated for the 10 Low-Energy medium-rangeé—i + 2 andi—i + 3 connectivities for the
Structures Obtained for the i2 firand i2 cyc Peptides N-terminal part of both peptides validate the presence of

helices for the N-terminal parts. The central and C-terminal

i2 li i2 cyc

o OTNOE restraints l Y parts also exhibit a few NOEs characteristic of helical
st S acition. H Cyso2- PN ASp3 , Hp CysoaiN falaL,
sequential ) ) )
ImiddIE-rangKe - 61(2)41(9‘9 137 S-carboxymethyl Cys22 S-GHCO proton-HN SAlal (Fig-
ong-rangelfi —j| > _

rms deviations from experimental 0.067+ 0.013 0.081+ 0.019 ure 1)’ Hx Arg21-HN ﬁA.Ial’ and Hx Cys22-HN Alal

NOE restraints (A 0.080 0.02 NOEs are observed on i2 cyc NOESY spectra (data not

> (A) _ ( ? . A

structural quality and coordinate precision shown). These NOEs are specific and characteristic of the
backbone atom rmsd from mean (A)’?l'f‘gfgg% 0.50+0.10 cyclic structure of i2 cyc. In addition to these long-range
heavy atom rmsd from the mean (A),(1.22i 0.25 8 1.33+0.12 NOEs specific to the cyclic peptide, a few long-range NOEs

residues 219 1.410+0.44 were found for the i2 lin and i2 cyc peptides: HN Ala7

Ramachadran plb(%) HpB GIn16, HN Ala7-Hy GIn16, HN Ala7-Ha GIn16, H
core regions 71.173.5 78.3
most favored regions 28.26.9 17.2 Arg4—Hp Lys13, Hy Argd—He GInl7, and 8 Arg4—He
generously allowed regions 0)( 4.4 GInl7. The aliphatic region is crowded for both peptides,
disallowed regions o) 0 and it may have prevented us from identifying more
@ Calculated data corresponding to the conformation of the most nhonambiguous long-range constraints.

shielded resonance of Leul2 for i2 lin are in italit€alculated with NMR Structures of i2 lin and i2 cyc Peptidé=or both

the program PROCHECK5().

peptides, we were able to collect sufficient NOE distance
constraints to calculate high-quality three-dimensional struc-
considerably larger line width than the other amide reso- tures with the computer programs Aria and CNS. The best
nances. This suggests that we are in the presence of interconformers are superimposed in Figure 5A, and Table 1 lists
mediate exchange between the two conformations observedhe structural statistics. For all structures, the backbone
on the spectra of i2 lin. No NOE was observed between this dihedral angles lie in the most favored regions of the
averaged resonance and the resonances of Ala7 and GIlnl6Ramachandran map. For both peptides, the structure is
but this does not invalidate our hypothesis as the complexity characterized by the presence of a helix in the N-terminal
of dynamical parameters in the case of intermediate exchangeart (residues 49), followed by aj-turn at the level of
makes the prediction of the presence or absence of NOEsHis10 and Prol1, a short step of 3-10-helix (residues 12
difficult. 15), and a succession of turns in residues26. The global

A source of information about protein secondary structure fold of the peptides resembles a “U” with two arms
elements results from observeditdnd, to a less extent, HN  constituted by th@Alal—Ser9 and Lys13Cys22 segments
chemical shifts when these are compared with random coil and the bottom base by the HisiDeul2 stretch. The
values. Three adjacent amino acids showing downfield structures seem rather compact despite the paucity of long-
changes (positive values) of more than 0.1 ppm indicate therange NOEsi(j, j > i + 4), and we have thus repeated the
presence of a stabje-structure, while three residues with calculations without them to investigate the contribution of
negative changes of more than 0.1 ppm point to a well- these NOEs to the calculated fold (Figure S3 of the
defined helical structure3(). The differences inthe HN and  Supporting Information). The resulting structures are, as
Ha chemical shift of linear and cyclic i2 loops between pure expected, slightly less compact, but the overall fold of the
buffer and the 50:50 TFE mixture are depicted in Figure U shape is completely preserved. This can be attributed to
4B. For both peptides, values suggesting the presence ofthe numerou#j, j =i + 4 NOEs that unambiguously define
helical elements in the N-terminal part (AspBis10) and the turns of the structure. The U-shaped structures are
to a lesser extent in the middle part (LysiGIn17) are stabilized by a common network of hydrogen bonds: HN
observed. Proll is situated exactly between these twoAla7---CO Asp3, HN Ser9-CO Ser5, HN His16-CO lle6,
segments and most probably acts as a breaker of the reguladN Thr14---CO Leul2, and HN Glul6-CO Lys13. The
secondary structure. Interestingly, for both peptides, the N-terminal helix in i2 cyc appears to be slightly more packed
extreme N- and C-terminal parts exhibit similar behaviors; than in i2 lin due to cyclization. As a result, the CO group
the residues in this C-terminal part are characterized by of Asp3 is engaged in a hydrogen bond with the HN atoms
chemical shifts typical for random coil structures, whereas of Aspl and Ala7 in i2 cyc, whereas a hydrogen bond
the residues in the N-terminal part are characterized by between the CO group of Tyr5 and the HN atom of Val8 is
similar atypical value patterns. The incidence of cyclization observed in i2 lin.
upon the structure of the i2 loop can thus hardly be deduced The alternate conformation observed on the NMR spectra
from the chemical shift values of both peptides. of the linear peptide is purely local at the level of the Pro11-

The presence of similar sequential and medium-range Leul2 dipeptide. The transformation from one conformation
NOEs between both peptides (Figure 4C) supports this idea.to the other is of the “crankshaft” motion typ82—36) so
Most of the differences in thei,(i + 2) and {, i + 3) that the @ atoms of Proll and Leul2 remain at almost
constraints could be assigned to superposition of NOEs inidentical positions and the global fold of the linear peptide
the corresponding peaks. An almost continuous stretch ofis completely preserved. This peculiar feature explains why
sequential N-Ni+; NOEs interrupted by Proll and Prol8 the doubling of resonance was observed only for Leul2.
is observed from the N- to the C-terminal part of both Interestingly, the amide nitrogen atom of Leul?2 is less
peptides, supporting indeed the existence of a helical exposed to the solvent in this alternate conformation, and
conformation broken by the two prolines. The numerous its spatial position is now compatible with giving a hydrogen
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Ficure 5: (A) Superposition of the 10 best conformers of i2 lin and i2 cyc calculated with Aria version 1.1. For clarity, only the backbone
atoms are represented except for Prol1l where the side chain is represented. The conformers for the linear form are those calculated with
the more deshielded resonance of Leul2 (no long-range NOE). The atoms are color-coded: white for hydrogens, red for oxygens, blue for
nitrogens, green for carbons, and yellow for sulfurs. For the linear peptide, N- and C-terminal parts are identified with bold letters. (B)
Local comparison of the 10 best conformers obtained with the two NMR constraint data sets for the linear forms. On the left are conformers
calculated with the constraints of the more deshielded resonance of Leul2. On the right are conformers calculated with the constraints of
the more shielded resonance of Leul2. The two conformers are related by a crankshaft motion so that the sum of the dihedrdl angles,

+ ¢ 12, is constant§2—36). The difference in the conformation is thus purely local at the dipeptide level, and the positionsatbi@s

of Prol1 and Leul2 remain unchanged between the two forms. Only atoms between the two dashed white lines drawn at the level of the
Cal!and Gx'? atoms occupy different positions in both conformers. The hydrogen bonds calculated with the “Insight” program are represented
by green dashed lines. In addition to the amide proton of Lys13, the amide atom of Leul2 appears to be hydrogen bonded with the carboxyl
oxygen atom of His10 in the conformations calculated with the constraints involving the shielded resonance of Leul2. (C) Surface
representation of the mean structure of i2 lin and i2 cyc. Side chains of residues previously shown to be important for coupling with Gq
proteins are colored yellow (hydrophobic residues), light blue (basic residues), and red (acidic residues).

bond with the carboxyl oxygen of His10 (Figure 5B). indeed rms deviations of 2.2 and 1.7 for the linear and
Although the temperature coefficient of the “alternate” cyclic peptides, respectively. The bottom base of the L loop
resonance of Leul2 is not in favor of the existence of this is two residues shorter in the rhodopsin loop than in the i2
hydrogen bond, it could explain the considerable difference vasopressin loop. The main distance between both arms, as
in chemical shift for this residue between the two HN measured by the distance between theaoms offAlal
resonances measured on the spectra (1 ppm). and Cys22, is 17.3% 1.6 and 6.9+ 0.3 A ini2 lin and i2
Figure 5C depicts a surface representation of the i2 lin cyc, respectively. The corresponding distance in the rhodop-
and i2 cyc peptides. Colored (light blue, red, yellow, and sin structure is 12.8 A. As evidenced by Figure 6A, the
green) residues correspond to residues that have been show@-terminal part of the loops, which corresponds to the
to be important for biological activity such as Asp37], beginning of the transmembrane helix 1V, is positioned
Glu4 37), Tyr5 (37), Val8 (37), and Leul2 87, 38) in other identically in the cyclic peptide and in the rhodopsin
Gg-coupled receptors. The helical conformation orients all structures. This suggests that the cyclization performed on
these residues but Leul2 on the same face of the moleculethe i2 vasopressin loop induces a structure very close to the
forming a potential intra- or intermolecular interaction native rhodopsin structuri@ vivo.
surface. This was predicted by the mutagenesis studies
carried out by Yamashita et al. on rhodops38)( Asp3 lies DISCUSSION
slightly apart, especially in the i2 cyc peptide as a byproduct

from cyclization. Although the high-resolution structure of bovine rhodopsin
Comparison of the Global Folds of i2 lin, i2 cyc, and the has been published relatively recentB),(structural data
Second Intracellular Loop of Bine RhodopsirThe hairpin- ~ allowing a better understanding of how GPCRs mediate

like structure of both peptides is reminiscent of the L shape heterotrimeric G protein activation are still missing because
of the second cytoplasmic loop in rhodops®). (Figure 6A of difficulties in obtaining crystals of purified hormone
represents a comparison of the global folds for all peptides. receptors. To circumvent these problems, we have adopted
The N-terminal parts are likewise constituted by a short helix the mimetic peptide approach to study the structure of the
followed by apB-turn. The main differences are located in second intracellular loop of h-¥R known to be important
the C-terminal part, which appears to be more extended infor G protein coupling. Numerous studies, including one on
the rhodopsin structure. Superposition of backbone atomsrhodopsin, have used this approach facing the difficulties of
for the Ala2-Leul2 segment in the vasopressin peptides and production, folding, and crystallization of these proteins
the Alal32-Met143 segment in native rhodopsin yields (4—8, 11, 40).
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suppose that the i2 peptides disrupt intramolecular interac-
tions between the native hi¥R i2 loop and another receptor
region leading to a misfolded binding site or an unliganded
receptor state.

The i2 mimetic peptides both exhibit a constrained
structure as revealed by the CD afd NMR study. In
organic solvent, they present a U-shaped structure character-
ized by ana-helix in the N-terminal part, a turn imposed by
the proline residue in the middle of the loop and helical
elements in the C-terminal region (Figure 5A). The structure
seems to be mainly determined by the amino acid sequence
of the i2 loop since both the cyclic and linear peptides exhibit
a similar molecular arrangement. Similarly, peptides corre-
sponding to the cytoplasmic loops of rhodopsin have been

rhodopsin shown to present turns independently of the membrane
protein remainderl(l, 40, 41). The biological relevance of
a peptide structure determined in a TFEIHmixture may,
however, seem debatable. We emphasize that all secondary
i2 rhodopsin LWSLVVLATERYVVVCKPMSNFRFGENHAIMGVA elements observed in the U-shaped structure were already
I [ ] observed in a 10:90 TFEAD mixture at 10°C (Figure S4
146 151 156 161 166 of the Supporting Information). To study by NMR membrane-
i2 h-V1a-R TADRYIAVCHPLKTLOQPARRS associated peptides, one has to resort to membrane-mimick-
B o helix i2 cyc AADRY LAVSHPLKTLOOPARRC ing solvents, such as TFE, or to small detergent micelles.
B turn W 0000 Recent studies have highlighted the structure deformation
0 helicoidal i2 lin AADRYIAVSHPLKTLQQPARRC induced by the hl.gh Ieve! of curvature of micelle$2),
elements I W (0000 whereas peptides in organic solvent adopt the same structure
as in the isotropic planar phospholipid bicelld8)( On this
@ basis, both peptides were biologically tested in a medium
containing phospholipid membranes which are mimicked in
RHODOPSIN VASOPRESSIN CD and NMR studies by the 50:50 TFE/phosphate buffer
medium.

In fact, the U shape of the h4¥i2 loop is retrieved in the
i2 loop of the bovine rhodopsin (Figure 6A). The role of the
proline in the bottom base of the U shape seems to be
essential since it is conserved in the whole vasopressin
receptor family, in rhodopsin and in many other GPCRSs. Its
crucial role for h-\4-R structure was further evidenced by
Erlenbach et al.44), who demonstrated that the deletion of
this Pro residue leads to a loss of binding capacity and
functional activity. Pro thus acts as a helix breaker and allows
the receptor loop to be folded mt U structure compatible
FaceB FaceB with anchoring to the transmembrane domains. In contrast
FIGURE 6: (A) Comparison of the backbone fold observed in i2 With those of h-\+R or bovine rhodopsin, the i2 loop of
lin (blue), i2 cyc (red), and rhodopsin (yellow). The bottom the humano2A adrenergic receptor does not contain a
structures are rotated 9Qvith respect to the top structures. (B) proline residue. Its structure, determined By NMR,
Comparison of the sequences and secondary structures in i2 Iin, i2-gnsists of the succession of threehelices more or less
cyc, and rhodopsin. (C) Comparison of the hydropathy profiles of i v di da. Al h h d h
the N-terminal segment of the second cytoplasmic loop of bovine inearly disposed4). toget e'f' these data _Su,gge,St that
rhodopsin and the ) vasopressin receptor. the structures of the GPCR i2 |OOpS exhibit different

conformations that are dependent on their sequence and on

In this study, the i2 mimetic peptides were synthesized as the presence of a proline residue.
a linear or cyclic form. These peptides dose-dependently We demonstrate moreover that this proline residue exhibits
inhibit [*H]AVP specific binding on a CHO cell line stably  two conformations in the linear h_¥R i2 mimetic peptide.
transfected with h-V;-R in a noncompetitive way. These Structure calculations suggest that the Prol1-Leul2 dipeptide
peptide effects are (i) agonist specific since the specific presents a crankshaft type conformational equilibri@2(
binding of [?4]OH-LVA, a specific Vi, vasopressin antago-  36). This equilibrium is local and preserves the global fold
nist, is not affected, (ii) receptor subtype specific since no of the loop. However, we hypothesize that in the native
significant inhibition of specific binding of3H]JAVP to receptor, its amplitude could be enhanced and trigger a
h-V,-R, a GPCR belonging to the same GPCR family, is conformational change between activated and inactivated
detected up to 1@ M, and (iii) sequence specific since a receptor states. Indeed, dynamical simulations show that
peptide derived from the second intracellular loop of the crankshaft motions can represent the starting step for major
human endothelin receptor type A, also coupled to Gq, doesconformational changes in proteind5( 46). The large
not inhibit the specific vasopressin binding to ha\R. We prevalence of the Pro-Xaa motif (where Xaa represents a
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hydrophobic residue) in the second intracellular loop of G 9.
protein-coupled receptors suggests that it may be a common 10

mechanism for interaction with G proteins.
The well-formed regulan-helix in the N-terminal part,

continuing the TM 11l helix, represents the last remarkable 12.

similarity between the h-M-R and rhodopsin cytoplasmic

loops. Panels B and C of Figure 6 illustrate the comparison 13-

between rhodopsin and hr¥R i2 N-terminal helices show-
ing not only global structural similarities but also a compa-
rable hydropathy profile. The biological relevance of a helix

in the N-terminal part of the i2 loop was established by 15.

mutagenesis studies prior to publication of any structural data
for the muscarinic receptor and for the rhodopsi, (39). 16
Hence, the rotation of TM Ill occurring upon ligand binding

(47) would lead to the rotation of the i2 N-terminal helix as  17.

well and constitute the switch enabling G protein activation.
Interestingly, the mutation of Asp148 in the DRY motif in
the h-\i-R leads to a constitutively active receptd8), as 19
observed by mutating Glu134 in rhodops#b).

In summary, the h-Y+R, which belongs to the rhodopsin  20.

GPCR family, possesses a similar i2 structure. In particular,
the TM Il helices of the vasopressin receptor and rhodopsin
extend into cytoplasmic helices with identical hydropathy
profiles. Structure analysis underlines the prominent role of

the proline residue next to this helix at respective positions 22.

156 and 142 in the common folding. This proline and the

adjacent hydrophobic residue are subjected to a conforma-
tional equilibrium in the vasopressin receptor linear peptide. 24
This equilibrium could be the sign of a large flexibility of

this motif, allowing the easy rotation of the cytoplasmic helix
subsequent to rotation of TM Ill, a process fundamental for
interaction of h-\(zR with G proteins. 26
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