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The neurohypophyseal peptides arginine vasopressin (AVP) and oxytocin (OT) mediate a wide variety of
peripheral and central physiological and behavioral effects by acting on four different G-protein coupled
receptors, termed ¥ (vascular), \{, (pituitary), V. (renal), and OT (uterine). We recently reported that

d[Ch&]AVP (A), d[Leu’]AVP (B), d[Or¥]JAVP (C), and

d[Ard]AVP (D) have high affinity and are selective

agonists for the human 1\ receptor. However, peptides—/ were subsequently shown to be potent
antidiuretic agonists in the rat and are, thus, not selectigeayonists in the rat. Peptides/ served as

leads for the studies reported here. They were modified at position 8 by Lys, ornithine (Orn), diaminobutyric
acid (Dab), and diaminopropionic acid (Dap) to give d[€bgsf]VP (1), d[Ch&,Orrf]VP (2), d[Chd,-

DatfVP (3), d[Chd,Dagf]VP (4), d[Leu,Lys{]VP (5),

d[Leut,Orrf]VP (6), d[Leut,DalF]VP (7), d[Leut,-

Dag’]VP (8), d[Orrt,LysfVP (9), d[Orrt",Orrf]VP (10), d[Arg*Lys8]VP (11), d[Arg*,Orrf]VP (12), and

d[Arg*,DalF]VP (13). All peptides were synthesized

by the Merrifield solid-phase method. Their binding

and functional properties were evaluated in rat AVR, W1, and \s receptors and on the rat OT receptor
expressed either in native tissues or in stably transfected cells. They were also examined in rat vasopressor,
antidiuretic, and in in vitro (no MJ") oxytocic assays. Functional studies performed on chinese hamster
ovary cells expressing the different AVP/OT receptors confirm that d{Chsf]VP (1), d[Chd,DalF]vVP

(3), d[Lelt,Lys?]VP (5), and d[Led,Dagf]VP (8) are the first selective agonists for the rat,Veceptor.

These selective ) agonists are promising new tools for studies of the role of ther&ceptor in the rat.

Introduction

Arginine vasopressin (AVH exerts three well-known pe-
ripheral physiological effects: antidiuresis, vasoconstriction, and
the release of adrenocorticotropin hormone (ACTH; for reviews,
see refs 14). In addition to these well-established functions,
AVP is also involved peripherally in the regulation of insulin
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a Abbreviations: Symbols and abbreviations are in accordance with the
recommended IUB Commission on Biochemical Nomenclatéer.(J.
Biochem1989 180 A9-A11) and IUPHAR Trends Pharmacol. Sc2001).

All amino acids are in the-configuration unless otherwise noted. AcOH,
acetic acid; ACTH, adrenocorticotropin hormone, human; AVP, arginine
vasopressin; dAVP, deamino-[Cyarginine vasopressin; Bodert-buty-
loxycarbonyl; Bzl, benzyl; cAMP, cyclic adenosine monophosphate; Cha,
1-amino-cyclopentane-1-carboxylic acid (cyclohexylalanine); CHO cells,
chinese hamster ovary cells; Dab2,4-diaminobutyric acid; Dap,-2,3-
diaminopropionic acid; DCC, dicyclohexylcarbodiimide; DMF, dimethyl-
formamide; DMEM, Dubbelco’s modified Eagles medium; E, maximal
efficiency; EgN, triethylamine; E£O, ethyl ether; HBS, Hank’s buffered
saline; HOBt, 1-hydroxybenzotriazole; HPLC, high performance liquid
chromatography; h¥R, human VP receptors; InsPs, total inositol phos-
phatesKac, concentration of agonist leading to half-maximal activiy;
concentration of peptide leading to half-maximal specific binding deduced
from saturation experiments;, concentration of peptide leading to half-
maximal specific binding deduced from competition experiments; Meb,
p-methylbenzyl; Mobp-methoxybenzyl; Mpr, 3-mercaptopropionyl; ONp,
p-nitrophenylester; OT, oxytocin; R, rat VP receptors; Sl, selectivity
index; TLC, thin-layer chromatography; Tos, tosyl; VP, vasopressin; VT,
vasotocin; M, vascular; \{p, pituitary; Vo, renal; Z, benzyloxycarbonyl.
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and glucagon release by the pancfedsteroid, and catechola-
mine secretion by the adrendlglycogenolysis in the live?,

and the release of atrial natriuretic factor from the h&sand
paradoxically, it also elicits a vasodilatory respois&. Cen-
trally, AVP has multiple effects, including the regulation of
memory, synaptic transmission, body temperature, pain, anxiety,
and depression in rats and in humans (for reviews, see refs 13
and 14). The central effects of vasopressin and those of its
closely related neurohypophyseal peptide, oxytocin (OT), have
received intense investigative scrutiny in recent yéar$ The
diverse peripheral and central effects of AVP and OT are
mediated by four different 7-transmembrane G-protein-coupled
receptors termed: ¥ Via Vip (V3), and OT receptors. 439

V, receptors, present in the kidney, mediate the antidiuretic
effects of AVP via the adenylate cyclase pathwal.Vi,
receptors, present in many tissues, mediate the vascular effects
of AVP by causing vasoconstriction of the vascular smooth
muscle cell$=* The OT receptor mediates the uterine contract-
ing and milk let-down effects of OT:4 In the central nervous
system, \{, receptors mediate the effects of AVP on anxi-
ety142438 \/ . receptors, present in the pituitary, pancreas,
adrenals, and in the CNS, mediate the release of ACTH from
the anterior pituitary;? steroids from the adrenal medufland
insulin and glucagon from the pancréa8.Recently, the ,
receptor has also been shown to mediate anxiety and depression
in ratg314.24.33.3849nd also in human'$:2234By contrast, OT

has been shown to relieve anxiety in réts!3 mice2844
monkeys?® and in human4® The Vi, Vi, and OT receptors

act via the phosphoinositide pathwhy. The Vs, V1, Vip, and

OT receptors from a variety of species, including rat and human,
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Table 1. Pharmacological Activities in Rat Bioassays of Ey®rre, Dal?, and Daj Analogues of dAVP, d[XJAVP AnaloguesA—D (where X=
Cha, Leu, Orn, and Arg) and Related Analogues

antidiuretic activity vasopressor activity oxytocic activity (in vitro)
no. peptide (units/mg) (units/mg) no Mg (units/mg)
AvVPp2 323+ 16 369+ 6 13.9+ 0.5
dAvVPP 17454 385 346+ 13 63+ 4
d[Lys8VPe 550+ 1.74(301+ 11) 145+ 7 (1264 2) 12+ 0.5
d[Oormf]vPd 4864 17 (202+ 23) 355+ 11 (3554 30) 15+ 2
d[DalF]vPe 4634 24¢(13734 128) 3854 12 (450+ 30) 25+ 7
d[Dapf]VPf 165+ 12%(1079) 8.7+ 0.7 (14.0) 0.9
dDAVP9 1200+ 126 0.39+ 0.02 1.5
d[valjavpPh 1150+ 110 51+ 2 26
dVDAVPh 1230+ 170 <0.01 ~8
d[p-3-Paf]AVP! ~1 antagonist ND°
pA; = 6.22°
A d[Ch&]AVPI 133.6+ 5.61 0.067+ 0.005 ND
1 d[Ché,Lys?]VPX 0.82+0.01 0.043t 0.008 P = 6.48+ 0.0
M=34174+0.2
2 d[Ché&,Orré]VPk 1.0+0.2 0.22+ 0.02 pPA> = 6.55+ 0.09
M =3.0474+0.36
3 d[Ché&,Datf]VPk 1.0+0.1 0.18+ 0.02 PA>=6.35+ 0.3
M=4.677+0.34
4 d[Ché&,Dapf]VPk 0.3+0.1 ~0.002 P = 6.32+ 0.0
M=4.877+0.3
B d[Leuf]AVP! 378+ 23.67 3.11+0.11 0.67+0.12
5 d[Leu?,Lys®]vPkm 10.5+ 0.9 0.9+ 0.1 0.0544+ 0.00%
5—-6m 0.53"
6 d[Leu,Orrf]VPk 5.7+0.9 3.1+ 0.1 mixed f ~< 4.89
agonistic activity~0.04
7 d[Leu’,Dalf]VP¥ 5.7+0.5 3.5+ 0.2 0.27+0.03
8 d[Leu’,Daf]VP* 0.7+0.1 0.05+0.01 0.046
Cc d[Orn*]AVP! 260.32+ 22.4 1.54+0.13 6.49+ 0.63
9 d[Orn?,Lys8VPk 7.8+0.4 0.23+0.02 3.1+ 0.1
10 d[Orr?,Orrf]VPk 79+0.5 1.9+0.1 2.8+ 0.1
D d[Arg#AVP! 748.32+ 12.96 159.93t 6.5 0.027+ 0.003
11 d[Arg*,Lys8]VPk 784+ 54 83+ 4 0.15+ 0.02
12 d[Arg?,Orrf]VPX 823+ 133 173+ 3 0.06+ 0.01
13 d[Arg*,Dalf]vP* 431+ 58 190+ 5 0.14+ 0.02

aQOriginal synthesis reported in ref 57. Data from ref B@Qriginal synthesis reported in ref 72. Repeated synthesis and data from e®©8ginal
synthesis and data reported in ref #®riginal synthesis and data reported in ref 7@riginal synthesis and data reported in ref 78riginal synthesis and
data reported in ref 76.Original synthesis reported in ref 95a. Repeated synthesis and data from Pe&d@ginal synthesis reported in ref 96a. Data from
ref 86.1 Original synthesis and data reported in ref B@riginal synthesis and data reported in ref 6Fhis publication. Original synthesis reported in ref
67. Data reported in ref 68! Original synthesis and data reported in ref Bin vivo pA; values are estimates since ti\é] ffor the in vivo pA; is estimated
by dividing ED (effective dose) by the estimated volume of distribution of 67 mL/kg. ED is defined as the dose (nmol/kg intravenously) of the tantagonis
that reduces the response touits of agonist to the response withunits of agonist administered in the absence of the antag@mid. = not determined.
PIn vitro pA; values represent the negative logarithm to the base 10 of the average molar concemtijatibthg antagonist that reduces the response to
2x units of agonist to equal the response seen withits of agonist administered in the absence of the antagonist.

have been cloned during the past decade d¥<4.To date, their ACTH-releasing activities. Thus, the design of selective
the receptor that mediates the vasodilating effects of AVP has agonists and antagonists for the,Veceptor has, until recently,
not been characterizé8l.Following the original syntheses of  been a very daunting challenge. It was not until theréceptor
both OT% and AVP?7 structure-activity studies, based on rat  was cloned in the mid-nineti#&&>253that it became possible,
bioassays, which measure antidiuretic, vasopressor, and in vitrothrough the use of ), receptor binding and functional assays,
oxytocic activities’®%1 uncovered structural modifications of  to design selective agonists and an antagonist for the AMP V
these two peptides, which led to the design of agonists and receptof>-%Werecently reported thatdeamino-[cyclohexylalaftine
antagonists that possess potent and selective antidiuretic, pressoarginine vasopressin (d[CHAVP, A) is the first selective
and oxytocic activities in the standard rat bioassays (for reviews, agonist for the human ) recepto® This peptide has since
see refs 1 and 5861). In fact, these findings led to the become a valuable pharmacological tool in a variety of
delineation of the ¥, V1, and OT receptors long before these studies?>31.69.70ad A selective nonpeptide ) antagonist, shown
receptors were clonéef. Although it was known that AVP could  to be effective in humans, was also recently repo?fethis
cause the release of ACTH (see ref 62a,b and references thereinonpeptide h,R antagonist was suggested to have beneficial
it was not until the mid-eighties that the receptor that mediates effects for treating depression in humdhsVe subsequently
this response was characterized pharmacologically and showrnreported” the synthesis of 21 position-4 analogues of deamino-
to be different than the ), V,, and OT receptor®64Because [CysY]-arginine vasopressin (dAVPY. Virtually all of these

it was found to utilize the same second messenger system asnalogues exhibit very high affinities for the human,V
the Vi, receptor, this AVP receptor was termed tha,V  recepto” Furthermore, a number of these analogues, most
recepto®* There is no routine bioassay for the ACTH releasing notably, d[Led]AVP, d[Ornf]JAVP and d[Argf]AVP, with high
effect of AVP. Consequently, with the exception of those VP affinities for the human , receptor, have very low affinities
analogues examined in corticotropin-releasing factor in vitro for the human \,, V>, and OT receptor&.In functional assays,
and in vivo assays prior to the early eighties (see ref 62a,b andthese three peptides are also highly selective for the humgn V
references therein), virtually all of the many hundreds of VP receptor with respect to the humanaW», and OT receptor¥.
analogues reported to d&teb! are lacking quantitative data on  Thus, they and d[CHAVPS5 are the first high affinity selective
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Table 2. Binding Properties of Ly5Orre, Dal?, and Dag Analogues of d¥]AVP AnaloguesA—D (where X= Cha, Leu, Orn, and Arg) for Rat
Vasopressin and Oxytocin Recepfors

affinity, K; (nM) ViR Sl

no. peptide (R rVo-R 'VizR rOT-R VoIV 1 V1dV1p OT/NV1p

AVPpbe 0.29+ .05 0.45+ 0.1 1.54+0.97 117+ 0.11 15 5.4 5.9

dAVP4 (d[GINY]AVP) 0.20+ 0.02 0.8+0.8 10.84 2.6° 0.974+0.16° 3.8 54 4.8

dDAVP® 0.3 100

d[val*]JAvPh 0.25+0.06 0.3+0.1 60+ 15 826+ 150 1.2 240 3304

dVDAVPh 0.26 316

d[p-3-Paf]AVPI 112+ 30 69+ 17 450+ 22 0.6 4.0
A d[Cha]AVPX 1.440.1° 12.74+ 2.8 2300+ 600° 14304+ 330¢ 9 1641 1021
1 d[Chd, Lys?]vPP 19+04 600+ 100 9100+ 700 590+ 90 317 4837 312
2 d[Chd, Orrf]vPb 3.0+ 0.6 450+ 150 2900+ 40 550+ 20 148 967 182
3 d[Ché&, DalF]vPP 0.8+0.2 450+ 90 4400+ 200 430+ 60 566 5542 547
4 d[Chd, Dapf]VPP 10+ 2 1050+ 300 1800+ 500 1200+ 200 101 175 122
B d[Leuw’]AVP! 0.04+0.01 3.1+ 0.8 1252+ 214 481+ 49 77 31300 12 025
5 d[Lel, Lys®vpbm 0.16+0.1 100+ 25 3800+ 600 64+ 10 631 23662 400
6 d[Leu?, Orrf]VPP 0.26+ 0.02 425+ 100 1400+ 500 55+ 6 1638 5523 213
7 d[Leu* DalF]VPP 0.25+0.02 210+ 20 1000+ 200 41+ 10 828 4112 164
8 d[Leu* Dap? VPP 0.38+0.03 240+ 50 3300+ 500 134+ 22 624 8603 352
C d[Orn*JAVP! 0.45+0.12 3.4+ 0.3 900+ 245 997+ 196 7.6 2000 2215
9 d[Orr?, Lys®]VPP 0.45+0.04 51+ 18 2800+ 1000 22+ 6 113 6227 49
10 d[Orn?, Orrf]vPb 0.91+0.10 76+ 17 1300+ 400 37+ 9 83 1412 41
D d[Arg*JAVP! 0.13+0.12 0.20+ 0.02 129+ 04 3550+ 790 15 99 27 323
11 d[Arg%, Lys®]VPb 0.6+0.2 3.8+ 0.9 130+ 7 125+ 7 6.7 228 219
12 d[Arg4, Orrf JVPP 0.6+0.2 3.1+15 67+ 16 130+ 30 5.1 112 218
13 d[Arg*, Dal? VPP 0.19+ 0.04 1.8+0.3 25+ 10 195+ 30 9.3 129 1026

aBindings assays were performed on crude plasma membranes as described in the legend of Figure 1 and in the Experimerkal Sleetsoare the
mean+ SEM of at least three independent experiments, each performed in triplicate. For each analogug;Rh8IrnWas calculated as follows: Si (K;
analogue for r\y-R)/(K; analogue for r\¢i-R), where r\i-R is the r\i, Vo, or rOT receptor® This publication.® Original synthesis reported in ref 57.
Repeat synthesis reported in ref 8Original synthesis reported in ref 72. Data from ref 8Rriginal synthesis reported in ref 95eData from ref 95b.
9 Data from ref 96b" Original synthesis reported in ref 96a; data from ref 65, unless otherwise n@egdinal synthesis reported in ref 97. Data from ref
65. k Original synthesis reported in ref 65. Data from ref 66riginal synthesis reported in ref 67. Data from ref 88riginal synthesis reported in ref 81.

agonists for the humaniyreceptor. Due to species differences | > 34 56 7 8 9
between the human and the ratéceptors, these four peptides _/ CH,-CO-Tyr-Phe-X-Asn-Cy-Pro-Arg-Gly-NH,
were subsequently shown not to be selectiyg &yonists in CHx
the rat®® While they were shown to exhibit high affinities for 5
the rat Vi receptor, they were also found to possess potent
antidiuretic activities in the rat bioassay and to have high
affinities for the rat \4 receptor®® In searching for clues to the
design of selective agonists for the raf,Veceptor, we selected
the four peptides that exhibited the highest selectivity for the
human \{, receptor, namely, d[CHRAVP (A), d[Leu’JAVP (B),
d[Ornf]JAVP (C), and d[Ard]AVP (D).5” Using these four
peptides A—D) as leads, we were confronted with the intriguing
challenge of where and how they could be modified to give
peptides that retain the 1\ receptor agonism and diminished
Viaand OT receptor agonism of peptides-D, while eliminat-

S

where X = Cha @); Leu B); Orn (C), and Arg D).

All four amino acids, Lys, Orn, Dab, and Dap, were
incorporated at position 8 in peptidésandB to give peptides
1-8. The Ly$ and Or#§ substituents were incorporated in
peptideC to give peptide® and10. The Ly$, Orrf, and DaB
substituents were incorporated in peptideto give peptides
11-13 The 13 peptides designed according to this rationale
are as follows:

ing the potent rat Y receptor agonism of peptides—D.67:68 peptidesl—13 side chain at position 8
Because previous studies had shown that a haaimino acid 1 d[Chét,Lys* VP —CHp—CH,—CH;—CH;—NH;
at position 8 is a requirement for the ACTH-releasing activity g g[gﬂzrgrr;]]\\/; :g:Z:g:Z:ﬁEZ_NHZ
of AVP analogues in the r&t2Pwe focused on finding basic a d{Ché’DgﬂVP _CHz_NHz 2
amino acid replacements for the Angsidue in peptideA—D. 5 d[Leu4,’Ly58]VP —CHy—CH;—CH;—CHy—NH;
We decided to replace the Argesidue in peptideA—D with 6 d[Leu,Orrf]VP —CHp—CH;—CH,—NH;
basic amino acids that have incremental differences in the sizes 7 d[Leu DaBf]vP —CH;—CHz—NH;
of their side chains. We thus selected the basic amino acids, 8 diLeut, Dag]vP —CHy—NH,

- . . . . . . 9 d[Orn4,Ly58]VP —CH,—CH,—CH,—CH,—NH,
Lys, _orn_|th|n§ (Orn), dlarr_nnobutyrlc acid (I_Dab), and diamino- 10 d[or.OrrfVP — CHy—CHy—CHo—NHa
propionic acid (Dap), which have, respectively, 4, 3, 2, and 1 11 d[Arg4 Lys¥lVP —CH;—CHz—CH,;—CH,—NH;
methylene groups in their side chains. These four amino acids 12 d[Arg*,OrrflvP —CH;—CH;—CH,—NH;

13 d[Arg4,Dalf]vP —CH,—CH,—NH,

had previously been incorporated in dA¥Ro give, respec-

tively, d[Lys?]VP,"® d[Orrf]VP,’* d[Dal’F]VP,”® and d[Daf]-

VP.’6 These four position 8 analogues of dAVP were resyn- We now report the synthesis and the binding affinities in rat
thesized for this study. In rat antidiuretic assays carried out on Vip, Via V2, and OT receptor assays of peptidesl3 (Table

the resynthesized peptides, all four analogues exhibit substantial). We also report their antidiuretic, vasopressor, and oxytocic
reductions in antidiuretic activity relative to that exhibited by activities in rat bioassays° (Table 1). It may be recalled that

dAVP"2(Table 1). The greatest reduction is exhibited by d[fpap

one of these peptides, d[L&Lys®]VP (5), had been previously

VP, the analogue with the shortest side-chain at position 8. reported in 1973! This was at a time when the existence of

PeptidesA—D57:68 have the following general structure:

the AVP Vi, receptor was neither hypothesized or known. So,
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Table 3. Functional Properties of ) Specific Analogues d[CHays®]VP (1), d[Chd,DalF]VP (3), d[Leuf,Lys®]VP (5) and d[Led,Dag]VP (8) and
Related Peptides (A) and (B) for Rat Vasopressinavid Vi, Receptors

V1 receptor
Vreceptor (rat kidney) (At-T20 cells transfected with raty-R)
adenylate maximal AC maximal
antidiuretic  binding PH] cyclase (AC) activity phospholipase  PLC activity
activity AVP Kg activity (% of max binding BH] C activation (% of max
no. peptides (units/mg) (nM) Kac{nM) AVP response) AVP Kqg (nM) Kact (NM) AVP response)
AVP2 323+ 16° 0.45+0.10 0.32+ 0.0& 100 0.29+ 0.05 2.3£0.3 100
A d[Ch&]AVP2 133+ 6° 127+ 2.8 117+ 15° 86 1.404+ 0.09 0.6+ 0.1 110+ 3
1 d[Chét, LysT]vP2 0.82+0.01 596+ 123 NC? NDe 1.88+0.39 2.7+ 0.4 73+ 6
3 d[Chét, Da]vP2 1.0+ 0.1 447+ 91 174+ 25 75+ 4 0.79+ 0.17 1.4+0.2 97+ 4
B d[Leu’]AVP2 378+ 249 3.1+0.8 ND? NDe 0.04+0.01 0.4+ 0.1 128+ 6
5 d[Leu, Lysf]vpPa 10.5+ 0.9 101+ 25 196+ 71 76+ 5 0.16+ 0.09 15+0.4 124+ 4
8 diLewt, DaglvP2 0.7+ 0.1 237+ 47 300+ 49 97+ 3 0.38+ 0.03 1.6+0.1 108+ 5

aThis publication, unless otherwise notédata from ref 87¢ Data from ref 659 Data from ref 682 ND = not determined.

Table 4. Physicochemical Properties of Free Peptidled3

TLCP R
no. peptide yieldl (%) a b c d e HPLC tg (min) formula MW MW found
1 d[Ché,Lys* VP 33.0 0.32 0.24 0.54 0.31 235 5¢E171011N11S, 1066.3 1065.9
2 d[Ch&,Orrf]VP 48.0 0.33 0.10 0.43 0.25 20.1 2881690011N11S, 1052.3 1051.0
3 d[Chd,DalF]vP 28.1 0.32 0.50 0.17 0.41 20.1 488167011N11S, 1038.3 1038.2
4 d[Ch&,Dag]vP 17.8 0.36 0.42 0.28 0.51 20.2 4fB16s011N11S, 1024.3 1024.2
5 d[Leu,LysflVP 59.9 0.30 0.21 0.49 0.29 17.6 4#867011N11S, 1026.3 1026.0
6 d[Leuw,Orrf]VP 44.6 0.31 0.21 0.50 0.28 17.8 488165011N11S, 1012.2 1014.5
7 d[Leu’,DalF]VP 46.6 0.31 0.41 0.23 0.51 17.5 488163011N11S, 998.2 998.5
8 dLeu*,Dag]VP 46.3 0.32 0.39 0.24 0.45 17.1 48816:011N11S, 984.2 984.3
9 d[Orrt,Lysf]VP 48.9 0.16 0.28 0.06 0.10 14.0 28B8166011N12S, 1027.3 1027.3
10 d[Orn*,0rrf] VP 375 0.12 0.10 0.27 0.13 14.0 488164011N15S, 1013.2 1013.6
11 d[Arg* Lys?]VP 68.9 0.19 0.32 0.06 13.7 48H68011N14S, 1069.3 1070.0
12 d[Arg*,Orrf] VP 49.5 0.18 0.05 0.29 0.12 0.18 13.9 46866011N14S, 1055.3 1056.1
13 d[Arg*,DalF]VP 56.5 0.20 0.35 0.03 0.04 17.4 488164011N14S, 1041.3 1041.2

a Peptidesl—13 were obtained from the corresponding protected peptlidedll , Table 5. Yields are based on the protected peptide in the reduction
reoxidation step in each case and are uncorrected for AcOH and water c8ri8ehtent systems and conditions are given in the Experimental Séakibn.
peptides were at least 95% pure. For elution, a linear gradient from 90:10 to 30:70 (0.05% aqueous TFA/0.05%TE@Nh @dr 30 min with a flow
rate of 1.0 mL/min, as detailed in the Experimental Section, was applied.

Table 5. Physicochemical Properties of Protected PeptideXlll 2

TLC R
no. peptidé yield® (%) mp°C a b c d e
| Mpr(Meb)-Tyr(Bzl)-Phe-Cha-Asn-Cys(Bzl)-Pro-Lys(2CI-Z)-Gly-NH 90.3 225-226 0.88 0.70 087 0.73 0.87
l Mpr(Meb)-Tyr(Bzl)-Phe-Cha-Asn-Cys(Bzl)-Pro-Orn(Z)-Gly-NH 91.5 230-231 089 0.67 0.88 0.77 0.86
1] Mpr(Meb)-Tyr(Bzl)-Phe-Cha-Asn-Cys(Bzl)-Pro-Dab(Z)-Gly-NH 84.3 239-241 0.89 0.65 0.80 0.87
\% Mpr(Meb)-Tyr(Bzl)-Phe-Cha-Asn-Cys(Bzl)-Pro-Dap(2)-Gly-NH 84.4 244-246  0.78 0.65 0.75 0.87
Vv Mpr(Meb)-Tyr(Bzl)-Phe-Leu-Asn-Cys(Bzl)-Pro-Lys(2CI-Z)-Gly-NH 91.1 230-231 0.88 0.67 0.87 0.72 0.86
VI Mpr(Meb)-Tyr(Bzl)-Phe-Leu-Asn-Cys(Mob)-Pro-Orn(Z)-Gly-NH 94.7 227228 080 066 0.86 0.74 0.74
Wl Mpr(Meb)-Tyr(Bzl)-Phe-Leu-Asn-Cys(Bzl)-Pro-Dab(Z)-Gly-NH 73.0 235-237 0.83 096 0.76 081
VI Mpr(Meb)-Tyr(Bzl)-Phe-Leu-Asn-Cys(Bzl)-Pro-Dap(Z)-Gly-NH 77.8 247249  0.82 087 0.72 0.76
IX Mpr(Meb)-Tyr(Bzl)-Phe-Orn(Z)-Asn-Cys(Mob)-Pro-Lys(2CI-Z2)-Gly-NH 80.1 226-228 0.77 089 0.71 0.81
X Mpr(Meb)-Tyr(Bzl)-Phe-Orn(Z)-Asn-Cys(Mob)-Pro-Orn(Z)-Gly-NH 92.9 222-224 081 066 0.86 0.74 0.86
Xl Mpr(Meb)-Tyr(Bzl)-Phe-Arg(Tos)-Asn-Cys(Bzl)-Pro-Lys(2CI-Z)-Gly-NH 96.6 179-180 085 0.66 0.83 0.74 0.85
Xl Mpr(Meb)-Tyr(Bzl)-Phe-Arg(Tos)-Asn-Cys(Bzl)-Pro-Orn(Z2)-Gly-NH 89.7 179-180 080 0.68 0.85 0.76 0.77
X1l Mpr(Meb)-Tyr(Bzl)-Phe-Arg(Tos)-Asn-Cys(Bzl)-Pro-Dab(Z)-Gly-NH 80.0 183-185 0.76 0.83 0.72 0.78

aThe protected peptidds-XIll , synthesized as described in the Experimental Section, are the immediate protected precursors for thel pdgtides
given in Table 4° Yields are based on the amino acid content of the réstmlvent systems are described in the Experimental Section.

the ACTH-releasing potency of this peptide was not investigated Peptide Synthesis
at that time. This peptide had been shown to exhibit negligible
vasopressor activity and low antidiuretic activity in rat bioas- Y - - gl
say$l (Table 1). It thus possessed the desired pharmacological®Ut utilizing the Merrifield solid-phase meth&d®* with the
properties needed for a selectivap\agonist in the rat. The monlflcatlons previously describé#:87 Starting from Boc-Gly
question now to be answered was, would this peptide, which "€sin, the protected precursdrsXIll (Table 5) were synthe-
possessed low bioactivities in the rat antidiuretic and vasopressorsized. HCI (1M)/acetic acid (AcOH) was used in all the
bioassays, retain the potent rag;veceptor agonism of its parent ~ deprotection steps. Neutralizations were carried out with 10%
d[LeUw!]AVP 7?58 We also report the functional properties for the EtN/CH,Cl; in all the neutralization steps. Coupling reactions
rat Vap and \» receptors of those peptides that exhibit high were mediated mainly by DCC/HO®Btin CH,Cl,/DMF except
selectivity for the rat ¢, receptors with respect to the rap,V ~ for Boc-Asn, which was incorporated as ifsnitrophenyl
V1, and OT receptors in binding assays and that also exhibit estef®*°in DMF. Cleavage from the acylpeptide resin was by
very low activities in all three rat bioassays (Table 3). ammonolysis in methanol with DMF extracti®°to give the

The synthesis of the free peptides13 (Table 4) was carried
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protected peptide amidés-Xlll (Table 5). Na in liquid NH®®

was used to deblock each protected precursor, as previously

described> 8 The resulting disulphydryl compounds were
oxidatively cyclized with K[Fe(CN)]°! using the modified
reverse proceduf.The free peptides were desalted and purified
by gel filtration on Sephadex G-15 and Sephadex LH-20, mainly
in a two-step procedutéusing 50% AcOH ad 2 M AcOH as
eluents, respectively, as previously descritie@’ When neces-

sary, an additional purification on Sephadex G-15 or Sephadex

LH-20 with 0.2 M AcOH as eluent was carried out. The purity
of the free peptide&—13 (Table 4) was checked by thin-layer
chromatography (TLC), high performance liquid chromatogra-
phy (HPLC), and mass spectrometry. The four previously
published position 8 analogues of dAVP, d[E)gP,”2 d[Ornf]-
VP4 d[Dalf]VP,’® and d[Dag]VP7® (Table 2), were resynthe-
sized by the solid-phase method as described for d2\ihey
were purified and analyzed as described for peptide$3.

Bioassays.Peptides were assayed for agonistic activity in
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Figure 1. Binding properties of d[LetiLys®]VP for rat AVP/OT
receptors. The binding properties of d[l*diys’]VP were determined

by binding competition experiments usirt]AVP as radioligand and
membranes from At-T20 and CHO transfected cells ¥ and rOT-

R, respectively) or from native tissues (@R and r\4-R), as described

in the Experimental Section. Specific binding was plotted against the
concentration of the unlabeled analogue used in the assay and expressed
as percent of the specific binding measured in the presence of vehicle

the rat antidiuretic assay, in the rat vasopressor assay, and inC). Results are the meas: SEM of at least three independent

the in vitro rat oxytocic assay using the four-point assay
design’7~80 All experimental procedures were approved by the
Institutional Committee for the Care and Use of Animals at
Weill Medical College of Cornell University. Synthetic AVP

experiments, each performed in triplicate.

The functional properties in rat¥ and V. receptor assays of
the peptides, which are the most selective in the rat receptor

and OT, which had been standardized in vasopressor andPNding assays, namely, d[ChRalf]VP (3), d[Lef,LysTVPe:

oxytocic units against the USP Posterior Pituitary Reference

Standard, were used as working standards in all bioassays
Antidiuretic assays were on water-loaded rats under ethanol

anesthesia, as described by Sawyf&rasopressor assays were

(5), and d[Led,Dag]VP (8) together with those of A, B, and
d[Ch&,Lysf]VP (1), are given in Table 3 and Figure 2.

" Examination of the rat \, receptor affinities of peptideb-13
in Table 2 shows that, with the exception of peptigle[Ché,-

performed on urethane-anesthefized and phenoxybenzamineDaFIVP, all of these peptides exhibit high affinities for the rat

treated rats, as described by Dekarf8Kdxytocic assays were
performed on isolated uteri from diethylstilbestrol-primed rats
in a Mg?*-free van Dyke-Hasting’s solutior’® When standard

V1p receptor. Ten peptides3,(5—13) exhibit subnanomolar
affinities for the rat \{, receptor. The Ly Orré, Dal?, and
Dap® analogues of d[CH}AVP and d[Led]AVP exhibit low

errors are presented in the tables, the means reflect results fronfTinities for the rat\, Vi, and OT receptors. By contrast, the

at least four independent assay groups. A preliminary report
on the bioassay activities and rat receptor affinities of some of
these peptides has been repofted.

Receptor Binding and Functional Assays.These are
described in the Experimental Section. They were carried out
as previously describei.®8.95b.96b.99,100

Results

The rat Vi, Va2, Via, and OT receptor affinities for the
position 8 modified peptides—13, together with those of their
parent peptides d[CHAVP (A), d[Leuf]AVP (B), d[Orrf]AVP
(C), and d[Ardf]AVP (D)57-%8and the related peptides, A\?PE7
dAVP,7286dDAVP 86:952dVDAVP,%*62and dp-3-Paf]JAVP®" are
given in Table 2 and Figure 1. Their antidiuretic, vasopressor,
and oxytocic (in vitro, no Mg™) activities in rat bioassays
together with those of the related analogues above and of @{Lys
VP,73 d[Orrf]VP,”* d[Dalf]VP,”> and d[Dag]VP’® (resynthe-
sized and original values) are given in Table 1. It should be
noted that we obtained different values for the antidiuretic
activities of these four resynthesized position 8 modified
analogues compared to those from the original syntfi&sés
(Table 1). In units/mg, with the original values in brackets, these
values are as follows: d[L§B/P, 550 (301)*3 d[Orn]VP, 486
(202)74d[DalF]VP, 463 (1373)° and d[Dag]VP, 165 (1079Y8
Thus, for the Ly§ and Or§ analogues, our values are higher
than those originally reported.’* For the DaB and Daf
analogues, the values are strikingly lower than the original
values’>76We have no explanation for these striking differences
in antidiuretic activities. The vasopressor activities of the

position 8 analogues of C and D retain high affinities for the
rat V, receptors and, thus, do not exhibit the desire@\W:
selectivity. Thus, in binding assays, only peptides8 exhibit
the desired high selectivity for the ragyreceptor with respect
to the rat \4, V1, and OT receptors. We selected four of these,
1, 3, 5, and8, for examination in functional assays (see below).
Examination of the rat bioassay data for peptidesl3,
presented in Table 1, shows that the four position 8 analogues
of d[Ch&]AVP (A; peptides1—4) all exhibit the desired
reduction in antidiuretic activity compared to that exhibited by
A (133.6 units/mg). The four peptidds-4 exhibit antidiuretic
activities in the range of 0.3 to 1.0 unit/mg. These four peptides
also exhibit very weak vasopressor activities (0.002 to 0.22 unit/
mg). Peptided—4 exhibit weak OT antagonism in in vitro (no
Mg**) assays. As noted earlier, peptilad[Leut,Lys®]VP, had
previously been reported to exhibit6 units/mg of antidiuretic
activity 81 In this study, we report a value of 10.5 units/mg for
the resynthesized peptide. These values show that replacing the
Arg® residue by a Ly’residue in the recently reported parent
peptide d[LedlAVP,%7 which has an antidiuretic activity 378
units/mg®8 led to a drastic reduction in its antidiuretic activity.
The vasopressor activity of d[L&lLys]]VP was originally
reported to be 0.55 unit/nfg. We report here vasopressor
potency of 0.9 unit/mg for d[Le\Lys?]VP. We also report that
d[Leut,Lys?]VP exhibits very weak in vitro (no Mg") oxytocic
activity (0.054 unit/mg). The three remaining analogues of
d[Leu!]AVP (B), peptides6—8, also exhibit reductions in
antidiuretic potencies relative ®. With an antidiuretic potency
of 0.75 unit/mg, the d[LeyDag]VP analogue §) exhibits the
greatest reduction. With vasopressor potencies of 3.1 units/mg

resynthesized position 8 analogues of dAVP are in general muchand 3.5 units/mg, the Ofrand Dal§ analogues oB do not

closer to the values in the original publicatiéhigé (Table 1).

show reductions in vasopressor potencies relative to that
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Figure 2. Agonist properties of some d¥ VP analogues for the
rat Vi, and \, receptors. Upper panel®*H] myo inositol prelabeled
At-T20 cells stably transfected with the ivR were incubated 15 min
at 37°C in an HBS medium supplemented with 15 mM LiCl with or
without (C) increasing amounts of AVP or df¥Y€]VP analogues. Total
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mg. Peptided.1 and12 exhibit antidiuretic activity of 784 and
823 units/mg, respectively. Replacement of the®masgidue in
D by a Dal§ residue to give peptid&3 reduced the antidiuretic
activity. However, with an antidiuretic activity of 431 units/
mg, peptidel3 is more potent than AVP (antidiuretic activity
= 332 unit/mg). All three analogues & (peptides11—13)
exhibit substantial vasopressor potencies of 83, 173, and 190
units/mg, respectively, with one (peptidé4) being lower and
two (peptidesl12 and 13) being higher tharD (vasopressor
potency= 160 U/mg). Thus, in reviewing the rat receptor
affinity data in Table 2 and the rat bioassay data in Table 1, it
became clear that although the majority of these 13 peptides
have high affinities for the rat j receptor, only the two position
8 analogues of d[CHRAVP (A), namely, d[Ch§LysfVP (1)
and d[Ch4,DalF]VP (3), and two of the analogues of d[L§u
AVP (B), namely, d[Led,Lys?]VP (5), and d[Led,DagF]VP (8),
exhibit the desired reductions in rat antidiuretic and vasopressor
activities to merit further scrutiny in functional assays.
Functional Properties of d[Chat,Lys®]VP (1), d[Cha* Dab?]-
VP (3), d[Leu?,Lys8]VP (5), and d[Leu?,Dap®]VP (8; Table
3, Figure 2). To further analyze the ) and \, agonist
properties in the rat of the four analogues that exhibit the best
affinities and selectivities for the rat;\/receptor with respect
to the rat \4 receptor, namely, d[CHAys?]VP (1), d[Ché,-
Dalf|VP (3), d[Lelt,Lys8]VP (5), and d[Led,Dag]VP (8), we
tested their abilities to stimulate phospholipase C(PLC) (inositol
phosphates accumulation) on At-T20 cells transfected with the
V1p receptor and adenylate cyclase (cyclic AMP accumulation)
on rat kidney membranes expressing thergceptor. In the
PLC functional assays, there is a good correlation between their
binding affinities for the rat V, receptor and theirKag
(concentration of agonist leading to half-maximal activity)
values (Table 3). Similarly, in the adenylate cyclase assay,
peptides3, 5, and8 exhibit a good correlation between their
Kact Values and their binding affinities for the rab Veceptor.
Thus, in contrast to their parent peptides, d[AYP (A) and

InsP, which accumulated, was determined in each experimental d[Leu*]AVP (B), peptidesl, 3, 5, and 8 are excellent high
condition. Results, expressed as % of maximal InsP response obtainedafﬁnity selective agonists for the ratyyreceptor.

with 100 nM AVP, are the meaft SEM of at least three independent
experiments, each performed in triplicate. Lower panel: Rat kidney
membranes naturally expressing the-¥ were incubated at 37C
with or without (C) increasing amounts of AVP or dfX/&VP
analogues in the presence @ff?P]-ATP. [*?P]-cAMP produced was

determined as described in the Experimental Section and expressed a

% of maximal cAMP response obtained with 100 nM AVP. Results
are the meant SEM of at least three distinct experiments, each
performed in triplicate.

exhibited byB (3.11 units/mg). With a vasopressor potency of
0.05 unit/mg, the d[LeyDaF]VP analogue (peptid8) exhibits

a striking reduction in vasopressor potency relative Bo
(vasopressor activity 3.11 units/mg). All three peptides-8
exhibit very weak oxytocic activities; 0.04, 0.27, and 0.046 unit/
mg, respectively. With antidiuretic activities of 7.8 units/mg
and 7.9 units/mg, peptid€sand10, the Ly$ and Orr§ analogues

of d[Orr*]JAVP (C), exhibit reductions in antidiuretic potencies
relative toC (antidiuretic activity= 260 units/mg). These two
analogues also exhibit50% reductions in in vitro (no Mg")
oxytocic activities relative t&€ (oxytocic activity= 6.49 units/
mg). The Ly$ analogue §) exhibits diminished vasopressor
potency (0.23 units/mg) relative ©© (vasopressor activity=
1.54 units/mg), whereas the Gramnalog exhibits slightly higher
vasopressor potency (1.9 units/mg). Replacement of thé Arg
residue in d[Ard]AVP (D) by Lys and Orn to give peptidesl
and 12 led in each instance to enhancements of antidiuretic
activity. PeptideD exhibits antidiuretic activity= 748 units/

Discussion

Effects of Position 8 Modification in Peptides A-D on
Rat V1, Receptor Affinities and Selectivities In searching for
clues to the design of selective agonists for the rgtrgceptor,
we selected as leads four peptides, d{IAeP (A), d[Leu]-
AVP (B), d[Orrf]JAVP (C), and d[Ard]AVP (D), which are
highly selective for the humani\receptor with respect to the
human \4, V1, and OT receptor®. Although these four peptides
were subsequently found to exhibit high affinities for the rat
V1, receptori® they were also found to exhibit high affinities
for the rat \4 receptor and to exhibit potent antidiuretic activities
in rat bioassay8® Consequently, they are not selective for the
V1p versus the Yreceptor in the rat. To use these four peptides
as leads for the design of ligands that are selective for the rat
Vip receptor, we needed to retain their affinities for thg, V
receptor while diminishing their affinities for the rabYeceptor.

In the study reported here, the Argpsidue in peptided—D
was replaced with one or more of the following basic amino
acids: Lys, Orn, Dab, and Dap. The resulting peptitied3
(Table 2) exhibit varying degrees of high)eceptor affinity
and selectivity. With the exception of peptidéd—13, all
peptides exhibit very low affinities for the rabVreceptor. Thus,
peptidesl—10 are highly selective for the ratiyreceptor with
respect to the rat Mreceptor. All 13 peptides exhibit diminished
affinities for the rat OT receptor, especially in relationship to
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Figure 3. Influence of the number of aliphatic carbons in the side-
chain at position-8 of d[LeliY®]VP analogues on rat ) receptor
properties. The affinity (upper panel) and the, Yeceptor Sl relative
to other VP/OT receptor isoforms (lower panel) for given d[t,¥6]-
VP analogues were plotted as a function of the number of aliphatic
carbons present on the side chain of their eight residuealues and
V1, SI were from Table 2.

dAVP (Ki = 0.97 nM). They thus exhibit varying degrees of
selectivity for the rat Y, receptor with respect to the rat OT
receptor. Peptideb—8, the position 8 analogues of d[ChavP
(A) and d[Led]AVP (B), all exhibit diminished affinities for

the rat \4 receptor and, in binding assays, are consequently

highly selective for the rat M, receptor with respect to the rat
V, receptor. These are the first such peptides to exhibit high
affinity and selectivity for the rat \, receptor with respect to
the rat Vi, V2, and OT receptors.

Effects on Rat Vi, Receptor Affinity of Position 8
Modifications in d[Cha*]AVP (A; Peptides 1—4, Table 2).
d[Ch&]AVP (A) exhibits aK; value for the rat \f, receptor=
1.40 nM88 Replacement of the Afgresidue in d[Ch§AVP
by Lys, Orn, Dab, and Dap to give peptides4 led to varying
degrees of retention of rat;¥receptor affinity (Table 2). The
Lys® and Dal§ substituents are clearly superior to the ®and
Dap® substituents in retaining or enhancing rat, Veceptor
affinity. d[Ché&f,Lys?]VP (1) and d[Ch4,DalF]VP (3) are the
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four peptidess—8 exhibit rat i, receptor affinities equivalent

to that of AVP K; = 0.29 nM). The high affinity of the Ddp
analogue 0B, peptide8, is in striking contrast to the relatively
low affinity of the Daj$ analogue of\, peptide4. These findings
demonstrate that the effects of the Bapodification in d[X¥-
AVP analogues on rat ) receptor affinity is very dependent
on the structure of the amino acid at position 4 and on the
number of aliphatic carbons of the residue at position 8 (Figure
3, upper panel). These findings show that when position 4 in
dAVP is occupied by Leu, position 8 can be occupied with a
wide variety of basic amino acids with retention of high affinity
for the rat 4y, receptor. These findings are in contrast to those
observed when position 4 in dAVP is occupied by Cha (see
above).

Effects on Rat Vi, Receptor Affinity of Position 8
Modifications in d[Orn 4JAVP (C; Peptides 9 and 10)d[Orrf]-
AVP (C) exhibits subnamolar affinity for the ratiyreceptor
(Ki = 0.45 nM)% Replacement of the Afgresidue inC by
Lys and by Orn to give peptidésand10 resulted in retention
of subnanomolar affinities for the ratyreceptor. The affinity
of peptide9 for the rat 4y, receptor is equivalent to that @f.
The affinity of peptidel0 for the rat 4 receptor is about half
that of C. These finding show that Afg Lys®, and Orf
substitutions in combination with an Grsubstitution in dAVP
are well tolerated by the raty receptor.

Effects on Rat Vi, Receptor Affinity of Position 8
Modifications in d[Arg “JAVP (D; Peptides 11-13, Table 2).
d[Arg*]AVP (D) exhibits subnamolar affinity for the rat,y
receptor Ki = 0.13 nM)88 Replacement of the Afgesidue in
D by Lys, Orn, and Dab to give peptidé§—13 was very well
tolerated. Peptide$1—13 all exhibit subnamolar affinities for
the rat \4p, receptor. These findings show that when position 4
in dAVP is occupied by Arg, position 8 can be occupied by
Arg, Lys, Orn, and Dab with retention of high affinity for the
rat Vi, receptor.

These data prove conclusively that the four lead peptides
A—D could be modified at position 8 to give a series of peptides
that, with the exception of three peptides, the 4,y@rré, and
Dap® analogues of A (peptidek, 2, and4), exhibit subnano-
molar affinity for the rat \{, receptor.

Effects of Position 8 Modifications in Peptides A-D on
Rat V, Receptor Affinities (Table 2; Figure 3). As is clear
from the rat \4 receptor affinity data in Table 2, the effects of
the Ly, Orrf, Dal®, and Dap replacements for Afgn peptides
A—D depends very much on the nature of the amino acid at
position 4. When these substitutions were carried out in thé Cha
and Led analogues (peptides andB), the resulting peptides
1-8 exhibited significant reductions in rabVeceptor affinities,
whatever the size of the position 8 residue-{l aliphatic
carbons; Figure 3, lower panel). By contrast, when these
substitutions were carried out in the @and Argt analogues
(peptidesC and D), the resulting peptide8—13 exhibit only

most promising peptides to emerge from this series of position VerY modest reductions in rat,\feceptor affinities relative to

8 analogues oA. These findings show that when the position
4 residue in dAVP is occupied by Cha, the affinity for the rat

those exhibited by the parent peptidésandD.
Effects on Rat V, Receptor Affinities and Selectivities of

V1, receptor is highly dependent on the structure of the basic Position 8 Modifications in d[Cha*JAVP (A; Peptides 14,

amino acid at position 8.

Effects on Rat Vi, Receptor Affinity of Position 8
Modifications in d[Leu*]AVP (B; Peptides 5-8, Table 2;
Figure 3). d[Leu!]JAVP (B) exhibits a very highK; value for
the rat My, receptor= 0.04 nM® Replacement of the Afg
residue in B by Lys, Orn, Dab, and Dap led to excellent retention
of rat Vi, receptor affinities by the resultant peptides8. All

Table 2). d[Ch&]AVP (A) exhibits aK; value for the rat ¥
receptor= 12.7 nM% Replacement of the Afgesidue inA
by Lys, Orn, Dab, and Dap to give peptides4 brought about
striking reductions in affinities for the rat Meceptor. These
reductions combined with the high affinities for the rat,V
receptor lead to strikingly high rat)¥V, receptor selectivities
exhibited by peptide&—4 relative to that ofA
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Effects on Rat V, Receptor Affinities and Selectivities of
Position 8 Modifications in d[Leu*]AVP (Peptides 4-8, Table
2). d[Leuf]AVP (B) exhibits aK; value for the rat ¥ receptor
= 3.1 nM 58 Peptidess—8 exhibit reductions in rat Yreceptor
affinities relative taB. Thus, the replacement of the Angsidue
in B with Lys, Orn, Dab, and Dap resulted in the desired
reductions in affinities for the ratMeceptor. These reductions
combined with the high affinities for the rat;yreceptor led to
striking enhancements in rat;yV, receptor selectivities of
peptides5—8 relative toB.

Effects on Rat V, Receptor Affinities and Selectivities of
Position 8 Modifications in d[Orn4AVP (C; Peptides 9 and
10) and in d[Arg*AVP (D; Peptides 11-13, Table 2).With
Ki values of 3.4 nM and 0.2 nM, peptid€sandD exhibit high
and very high affinities, respectively, for the rap Yeceptor.
Replacement of the Afgesidue in d[OrfJAVP (C)%8 by Lys
and Orn resulted in only modest reductions in ratrgceptor
affinities relative to that exhibited b§ (Table 2). Consequently,
peptides9 and 10 do not exhibit the same gains in ragy¥/»
receptor selectivity as peptidés-8. The affinities of peptides
11-13 for the rat \4 receptor, while reduced in comparison
with the very high affinity of the parent peptid® nonetheless,
are in the same high range as peptiBeandC. Thus, peptides
11-13exhibit very low gains in rat Wy/V, receptor selectivities
(Table 2).

It is clear from the rat Y receptor affinities and rat MV
receptor selectivities of the 13 position 8 analogue& oD in
Table 2 that the neutral lipophilic substitutions, Cha and Leu,
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Figure 4. Correlation between antidiuretic and vasopressor activities
of d[X*Y&VP analogues and their corresponding binding properties

are superior to the basic amino acids, Orn and Arg, at position (k;). Data from this figure are from Tables 1 and 2. The correspondence

4 in leading to peptides that exhibit reduced rat réceptor
affinities and high rat W/V 2 receptor selectivities.

Effects of Position 8 Modifications of Peptides A-D on
Antidiuretic Activities: Comparisons with Rat V , Receptor
Affinities (Peptides 1—13, Tables 1 and 2; Figure 4)As noted
earlier, all four parent peptides, d[ChHaVvP (A), d[Leu*]AVP
(B), d[Orn]JAVP (C), and d[Ard]AVP (D),%® although pos-
sessing excellent affinities for the rak)eceptor, are clearly
not selective agonists for the ragjfeceptor, because they also
exhibit potent antidiuretic activities. Replacement of the %Arg
residue in d[Ch§AVP (A) with Lys, Orn, Dab, and Dap
resulted in each case in drastic reductions in antidiuretic
potencies (Table 1). These findings all correlate very well with
the low affinities for peptidedé—4 in the rat \4 receptor binding
assays (Table 2, Figure 4). Replacement of the® Aggidue in
d[Leuf]AVP (B) by Lys, Orn, Dab, and Dap also brought about
marked reductions in antidiuretic activities. The original syn-
thesis of d[Led, Lys®]VP (peptide 5) reported antidiuretic
activity of 5—6 units/mg?! In peptidesA—8, with the exception
of d[Lew?, DagF]VP (peptide8), the low rat receptor affinities
of peptidess—7 do not correlate well with their rat antidiuretic

activities. These findings are illustrated in Figure 4, upper panel,

between peptidesA(—D and1—13) is given in Table 2.

same substitutions in peptidés—C, (d[Ch&]AVP, d[Leu’]-
AVP, and d[Or]AVP), illustrate the need for caution in making
generalizations on the effects of a series of substitutions based
on making these changes in only one peptide.

Effects of Position 8 Modifications of Peptides A and B
on Vasopressor Activities (Peptides 8, Table 1, Figure 4).
d[Ch&f]AVP (A) exhibits very weak vasopressor activity.
Replacement of the Afgesidue inA by Lys, Orn, Dab, and
Dap resulted in two peptidesl (and 4) with reductions of
vasopressor potencies and two peptid2safd 3) with very
modest increases in vasopressor potencies. This pattern was also
observed with d[Lef]AVP (B). The Ly$ and Dag analogues
of B (peptidess and8) exhibit diminished vasopressor potencies.
Whereas, the Ofrand Dal§ analogues (peptidésand8) exhibit
vasopressor potencies that are virtually equipotent with that of
B. The greatest reductions in vasopressor potencies in peptides
A andB were clearly brought about by the Dapodification,
which has a single carbon in its side chain. The8residue
with four carbons also brought about a marked reduction in
vasopressor potency in pepti By contrast, the Ofhand
Dal? residues, with three and four carbons in their side chains,

showing that receptor affinities may not always accurately reflect led to slight enhancements in vasopressor potengyand good

agonistic properties. In striking contrast to their effectsAin
B, andC, replacement of the Afgesidue in d[Ard]JAVP (D)

by Lys and Orn to give peptidesl and12 effected unexpected
increases in antidiuretic activities. With antidiuretic activities
of 784 and 823 units/mg, peptiddd and 12 are among the

retention of vasopressor potencyBnThese patterns of reduced
and retained or enhanced vasopressor activities brought about
by the Lys, Orn, Dab, and Dap substituents at position 8 in
d[Ch&f]AVP (A) and in d[Led]AVP (B), closely mirror the
effects on vasopressor activities of these four substituents at

most potent antidiuretic agonists reported to date. These twoposition 8 in dAVP3~76 (Table 1). Thus, there is no correlation

peptides and indeed peptid® are clearly far more potent
antidiuretic agonists than AVP (antidiuretic activity332 units/
mg) 8 These findings on the contrasting effects on antidiuretic
activities of the Ly§, Orrf, Dal?, and Dag substitutions in
dAVP73-76 and in d[Ard]AVP (D) with those obtained for those

between the number of carbons in the side chain at position 8
and the vasopressor potency of the resultant analogue. As noted
above for the rat Y receptor, there is not always a good
correlation between binding data for the rat,Veceptor and

for rat vasopressor activities (see Figure 4, lower panel).
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HPLC was performed on a Waters 810 instrument under the
following conditions: 90:10 to 30:70 0.05% aqueous TFA/0.05%

We report here the first analogues of AVP, which are selective Tga in CH4CN, linear gradient over 60 min at 1.0 mL/mia €

agonists for the rat M receptor with respect to the raty Vo,

210 nm), on a Microsorb fgcolumn (Rainin Instrument Co., Inc.).

and OT receptors. These peptide analogues were designed byll peptides were at least 95% pure. Mass spectra were done by

using as leads the four peptides, d[¢]A&/P (A), d[Leu!]AVP
(B), d[Orr*JAVP (C), and d[Ard]AVP (D), which were the
first high affinity selective agonists for the humanm,Vecepto®”
PeptidesA—D exhibit properties very similar to those of the
potent selective antidiuretic agonist dDAV#>@widely used
clinically for the treatment of diabetes insipidufecently,
dDAVP was shown to be a full  agonist in humans and a
partial Vi, agonist in rat$8 Replacement of the Afgesidue

in peptidesA—D by Lys, Orn, Dab, and Dap resulted in peptides
1-13(Table 1). With the exception of peptidés2, and4, all

of these peptides exhibit subnanomolar affinities for the rat V
receptor (Table 2). Examination of these 13 peptides in igt V
Vo, and OT receptor binding assays and in rat antidiuretic,
vasopressor, and oxytocic (in vitro; no Ny bioassays
uncovered four peptides: d[Chays?]VP (1), d[Chd,DalF|vP

(3), d[Leut,Lys?]VP (5), and d[Led,DagF]VP (8), which exhibit
very high affinities for the rat W, receptor and very low
affinities for the rat M, V2, and OT receptors. These four
peptides exhibit high selectivities for the raip\feceptor with
respect to the rat )/ V15 and OT receptors. In functional assays,
these four peptides are potent agonists for the rgtr&ceptor

the Tuft's Core Facility, Physiology Department (Boston, MA) on
a MALDI-TOF Voyager mass spectrometer (Perspective Biosys-
tems/Applied Biosystems) using dihydrobenzoic acid as the matrix.
Solid-Phase Synthesis Procedure®eptidesl—13 (Table 4)
were synthesized using the Merrifield metfbd* with the
modifications previously describé8.87 Starting with 0.25 nM of
Boc-Gly resin, eight cycles of deprotection, neutralization, and
coupling were carried out by the DCC/HOBtor the active
estef?%0 procedure. The side chain protection of the Boc-amino
acids incorporated was as follows: Mpr(Meb), Tyr(Bzl), Orn(2),
Arg(Tos), Cys(Mob) or Cys(Bzl), Lyz(2-Cl-Z), Dab(Z), and Dap-
(2). Ammonolysis in MeOIwas used to cleave the protected
peptides from the resin. The protected precursors obtained by
ammonolysis were extracted with hot DMF and isolated by
precipitation with hot water, as previously descri§ed?” They were
purified by reprecipitations with DMF/MeOH/ED until adjudged
pure by TLG>to give the required protected peptidesxXlll (Table
5). All protected precursons—XIIl were deblocked using sodium
in liguid ammonia3® as previously describe-8” The resulting
disulphydryl compounds were oxidatively cyclized withy[Re-
(CN)e]°t using the modified reverse procedd?d he free peptides
were purified by a two-step gel filtration proced®ren Sephadex
G-15 (eluent 50% AcOH) and Sephadex LH-20 (etuieN AcOH).

and weak agonists for the rat antidiuretic, vasopressor, and OTFor some peptides, an additional purification by gel filtration on

receptors. One of these peptides, d[teys®]VP, was first
reported in 1973 Long before the discovery of the AVPy
recepto8®64 it was shown to be a weak antidiuretic and
vasopressor agonist in rat bioass&y#/e now report that it is

also a weak oxytocic agonist and that it is a potent and a highly

selective agonist for the rat;ireceptor. The selective agonists
for the rat \4p receptor reported here are potentially useful new
tools for studies on the role of thejy/receptor in modulating
anxiety in the rat. They also offer promising new leads to the
design of peptide antagonists for the raf, Veceptor and of
radiolabeled and fluorescent ligands for the rat keceptor.

Experimental Section

Sephadex G-15 and/or LH-20 was used. The physicochemical data
for the free peptide&—13 are given in Table 4.
Mpr(Meb)-Tyr(Bzl)-Phe-Leu-Asn-Cys(Bzl)-Pro-Dap(Z)-Gly-
NH, (VIII, Table 5). Boc-Gly resin (0.5 g, 0.35 mmol) was
subjected to eight cycles of deprotection, neutralization, and
coupling with Boc-Dap(Z), Boc-Pro, Boc-Cys(Bzl), Boc-Asn-ONp,
Boc-Leu, Boc-Phe, Boc-Tyr(Bzl), and Mpr(Meb), respectively. The
resulting protected peptidyl resin was cleaved by ammonolysis, as
previously describe8t8” The protected peptide was extracted with
hot DMF (30 mL), and the product was precipitated by the addition
of hot water (ca. 300 mL). After cooling, the product was collected,
dried in vacuo over s, and reprecipitated from methanol (30
mL) and ether (ca. 200 mL). Collection and drying in vacuo over
P,Os gave the required nonapeptide amide 490 mg, yield 77.8%
(VIIl , Table 5). The same procedure was used for the synthesis

Materials. All reagents used were analytical grade. Most standard and purification of all other protected nonapeptide amide¥ll ,
chemicals were purchased from Sigma (St. Louis, MO), Roche IX—XIIl (Table 5). The physicochemical properties of the protected

Molecular Biochemicals (Mannheim, Germany), or Merck & Co.,

Inc. (Darmstadt, Germany), unless otherwise indicated. AVP came

from Bachem (Bubendorf, Switzerland)*HJAVP (60—80 Ci/

mmol) was from Perkin-Elmer Life Sciences (Coutaboeuf, France).

DMEM (Dubbelco’'s modified Eagles medium)-F12 was from

peptidesl =XIII are given in Table 5.

d[Leu4,Dap?] Vasopressin (8, Table 4).The Na/liquid NH
proceduré® was used for the deprotection of all protected non-
apeptide amide$—XIll , as described here for peptidgll . A
solution of protected nonapeptide amidél( , Table 5) (120 mg)

Sigma (St. Louis, MO), geneticine and Lipofectine Plus Reagent in sodium-dried ammonia (ca. 400 mL) was treated at the boiling

were from Gibco,L-glutamine was purchased from In vitrogen

point and with stirring with sodium from a stick of metal contained

(Cergy Pontoise, France), Nu-serum was from Becton Dickinson in a small-bore glass tube until a light-blue color persisted in the
Biosciences (Ozyme, Saint Quentin en Yvelines, France), and solution for about 30 &8” NH,Cl was added to discharge the

Fetalclone Il was from Hyclone (Perbio, Riiéres France). Dowex
AG1-X8 formate form 208-400 mesh was purchased from Bio-
Rad Laboratories, Inc. (Munchen, Germany). The Merrifield resin
was purchased from CalbiocherNovabiochem Corp. (San Diego,
CA). The Boc-Asn-ONp was provided by Bachem Bioscience, Inc.
(King of Prussia, PA). The Boc-Phe, Boc-Leu, and Boc-Pro
derivatives were provided by Bachem (Torrance, CA). All other

color. Reoxidation of the deblocked disulphydryl peptRievas
performed with K[Fe(CNs)]°* by the modified reverse procedéite

as follows. The resulting disulphydryl peptide residue was dissolved
in 25 mL of 50% AcOH, and the solution was diluted with 50 mL
of H,O. The peptide solution was added dropwise with stirring over
a period of 15-30 min to a 600 mL aqueous solution that contained
20 mL of a 0.01 M solution of potassium ferricyanide. Meanwhile,

amino acid derivatives were purchased from Chem-Impex Inter- the pH was adjusted to approximately 7.0 with concentrated

national, Inc. (Wood Dale, IL). TLC was run on precoated silica
gel plates (60F-254, E. Merck) with the following solvent sys-
tems: (a) 1-butanol/AcOH/A®D (4:1:5, upper phase); (b) 1-butanol/
AcOH/H,0 (4:1:1); (c) 1-butanol/AcOH/KD (4:1:2); (d) 1-butanol/
AcOH/H,O/pyridine (15:3:3:10); and (e) 1-butanol/AcOH®I (2:
1:1). Loads of 16-15 ug were applied and chromatograms were

ammonium hydroxide. Following oxidation, the free pepttdeas
isolated and purified as follows: after acidification with AcOH to
pH 4.5 and stirring for 20 min with an anion exchange resin (Bio-
Rad, AG 3x 4, CI~ form, 5 g damp weight), the suspension was
slowly filtered and washed with 0.2 M AcOH (8 30 mL). The
combined filtrate and washings were lyophilized. The resulting

developed at a minimal length of 10 cm. The chlorine gas procedure powder was desalted on a Sephadex G-15 column €120/ cm),

for the Kl—starch reagent was used for detecfibrAnalytical

eluting with agueous AcOH (50%), with a flow rate of 5 méJh
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The eluate was fractionated and monitored for absorbance at 254 Data analysis were analyzed by GraphPad Software, Inc., Prism
nm. The fractions making up the major peak were checked by TLC, (GraphPad Software, Inc., San Diego, CA), as previously de-

pooled, and lyophilized. The residue was further subjected to two
consecutive gel filtrations on Sephadex LH-20 (1Q0L.5 cm),
eluting with agueous AcOH (2 M and 0.2 M, respectively), with a
flow rate of 4 mL/min. The peptide was eluted in a single peak
(absorbance at 254 nm). Lyophilization of the pertinent fractions
gave the desired vasopressin analo§ué8.7 mg, 46.3%; Table
4). The deprotection, reoxidation, and purification of peptitieg
and9—13(Table 4) were carried out in essentially the same manner.
Cell Transfection. Mouse corticotroph At-T20 cells (ATCC,
CRL-1795) were transfected using the cDNA coding for the rat
V1b-R 53 This cDNA called rvV3 was amplified by polymerase chain
reaction, inserted into the Hindlll-Xbal sites of the expression vector
pcDNA3, and verified by restriction enzyme digestion and DNA

scribed®® The inhibitory dissociation constantk; for unlabeled
AVP analogues were calculated from binding competition experi-
ments according to the Cheng and Prusoff equatiée= 1Csy/(1

+ [L)/Kyg),*1where IGy is the concentration of unlabeled analogue
leading to half-maximal inhibition of specific bindinglJis the
concentration of the radioligand present in the assay Kand its
affinity for the VP receptor studied. Concentrations of VP analogue
leading to half-maximal stimulation of second messenger accumula-
tions Kac) were calculated from functional studies using GraphPad
Software, Inc., Prism. Results are expressed as the theé@BM

of the number of distinct experiments indicated.

Acknowledgment. The rat Vi, cDNA was provided by Dr

sequencing. Transfection was achieved using the Lipofectamine PlusM. Saito (Japan), to whom we are greatly indebted, as well as

reagent according to the instruction of the manufacturer. Cells stably
expressing pcDNA-rvV3 were selected using the geneticine added
in the cell culture medium. The clones able to bid]AVP were
purified by the limited dilution techniques and screened again b
the PH]AVP assay.

Cell Culture. Chinese hamster ovary (CHO) cells stably
expressing the rat isoforms of the vasopressig Vi, V,, and
OT receptors were cultured in DMEM supplemented with 10% of
fetal calf serum, 2 mM.-glutamine, 500 units/mL penicillin and
streptomycin, and t nonessential amino acids in an atmosphere
of 95% air and 5% C@at 37°C, as previously described (65).

Mouse corticotroph At-T20 cells stably expressing the rat V
receptor isoform were cultured in the same conditions as the CHO
cells but in a DMEM/F12 medium supplemented with 7.5%
Fetalclone 1l and 7.5% Nu-serum, 0.5 mMglutamine and 200
ug/mL geneticine.

Binding Experiments. CHO and At-T20 cells, stably transfected
with vasopressin or OT receptors, were used to prepare crude
plasma membrane, as previously described (65). Rat kidney (inner
medulla) and liver membrane preparations naturally expressing V
and Vi, receptor isoforms were obtained as previously descfibed.
Membrane binding assays were performed as previously destribed
using PH]AVP as radioligand. Membranes<{%0ug protein) were
incubated 60 min at 30C (membranes from transfected cells) or
at 37°C (membranes from native tissues) in a medium containing
50 mM Tris-HCI, pH 7.4, 3 mM MgG), 1 mg/mL bovine serum
albumin (BSA), and 0.01 mg/mL leupeptine. The binding properties
of the unlabeled analogues were determined by competition
experiments. Briefly, 0.5 to 3 nM ofiH]JAVP was added in the
incubation medium with (nonspecific binding) or without (total
binding) 1uM of unlabeled AVP and increasing amounts of the
unlabeled analogues to be tested or with vehicle (control).

y

Radioactivity found associated to plasma membranes was deter-

mined by filtration through GF/C filters. Specific binding was
calculated as the difference between total and nonspecific binding
and expressed as percent of control specific binding.

Functional Assays.Total inositol phosphate (InsP) accumulation
was determined as previously descrilSefiriefly, At-T20 cells
expressing the rat vasopressin,VYeceptor were cultured in 24-
well plates at 100 000 cells/well. Cells were grown for 48 h in
DMEM/F12 medium supplemented with 7.5% Fetalclone II, 7.5%
Nu-serum, and 0.5 mM-glutamine and with JuCi/mL myo[2-
3H]-inositol. Cells were then washed twice with a Hank’s buffered
saline medium (HBS), equilibrated at3in HBS for 30 min and
incubated for 15 min in HBS supplemented with 15 mM LiCl, 1
mg/mL glucose, 1 mg/mL BSA, and 2.1 g/L NaHg@ells were
then stimulated for 15 min with increasing concentrations of the
analogues to be tested. The reaction was stopped with 5% (v/v)
perchloric acid. InsP accumulated were extracted and purified on
Dowex AG1-X8 anion exchange chromatography column and
counted.

Adenylate cyclase activity was assessed on plasma membranes(14)

from rat kidney and was determined by measuring the conversion
of a[32P]-ATP to [2P]-cCAMP, as previously describ&gp102
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