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Abstract: We report the solid-phase synthesis and some pharmacological properties of 23 new analogs of
arginine vasopressin (AVP) which have the Phe3 residue replaced by a broad variety of amino acids. Peptides
1–9 have at position 3: (1) the mixed aromatic/aliphatic amino acid thienylalanine (Thi) and the aliphatic
amino acids; (2) cyclohexylalanine (Cha); (3) norleucine (Nle); (4) Leu; (5) norvaline (Nva); (6) Val; (7)
alpha-aminobutyric acid (Abu); (8) Ala; (9) Gly. Peptides 10–23 have at position 3: the aromatic amino acids,
(10) homophenylalanine (Hphe); (11) Tyr; (12) Trp; (13) 2-naphthylalanine (2-Nal); the conformationally-re-
stricted amino acids (14) Pro; (15) 2-aminotetraline-2-carboxylic acid (Atc); the polar amino acids (16) Ser;
(17) Thr; (18) Gln; and the charged amino acids (19) Asp; (20) Glu; (21) Arg; (22) Lys; (23) Orn. All 23 new
peptides were evaluated for agonistic and, where appropriate, antagonistic activities in in vivo antidiuretic
(V2-receptor) and vasopressor (V1a-receptor) assays and in in vitro (no Mg2+) oxytocic assays. The corre-
sponding potencies (units/mg) in these assays for AVP are: 323916; 36996 and 13.990.5. Peptides 1–9
exhibit the following potencies (units/mg) in these three assays: (1) 379914; 36099; 36.291.9; (2)
294921; 73.492.7; 0.3390.02; (3) 249928; 84.694.3; 4.7290.16; (4) 229919; 21.490.6; 2.190.2;
(5) 13495; 31.290.9; 28.490.2; (6) 11499; 45.392.3; 11.391.6; (7) 86.792.5; 4.2990.13; 0.459
0.03; (8) 15.591.5; 0.1690.01; �0.02; (9) 3.7690.03; B0.02; in vitro oxytocic agonism was not detected.
These data show that the aliphatic amino acids Cha, Nle, Leu, Nva and Val are well-tolerated at position 3
in AVP with retention of surprisingly high levels of antidiuretic activity. Peptides 2–9 exhibit significant
gains in both antidiuretic/vasopressor (A/P) and antidiuretic/oxytocic (A/O) selectivities relative to AVP.
[Thi3]AVP appears to be a more potent antidiuretic and oxytocic agonist than AVP and is equipotent with
AVP as a vasopressor agonist. The antidiuretic potencies of peptides 10–23 exhibit drastic losses relative to
AVP. They range from a low of 0.01890.001 units/mg for the Lys3 analog (peptide 22) to a high of 24.694.6
units/mg for the Hphe3 analog (peptide 10). Their vasopressor potencies are also drastically reduced. These
range from a low of B0.002 units/mg for peptide 22 to a high of 8.9990.44 units/mg for the Atc3 analog
(peptide 15). Peptides 10–23 exhibit negligible or undetectable in vitro oxytocic agonism. The findings on
peptides 10–23 show that position 3 in AVP is highly intolerant of changes with aromatic, conformationally-
restricted, polar and charged amino acids. Furthermore, these findings are in striking contrast to our recent
discovery that position 3 in the potent V2/V1a/OT antagonist d(CH2)5D-Tyr(Et)2VAVP tolerates a broad
latitude of structural change at position 3 with many of the same amino acids, to give excellent retention of
antagonistic potencies. The data on peptides 1–4 offer promising clues to the design of more potent and
selective AVP V2 agonists. Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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Table 1 Some Pharmacological Activities of AVP Analogs Modified at Position 3 with Thienylala-
nine and Aliphatic Amino Acids

Peptide Antidiuretic (A) Vasopressor (P) Oxytocic (O) A/P A/ONo.
(units/mg)(units/mg) (no Mg2+)

(units/mg)

AVPa 323916 36996 13.990.5 23.20.9
AVT ([Ile3]AVP)a 231930 16094 12799 1.4 1.8

1.0510.190.3270915 28.1284939LVP (Lys8VP)a,b

LVT ([Ile3]LVP)b 2493 130913 78910 0.2 0.3
[Thi3]LVPc 332932 24395 17.519.090.5 1.4A

1 [Thi3]AVPd,e 379914 36099 36.291.9 1.05 10.5
0.3390.0273.492.7294921 4[Cha3]AVPd2 890

52.8[Nle3]AVPd,e 249928 84.694.3 4.7290.16 2.93
10910.72.190.221.490.6229919f[Leu3]AVPd,e4

[Nva3]AVPd,e 13495 31.290.9 4.728.490.2 4.35
[Val3]AVPd,e 11499f 45.392.3 10.111.391.6 2.56

7 [Abu]AVPd,e 86.792.5 4.2990.13 0.4590.03 20.2 192
0.1690.01 �0.02 9715.591.5 �7758 [Ala3]AVPd

[Gly3]AVPd 3.7690.03 B0.02 ND \1889

ND, non-detectable up to 100 mg tested.
a Data form Manning et al. [20].
b Data from Berde et al. [3].
c Data from Smith et al. [25].
d This publication.
e Preliminary data reported in Manning et al. [34].
f Preliminary data reported in Sawyer et al. [31].

Since the original synthesis of arginine vasopressin
(AVP) by du Vigneaud and colleagues [1], this cyclic
octapeptide and its naturally occurring Lys8 analog
(LVP) [2] have been the subject of intensive investi-
gations aimed at the design of potent and selective
agonists and antagonists of the receptors which
mediate the characteristic biological responses to
these peptides [3–7] and to the closely related pep-
tide, oxytocin (OT) [8]. The four most well-character-
ized responses and the receptors which mediate
them are: antidiuretic (V2-receptor), vasopressor
(V1a-receptor), ACTH-releasing (V1b-receptor) and
oxytocic (uterine-receptor) [3,9–11]. Human V2, V1a,
V1b and OT receptors have recently been cloned as
well as V1a receptors from rats and V2 and OT
receptors from pigs [12–18]. AVP has the following
structure:
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While, over the years, hundreds of analogs of AVP
with modifications at virtually all positions 1–9
have been synthesized and pharmacologically eval-
uated [2–7], position 3 has been largely ignored.
Accordingly, the syntheses of only a handful of posi-
tion-3 analogs of AVP and LVP have been reported
to date [2–7]. The most notable position-3-modified
analog of AVP is the naturally occurring Ile3 analog,
arginine vasotocin (AVT) [3,19]. AVT exhibits potent
antidiuretic, vasopressor and oxytocic activities
[3,19,20] (Table 1). While it is somewhat less potent
than AVP as an antidiuretic and a vasopressor ago-
nist, it is substantially more potent than AVP as an

Abbreviations: Abu, alpha-aminobutyric acid; Atc, 2-aminotetraline-2-carboxylic acid; AVP, arginine vasopressin; AVT, arginine vasotocin;
Boc, tert-butyloxycarbonyl; But, tert-butyl; Cha, cyclohexylalanine; DCC, dicyclohexylcarbodiimide; DIPEA, N,N-diisopropylethylamine;
Et2O, diethyl ether; Fm, 9-fluorenylmethyl; HOBt, N-hydroxybenzotriazole; Hphe, homophenylalanine; LVP, lysine vasopressin; LVT, lysine
vasotocin; MeCN, acetonitrile; 2-Nal, 2-naphthylalanine; Nle, norleucine; Nva, norvaline; ONp, p-nitrophenylester; OT, oxytocin; Pmc,
2,2,5,7,8-pentamethyl-chroman-6-sulfonyl; Tic, 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid; Thi, thienylalanine; V2, antidiuretic; V1a,
vasopressor.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 141–153 (1999)
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Table 2 Pharmacological Activities of AVP Analogs Modified at Position 3 with Aromatic, Conforma-
tionally-Restricted, Polar and Charged Amino Acids

No. Peptide Antidiuretic (A) A/OVasopressor (P) Oxytocic (O) A/P
(no Mg2+)(units/mg) (units/mg)
(units/mg)

AVPa 23.2323916 36996 13.990.5 0.9
1.8AVT ([Ile3]AVP)a 231930 16094 12799 1.4

LVP ([Lys8]VP)a,b 284939 28.1270915 10.190.3 1.05
LVT (Ile3]LVP)a,b 0.32493 130913 78910 0.2

10 [Hphe3]AVPc 24.694.6 �24601.8890.11 �0.01 13.1
B [Tyr3]LVPb �180.1890.08 1.690.2 �0.01 0.1
11 [Tyr3]AVPc,e 20.392.2 7814.9390.20 0.02690.003 4.1
C [Trp3]LVPb — �0.07 B0.01
12 [Trp3]AVPc,e 1.6090.18 �1600.3190.01 �0.01 5.2
13 [2-Nal3]AVPc,d,e,g �4.91.5390.25 3.6090.21 �0.31 0.4
D [Tic3]AVPf 0.9190.08 �41.40.2590.03 �0.022 3.6
14 [Pro3]AVPc,e 0.4690.03 B0.003 B0.005 \153 \92
15 [Atc3]AVPc,e 12.791.2 1158.9990.44 0.1190.004 1.4
E [Ser3]LVPb \2.0�0.02 B0.01 B0.01 \2.0
16 [Ser3]AVPc,e 3.2390.39 1610.3890.01 0.0290.003 8.5
17 [Thr3]AVPc 76.96.3890.19 0.08690.004 0.08390.008 74.2
18 [Gln3]AVPc 2.7890.63 B0.05 ND \556
19 [Asp3]AVPc �0.05 B0.005 ND \10
20 [Glu3]AVPc �0.04 B0.003 ND \13.3
21 [Arg3]AVPc 0.01990.003 B0.003 B0.005 \6.3 \3.8
22 [Lys3]AVPc 0.01890.001 B0.002 ND \9.0
23 [Orn3]AVPc 0.0890.01 B0.003 ND \26.7

ND, not detectable up to 100 mg tested.
a,b See corresponding footnotes to Table 1.
c This publication.
d Reported in reference [33] as a weak antiduretic agonist with vasopressor activity=56912.7 units/mg.
e Preliminary data reported in Manning et al. [34].
f Data from Manning et al. [28].
g Also exhibits weak in vitro antagonism: pA2�6.1.

oxytocic agonist (Table 1). By contrast, lysine vaso-
tocin (LVT) [21] the Ile3 analog of LVP, while pos-
sessing potent vasopressor and oxytocic agonism,
exhibits only about 10% of the antidiuretic agonism
of LVP [3,21] (Table 1).

Most of the early studies of position 3 focused on
modifications of LVP [3,21–24]. The Ser3, Tyr3 and
Trp3 analogs of LVP exhibit drastic reductions in
antidiuretic and vasopressor potencies relative to
LVP [3,21–24] (Table 2). Thus, based on these posi-
tion-3 analogs of LVP and, notwithstanding the
pharmacological profile of AVT [3,19,20] and a later
report that the thienylalanine3 analog of LVP,
[Thi3]LVP [25], exhibits surprisingly high antidi-
uretic and vasopressor potencies, position 3 in AVP
has long been considered intolerant of changes [3–
5,21–24,26]. Consequently, this position has been
virtually ignored in structure/activity studies of

AVP. Recent reports of position-3 analogs of LVP
and AVP indeed support the conclusion that posi-
tion 3 in these molecules is highly intolerant of
structural modifications [27,28]. Thus, replacement
of the Phe3 residue in LVP and in AVP by the
conformationally-restricted amino acid 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (Tic) to
give [Tic3]LVP [27] and [Tic3]AVP [28], respectively,
led in each instance to drastic losses of agonistic
activities. In contrast to these findings, we recently
reported the surprising finding that the Phe3

residue in the potent non-selective AVP V2/V1a an-
tagonist [1-(b-mercapto-b,b-pentamethylenepropi-
onoic acid), 2-O-ethyl-D-tyrosine, 4-valine] arginine
vasopressin (d(CH2)5[D-Tyr(Et)2]VAVP) [29] could be
replaced by a variety of amino acids (aromatic,
aliphatic and conformationally-restricted) with
moderate to full retention of V2 antagonism [30].

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 141–153 (1999)
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These findings on position-3-modified AVP antago-
nists prompted us to reinvestigate the role of posi-
tion 3 in AVP agonists. We decided to explore the
effects of replacement of the Phe3 residue in AVP
with a broad variety of aliphatic, aromatic, confor-
mationally-restricted, polar, acidic and basic amino
acids. We had indeed previously synthesized two
analogs of AVT, [3-valine] vasotocin and [3-leucine]
vasotocin, specifically for use as research tools in a
study aimed at identifying the vasotocin-like activity
in the head ganglia of gastropod molluscs [31] but
had not reported their synthesis or detailed phar-
macological properties. Both peptides can also be
viewed as 3-substituted analogs of vasopressin, i.e.
[Leu3]AVP and [Val3]AVP and thus, could be part of
this structure/activity study of position 3 in AVP.
We selected the following additional amino acids as
replacements for the Phe3 residue in AVP: Gly, Ala,
Abu, Nva, Nle, Cha, Thi, Hphe, Tyr, Trp, Pro, Atc,
Ser, Thr, Gln, Asp, Glu, Arg, Lys, Orn. During the
course of these studies, Lammek and colleagues
reported that the 2-naphthylalanine3 (2-Nal3)
analog of AVP exhibits potent antidiuretic agonism,
in the order of 5 million units/mg [32]. These find-
ings were very much at variance with the emerging
data from the above series of position-3-modified
analogs of AVP. We thus decided to resynthesize
[2-Nal3]AVP and to include our findings in this
study. In the meantime, Lammek and collaborators
reported that their earlier finding of extraordinary
high antidiuretic activity for this peptide was in
error [33]. We now report the synthesis and some
pharmacological properties of the following 23 posi-
tion-3-modified analogs of AVP.

1. [Thi3]AVP (Thi=thienylalanine)
2. [Cha3]AVP (Cha=cyclohexylalanine)
3. [Nle3]AVP (Nle=norleucine)
4. [Leu3]AVP
5. [Nva3]AVP (Nva=norvaline)
6. [Val3]AVP
7. [Abu3]AVP
8. [Ala3]AVP
9. [Gly3]AVP

10. [Hphe3]AVP (Hphe=homophenylalanine)
11. [Tyr3]AVP
12. [Trp3]AVP
13. [2-Nal3]AVP (2-Nal=2-naphthylalanine)
14. [Pro3]AVP
15. [Atc3]AVP (Atc=2-aminotetraline-2-carboxylic

acid)
16. [Ser3]AVP
17. [Thr3]AVP

18. [Gln3]AVP
19. [Asp3]AVP
20. [Glu3]AVP
21. [Arg3]AVP
22. [Lys3]AVP
23. [Orn3]AVP

Preliminary data on the antidiuretic activities of
peptides 4 and 6 were reported by Sawyer et al. [31].
A preliminary report on 12 of these peptides (nos. 1,
3–7, 11–16) has also been presented ([34]).

Peptide Synthesis

The synthesis of the free peptides 1–23 (Table 4)
was carried out utilizing two solid-phase methods
[35–42]. Due to the incompatibility of the thieny-
lalanine and naphthylalanine residues with the Na/
NH3 procedure [25,43], it was necessary to use the
Rink amide resin [35] and the Fmoc strategy [36,37]
for the synthesis of peptides 1 and 13. The depro-
tections were carried out with 20% piperidine/DMF
[36]. Coupling reactions were performed primarily
by DCC/HOBt in DMF [44] except for Fmoc-Asn and
Fmoc-Gln which were incorporated as their p-nitro-
phenyl esters [37,45] in DMF. The simultaneous
cleavage of the peptides from the resin and their
deprotection was mediated by Reagent K [37]. For
peptides 2–12 and 14–23 the Merrifield solid-phase
method [38,39] with the modifications previously
described [20,40–42] was used. Starting from Boc-
Gly-resin the protected precursors II–XII, XIV–XXIII
(Table 3) were synthesized. HCl (1 M)/AcOH was
used in all the deprotection steps except those in-
volving Boc-Gln in which TFA was employed
[20,41,42]. Neutralizations were carried out with
10% Et3N/CH2Cl2. Coupling reactions were medi-
ated mainly by DCC/HOBt [44] in CH2Cl2/DMF ex-
cept for Boc-Asn and Boc-Gln which were
incorporated as their p-nitrophenyl esters [46] in
DMF. Cleavage from the acylpeptide resin was by
ammonolysis in methanol with DMF extraction
[41,47] to give the protected peptide amides II–XII,
XIV–XXIII (Table 3). Na in liquid NH3 [1,2,48] was
used to deblock each protected precursor as previ-
ously described [20,41,42]. The resulting disulfydryl
compounds from both the Reagent K treatment and
the Na/Liquid NH3 treatment were oxidatively cy-
clized with K3[Fe(CN)6] using the normal procedure
[49] or a modified reverse procedure [50]. The free
peptides were desalted and purified by gel filtration
on Sephadex G-15 and Sephadex LH-20 mainly in a
two-step procedure [51] using 50% AcOH and 2 M
AcOH as eluents, respectively, as previously de-

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 141–153 (1999)
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Table 3 Physicochemical Properties of the Protected Peptides II–XII and XIV–XXIII

No. Peptide Yield M.p. [a]D
25 (c=1) DMF TLC

(%) (°C)
b c da

II Z-Cys(Bzl)-Tyr(Bzl)-Cha-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 92.3 208–209 −32.9 0.54 0.49 0.73 0.81
III Z-Cys(Bzl)-Tyr(Bzl)-Nle-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 88.8 231–232 −36.3 0.46 0.61 0.74 0.77
IV Z-Cys(Bzl)-Tyr(Bzl)-Leu-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-GIy-NH2 76.5 208–211 −23.7 (c=1.2) 0.37 0.85 0.48
V Z-Cys(Bzl)-Tyr(Bzl)-Nva-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 86.7 235–236 −36.0 0.51 0.44 0.74 0.82
VI Z-Cys(Bzl)-Tyr(Bzl)-Val-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 80.0 231–232 −34.8 (c=0.5) 0.30 0.82 0.41
VII Z-Cys(Bzl)-Tyr(Bzl)-Abu-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 86.6 239–240 −35.2 0.51 0.46 0.74 0.79
VIII Z-Cys(Bzl)-Tyr(Bzl)-Ala-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 86.6 233–234 −34.6 0.53 0.54 0.71 0.75
IX Z-Cys(Bzl)-Tyr(Bzl)-Gly-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 89.7 194–195 −37.7 0.52 0.41 0.68 0.66
X Z-Cys(Bzl)-Tyr(Bzl)-Hphe-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 89.1 223–224 −34.3 0.50 0.51 0.70
XI Z-Cys(Bzl)-Tyr(Bzl)-Tyr(Bzl)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 88.8 230–231 −31.7 0.53 0.54 0.75 0.89
XII Z-Cys(Bzl)-Tyr(Bzl)-Trp-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 56.1 199–200 −28.5 0.52 0.54 0.72 0.67
XIV Z-Cys(Bzl)-Tyr(Bzl)-Pro-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 90.2 124–125 −38.9 0.47 0.46 0.71 0.80
XV Z-Cys(Bzl)-Tyr(Bzl)-Atc-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 82.3 98–99 −25.0 0.52 0.55 0.71 0.77
XVI Z-Cys(Bzl)-Tyr(Bzl)-Ser(Bzl)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 88.7 225–226 −30.1 0.57 0.45 0.69 0.80
XVII Z-Cys(Bzl)-Tyr(Bzl)-Thr(Bzl)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 90.3 227–228 −24.7 0.56 0.50 0.68 0.92
XVIII Z-Cys(Bzl)-Tyr(Bzl)-Gln-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 87.7 241–242 −34.8 0.43 0.39 0.61 0.28
XIX Z-Cys(Bzl)-Tyr(Bzl)-Asp-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 58.4 212–214 −37.2 0.43 0.51 0.49
XX Z-Cys(Bzl)-Tyr(Bzl)-Glu-Gln-Asn-Cys(Bzl)-pro-Arg(Tos)-Gly-NH2 77.1 218–219 −34.8 0.40 0.58 0.08
XXI Z-Cys(Bzl)-Tyr(Bzl)-Arg(Tos)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 86.3 170–171 −29.4 0.47 0.42 0.69 0.98
XXII Z-Cys(Bzl)-Tyr(Bzl)-Lys(Z)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 87.4 210–211 −32.1 0.55 0.58 0.72 0.89
XXIII Z-Cys(Bzl)-Tyr(Bzl)-Orn(Z)-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-NH2 86.8 205–206 −35.5 0.47 0.49 0.72 0.83
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Table 4 Physicochemical Properties of Free Peptides 1–23

No. Peptide Yield MWFormula[a]25
D (c=0.1, [M+H]1+TLC (Rf) HPLC (tR)

(%) 1 N AcOH) (min)

a b c

1 [Thi3]AVP* 9.5 −32.0 0.13 1090.70.04 0.26 34.5 C44H63O12N15S3 1090.3
2 [Cha3]AVP 39.4 −24.0 1091.50.14 0.02 0.16 23.4 C46H71O12N15S2 1090.3
3 [Nle3]AVP 38.3 −29.0 0.19 1051.00.02 0.21 18.2 C43H67O12N15S2 1050.2
4 [Leu3]AVP 44.1 −10.0 (c=0.4) — 1050.8— 0.16 C43H67O12N15S2 1052.2
5 [Nva3]AVP 37.5 −17.0 0.09 1037.00.01 0.19 16.6 C42H65O12N15S2 1036.2
6 [Val3]AVP 47.3 −17.7 (c=0.3) 1037.00.05 0.02 0.16 15.9 C42H65O12N15S2 1036.2
7 [Abu3]AVP 38.7 −45.0 0.06 1023.00.02 0.17 13.5 C41H63O12N15S2 1022.2
8 [Ala3]AVP 55.0 −43.0 1009.00.06 0.02 0.13 10.9 C40H61O12N15S2 1008.2
9 [Gly3]AVP 29.1 −54.0 0.06 994.50.01 0.08 9.9 C39H59O12N15S2 994.1

10 [Hphe3]AVP 46.8 −33.0 1099.60.18 0.05 0.10 20.5 C37H57O12N13S2 1098.3
11 [Tyr3]AVP 58.9 −36.0 0.13 1001.50.01 0.14 14.6 C46H65O13N15S2 1100.3
12 [Trp3]AVP 38.6 −16.0 0.11 1124.50.02 0.16 19.0 C48H65O12N16S2 1123.3
13 [2-Nal3]AVP* 24.6 −30.0 0.18 1134.90.04 0.19 25.3 C50H67O12N15S2 1134.2
14 [Pro3]Avp 31.3 −34.0 1034.90.07 0.02 0.18 36.6 C42H63O12N15S2 1034.2
15 [Atc3]AVP 28.8 −42.0 0.18 1111.50.04 0.21 20.2 C48H67O12N15S2 1110.3
16 [Ser3]AVP 52.9 −36.0 1025.00.06 0.04 0.11 10.69 C40H61O13N15S2 1024.2
17 [Thr3]AVP 64.5 −65.0 0.06 1039.00.02 0.13 10.9 C41H63O13N15S2 1038.2
18 [Gln3]AVP 52.4 −30.0 1065.60.04 0.01 0.09 8.9 C42H65O13N16S2 1065.2
19 [Asp3]AVP 37.0 −69.0 0.05 1052.80.02 0.06 7.8 C41H61O14N15S2 1052.1
20 [Glu3]AVP 48.0 −40.0 1066.40.04 0.13 0.09 8.4 C42H63O14N15S2 1066.1
21 [Arg3]AVP 39.8 −28.0 0.02 1094.00.01 0.04 8.4 C43H68O12N18S2 1093.2
22 [Lys3]AVP 36.0 −49.0 0.02 0.01 0.01 1066.59.0 C43H68O12N16S2 1065.3
23 [Orn3]AVP 25.8 −46.0 0.03 0.01 0.02 1052.011.2 C42H66O12N16S2 1051.2

* Peptides 1 and 13 were prepared using Fmoc strategy for SPPS and Rink amide resin [35–37]. All other peptides were
synthesized using Merrifield solid-phase method [38–42].

scribed [20,28–30,41,42]. When necessary, an addi-
tional purification on Sephadex G-15 and/or Sep-
hadex LH-20 with 0.2 M AcOH as eluent was carried
out. The purity of the free peptides 1–23 (Table 4)
was checked by thin-layer chromatography (TLC),
high performance liquid chromatography (HPLC) and
electron spray mass spectrometry (ESMS).

BIOASSAYS

Peptides were assayed for agonistic activity in the
rat antidiuretic assay, rat vasopressor assay and in
vitro rat oxytocic assay using the 4-point assay
design [52]. Synthetic arginine vasopressin and oxy-
tocin which had been standardized in vasopressor
and oxytocic units against the USP Posterior Pitu-
itary Reference Standard were used as working
standards in all bioassays. Antidiuretic assays were
on water-loaded rats under ethanol anesthesia as
described in Sawyer [53]. Vasopressor assays were
performed on urethane-anesthetized and phenoxy-

benzamine-treated rats as described by Dekanski
[54]. Oxytocic assays were performed on isolated
uteri from diethylstilbestrol-primed rats in a Mg2+-
free van Dyke–Hastings’s solution [55]. When stan-
dard errors are presented in the tables, the means
reflect results from at least four independent assay
groups.

The antidiuretic, vasopressor and in vitro oxytocic
(no Mg2+) agonistic activities of peptides 1–9,
which have the Phe3 residue in AVP replaced by
thienylalanine (Thi), and the aliphatic amino acids,
cyclohexylalanine (Cha) Nle, Leu, Nva, Val, Abu, Ala
and Gly are given in Table 1, together with the
corresponding data for AVP, AVT, LVP and LVT. The
corresponding data for peptides 10–23, which have
the Phe3 residue in AVP replaced by the aromatic
amino acids homophenylalanine (Hphe), Tyr, Trp,
2-naphthylalanine (2-Nal), the conformationally-re-
stricted amino acids Pro, 2-aminotetraline-2-car-
boxylic acid (Atc), the polar amino acids, Ser, Thr,
Gln and the charged amino acids Asp, Glu, Arg,
Lys, Orn, together with previously published data
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for the related Ser3, Trp3 and Tyr3 analogs of LVP
and for [Tic3]AVP are presented in Table 2. With the
exception of the [2-Nal3]AVP peptide, which is a
weak in vitro OT antagonist, none of the peptides
in Tables 1 and 2 exhibit any evident V1a, V2 or
OT antagonistic potencies. Examination of the
agonistic activities of the position-3-modified AVP
peptides in both Tables reveal striking differences
in the effects of thienylalanine and aliphatic amino
acids (Table 1) and those of aromatic, conformation-
ally-restricted, polar and charged amino acids
(Table 2). Thus, it is clear from the data in Table 1
that position 3 in AVP tolerates a broad latitude
of structural modification with thienylalanine and
aliphatic amino acids, leading to excellent reten-
tion of antidiuretic agonism and to enhancement
of antidiuretic/vasopressor (A/P) and antidiuretic/
oxytocic (A/O) selectivities. By contrast, virtually
all of the position-3-modified AVP peptides in
Table 2 exhibit striking losses of antidiuretic,
vasopressor and oxytocic activities relative to
AVP. The findings on the peptides reported in
Table 1 offer promising new clues to the design of
novel, potent and selective AVP antidiuretic ago-
nists.

Effects of Thienylalanine and Aliphatic Amino Acid
Substitutions at Position 3 in AVP (Table 1)

On Antidiuretic Activity. Replacement of the Phe3

residue in AVP by the mixed aliphatic/aromatic
amino acid, thienylalanine, and by a variety of
aliphatic amino acids is very well tolerated. In fact,
with antidiuretic potency of 379914 units/mg,
[Thi3]AVP (peptide 1) appears to be more potent than
AVP (antidiuretic activity=323916 units/mg) and
[Thi3]LVP (antidiuretic activity=332932 units/mg).
Also striking are the high antidiuretic potencies of
the Cha3, Nle3, and Leu3 analogs of AVP (peptides
2–4). With antidiuretic potencies of 294928, 2499
28 and 229919 units/mg, respectively, these three
peptides are equipotent with AVT (231930 units/
mg). The Nva3, Val3, and Abu3 analogs of AVP (pep-
tides 5–7) exhibit antidiuretic potencies of 13495,
11499 and 86.792.5 units/mg, respectively. The
Ala3 and Gly3 analogs (peptides 8 and 9) exhibit
drastic reductions relative to AVP. They exhibit an-
tidiuretic potencies of 15.591.5 and 3.7690.03
units/mg, respectively. Thus, the data on peptides
2–9 appear to show a good correlation between the
size of the aliphatic substituent at position 3 and the
antidiuretic potency of the resultant position 3
analog.

On Vasopressor Activity. With the exception of
[Thi3]AVP (peptide 1), all of the position-3 analogs of
AVP in Table 1 exhibit striking losses of vasopressor
potencies relative to AVP. Thus, AVP possesses vaso-
pressor potency of 36996 units/mg. [Thi3]AVP pos-
sesses vasopressor potency of 36094 units/mg and
is thus, equipotent with AVP. The vasopressor poten-
cies of peptides 2–9 range from a low of B0.02
units/mg for the Gly3 analog (peptide 9) to 84.6
units/mg for the Nle3 analog (peptide 4). With vaso-
pressor potencies, respectively, of 84.694.3, 21.49
0.6, and 73.492.7 units/mg, the Nle3, Leu3 and
Cha3 analogs are significantly less potent than AVT
(vasopressor activity=16094 units/mg).

On Antidiuretic/Vasopressor (A/P) Selectivity. With
the exception of [Thi3]AVP (peptide 1) all of the
position-3 analogs of AVP exhibit gains in A/P selec-
tivity relative to AVP (A/P=�0.9). Thus, the Val3,
Nle3, Cha3 and Nva3 analogs are, respectively, 2.5,
2.9, 4 and 4.3 times more potent as antidiuretic
agonists than as vasopressor agonists. With A/P
ratios of 10.7 and 20.2 respectively, the Leu3 and
Abu3 analogs exhibit even greater gains in A/P selec-
tivity. The most striking gains in A/P selectivity are
exhibited by the relatively weak antidiuretic agonists
[Ala3]AVP and [Gly3]AVP which possess, respectively,
A/P ratios of 97 and \188. These findings offer
promising clues to the design of more potent and
selective antidiuretic agonists with properties similar
to those of the potent and selective antidiuretic/vaso-
pressor agonist dDAVP [56] and the potent and
selective antidiuretic agonist/vasopressor antagonist
dVDAVP [57].

On Oxytocic Activity. Peptides 1–9 (Table 1) exhibit a
broad spectrum of OT agonism. Two peptides are
more potent than AVP (OT activity=13.990.5 units/
mg); six peptides are less potent than AVP, and one
peptide is virtually equipotent with AVP. With oxyto-
cic activities of 36.291.9 and 28.490.2 units/mg,
respectively, both [Thi3]AVP (peptide 1) and
[Nva3]AVP (peptide 5) are significantly more potent
than AVP as oxytocic agonists. The [Gly3]AVP analog
(peptide 9) possesses undetectable oxytocic activity.
With oxytocic activities of 0.02, 0.33, 0.45, 2.1 and
4.72 units/mg, respectively, the Ala3, Cha3, Abu3,
Leu3 and Nle3 analogs are much less potent than AVP
as oxytocic agonists. With oxytocic activity of 11.3
units/mg, [Val3]AVP retains much of the OT activity
of AVP. Remarkably, AVT ([Ile3]AVP), with oxytocic
potency of 12799 units/mg, is strikingly more po-
tent than all of the peptides 1–9. In this regard,
comparison of the oxytocic potencies of AVT, the Leu3
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analog (peptide 4) and the Nle3 analog (peptide 3)
shows clearly the profound effects of subtle struc-
tural modifications at position 3 in AVP on OT
agonist activity. With oxytocic potencies of 127, 4.72
and 2.1 units/mg, respectively, for the Ile3, Nle3 and
Leu3 analogs of AVP, the superiority of the Ile residue
at position 3 for binding to and activating OT recep-
tors is clearly illustrated.

On Antidiuretic/Oxytocic (A/O) Selectivity. AVP pos-
sesses 323 units/mg of antidiuretic activity and only
13.9 units/mg of in vitro (no Mg2+) oxytocic activity.
It thus exhibits an A/O selectivity of 23.2. AVT
possesses 231 units/mg of antidiuretic activity and
127 units/mg of in vitro (no Mg2+) oxytocic activity. It
thus exhibits a greatly diminished A/O ratio of 1.8
relative to AVP. With A/O ratios, respectively, of 10.5,
10.1 and 4.7, three of the nine new peptides in Table
1, [Thi3]AVP (peptide 1), [Nva3]AVP (peptide 5) and
[Val3]AVP (peptide 6) also exhibit diminished A/O
ratios relative to AVP. However, the remaining six
peptides exhibit modest to striking gains in A/O
selectivity relative to AVP. In this regard, with antidi-
uretic potency of 294 units/mg and in vitro (no Mg2+)
potency of 0.33 units/mg to give an A/O ratio=890,
[Cha3]AVP (peptide 2) is one of the most selective
antidiuretic/oxytocic agonists reported to date.

Effects of Aromatic, Conformationally-Restricted,
Polar and Charged Amino Acids at Position 3 in AVP
(Table 2)

All of the peptides in Table 2 exhibit drastic reduc-
tions in antidiuretic, vasopressor and oxytocic po-
tencies relative to AVP. Thus, with antidiuretic
potencies ranging from 0.018 to 20.3 units/mg rela-
tive to 323 units/mg for AVP, vasopressor potencies
ranging from 0.002 to 8.99 units/mg relative to 369
units/mg for AVP and oxytocic potencies ranging
from undetectable for peptides 18–23 to 0.31 units/
mg for peptide 13 relative to 13.9 units/mg for AVP,
peptides 10–23 (Table 2) confirm that position 3 in
AVP, is intolerant to modifications with aromatic,
conformationally-restricted, polar and charged
amino acids. It is of interest to note that with antid-
iuretic activities of 20.392.2 and 3.2390.39 units/
mg, respectively, the Tyr3 and Ser3 analogs of AVP
(peptides 11 and 16) are, however, 110 and 160
times more potent as V2 agonists than the previ-
ously reported [3,23,24] Tyr3 and Ser3 analogs of
LVP. These findings are consistent with the striking
differences in antidiuretic potencies previously ob-
served for AVT and LVT (Table 1). Thus, it is clear
that LVP is much less tolerant of structural change

at position 3 than AVP. These findings also illus-
trate the profound effects on antidiuretic potency of
a Lys/Arg interchange at position 8 with sub-
stituents other than Phe at position 3.

The relatively high antidiuretic activity (12.7
units/mg) exhibited by [Atc3]AVP (peptide 15) rela-
tive to the Tic3 and Pro3 analogs which exhibit
about 1 unit and 0.5 unit of antidiuretic activity,
respectively, is somewhat surprising. The relatively
high antidiuretic potencies of the Hphe3 (peptide 10)
and Tyr3 (peptide 11) analogs which exhibit antidi-
uretic activities of 24.694.6 and 20.392.2 units/
mg, respectively, compared with those of the Trp3

and 2-Nal3 analogs (peptides 12 and 13) which
exhibit antidiuretic potencies of 1.6090.18 and
1.5390.25 units/mg, respectively, are also quite
intriguing. The A/P selectivities of peptides 10–23
range from a low of 0.43 for [2-Nal3]AVP to a high of
556 for [Gln3]AVP (A/P for AVP=0.9). The A/O se-
lectivities of peptides 10–23 range from a low of 4.9
for [2-Nal3]AVP to a high of �2460 for [Hphe3]AVP
(A/O for AVP=23.2). Thus, it is clear from the data
in Table 2 that while the replacement of the Phe3

residue in AVP by aromatic, conformationally-re-
stricted, polar and charged amino acids leads to
substantial reductions in antidiuretic potencies, in
virtually all cases the reductions in vasopressor and
oxytocic potencies are even more drastic. Accord-
ingly, the majority of the resultant peptides exhibit
significant gains in both A/P and A/O selectivities
relative to AVP.

Contrasting Effects of Some Position-3 Modifications
in AVP Agonists and in an AVP V2/V1a/OT Antagonist

As noted in the introduction, we recently reported
that the Phe3 residue at position 3 in the potent
AVP V2/V1a/OT antagonist d(CH2)5[D-Tyr(Et2),
Val4]AVP [29] can be replaced by a variety of aro-
matic, conformationally-restricted and aliphatic
amino acids with retention of moderate to full V2

antagonism [30]. It is particularly noteworthy, for
example, that the Tic3 and Pro3 analogs are virtually
equipotent with the parent peptide as V2 antago-
nists. By striking contrast, replacement of the Phe3

residue in AVP by Tic and by Pro led to drastic
reductions in the antidiuretic agonistic activities of
the resultant analogs. Thus, [Tic3]AVP and
[Pro3]AVP (peptides D and 6, Table 2) exhibit less
than 0.2% of the antidiuretic potency of AVP. The
contrasting effects of these and other position-3
modifications in AVP agonists (Tables 1 and 2) and
in AVP antagonists [30] present clear evidence that
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the structural requirements for agonistic binding to
and activation of AVP V2 receptors are far more
stringent than those required for the binding of AVP
antagonists to V2 receptors.

More recently, we reported that replacement of
the Phe3 residue in d(CH2)5[D-Tyr(Et)2]VAVP by Arg3

or Lys3 resulted in peptides which exhibit selective
vasodepressor properties and are devoid of V2, V1a

and OT antagonistic properties [58,59]. The re-
placement of the Phe3 residue in AVP by Arg3, and
Lys3 to give peptides 21 and 22 (Table 2) led to
drastic losses of antidiuretic, vasopressor and oxy-
tocic agonistic activities but did not result in pep-
tides with vasodepressor properties. Thus, the
studies reported here for the effects of modifica-
tions at position 3 in AVP and those previously
reported for the effects of many of the same modifi-
cations at position 3 in the potent non-selective
V2/V1a/OT antagonist d(CH2)5[D-Tyr(Et)2]VAVP
[30,58,59], clearly illustrate the profound differ-
ences between the effects of the same modifications
at position 3 in AVP agonists and in AVP antago-
nists.

General Considerations

We have reported here the synthesis of 23 analogs
of AVP with modifications at position 3. Their phar-
macological properties are presented in Tables 1
and 2. We have found that position 3 in AVP is
highly intolerant to modifications with aromatic,
conformationally-restricted, polar and basic amino
acids (Table 2). The drastic losses of antidiuretic
agonism exhibited by the AVP analogs which have
aromatic and conformationally-restricted amino
acids at position 3 are in striking contrast to our
recent report that position 3 in the potent V2/V1a/OT
antagonist d(CH2)5[D-Tyr(Et)2, Val4]AVP can be
modified with aromatic and conformationally-re-
stricted amino acids with retention of moderate to
full V2 receptor antagonism [30] and offer further
evidence for differences in binding to V2 receptors of
AVP agonists and AVP antagonists. We also report
that unlike position 3 in LVP (cf. LVP and LVT,
Table 2), this position in AVP is highly tolerant to
structural modifications with a series of aliphatic
amino acids. With antidiuretic potencies of 2949
21, 249928, and 229919 units/mg, respectively,
the Cha3, Nle3 and Leu3 analogs (peptides 2–4,
Table 1) are, in fact, equipotent with AVT (antidi-
uretic activity=231930 units/mg) as V2 agonists.
However, with reduced vasopressor and OT poten-
cies, these three peptides and the remaining

analogs with aliphatic amino acids at position 3
(peptides 5–9, Table 1) all exhibit significant in-
creases in antidiuretic/vasopressor and antidi-
uretic/oxytocic selectivities relative to AVP.
[Thi3]AVP (peptide 1, Table 1), like [Thi3]LVP [25] (A,
Table 1), is a highly potent antidiuretic/vasopressor
agonist. With antidiuretic activity of 379914 units/
mg, [Thi3]AVP appears to be a more potent antidi-
uretic agonist than AVP (antidiuretic activity=
323916 units/mg). With vasopressor activity of
36099 units/mg, [Thi3]AVP is an equipotent vaso-
pressor agonist to AVP (vasopressor activity=
36996 units/mg). The findings on a number of the
peptides in Table 1 provide useful clues for the
design of potent and selective AVP V2 agonists and
also show that further study of position 3 in other
more potent and selective AVP agonists, such as
dDAVP [56] and dVDAVP [57], is well warranted.

EXPERIMENTAL PART

The Merrifield resin and the Rink amide resin were
purchased from Bachem California, Inc. Boc-Atc
was synthesized in this laboratory as previously
described [30]. All other amino acid derivatives
were purchased from Bachem California, Inc., ex-
cept Fmoc-2-Nal which was provided by PepTech
Corp., Cambridge, MA. Thin-layer chromatography
(TLC) was run on precoated silica gel plates (60F-
254, E. Merck) with the following solvent systems:
(a) 1-butanol:AcOH:H2O (4:1:5, upper phase); (b)
1-butanol:AcOH:H2O (4:1:1); (c) 1-butanol:AcOH:
H2O:pyridine (15:3:3:10); (d) chloroform:methanol
(7:3). Loads of 10–15 mg were applied and chro-
matograms were developed at a minimal length of
10 cm. The chlorine gas procedure for the KI-starch
reagent was used for detection [40]. Optical rota-
tions were measured with a Rudolph Autopol III
polarimeter. Analytical HPLC was performed on a
Waters 810 instrument under the following condi-
tions: 90:10 to 30:70 0.05% aqueous TFA:0.05%
TFA in MeCN, linear gradient over 60 min at 1.0
mL/min (l=210 nm), on a Microsorb C18 column
(Rainin Instrument Co., Inc.). All peptides were at
least 95% pure. Electron spray mass spectra
(ESMS) were done by the University of Michigan
Protein and Carbohydrate Structure Facility on a
Vestec 201 single quadropole mass spectrometer
using AcOH:H2O:MeCN (4:46:50) as a solvent.
ESMS spectra of the free peptides were in agree-
ment with the composition of each peptide.
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Solid-Phase Synthesis Procedures

Peptides 1–23 (Tables 3 and 4) were synthesized
using the Fmoc approach [36,37] or the standard
Merrifield method [38,39]. For peptides 1 and 13
(Table 4) 4-(2%,4%-dimethoxyphenyl-Fmoc-amino-
methyl)-phenoxymethyl-polystyrene resin (Rink
amide resin) [35] and the Fmoc strategy were used
[36,37]. Protection of the side chain functional
groups of the amino acids was as follows: But for
Tyr, Trt for Cys and Pmc for Arg. The deprotections
were carried out with 20% piperidine/DMF [36,37]
and the coupling reactions were mediated primarily
by DCC/HOBt [44] except for the Fmoc-Asn and
Fmoc-Gln which were incorporated as their p-nitro-
phenyl esters [37,45] in DMF. For the synthesis of
protected peptidyl resins, nine cycles of deprotec-
tion and coupling were performed. Cleavage of the
peptides from the resin and removal of their protect-
ing groups was carried out simultaneously by
Reagent K (16.5 mL TFA, 1 g phenol, 1 mL H2O, 1
mL thioanisol and 0.5 mL 1,2-ethanedithiol) [37].

For peptides 2–12 and 14–23 the Merrifield solid-
phase method [38,39] with the modifications previ-
ously described [20,40–42] was used. Chloro-
methylated resin (1% cross-linked S-DVB, 200–400
mesh, 0.7–1.00 mmol/g) was esterified with Boc-Gly
to an incorporation of approximately 0.5 mmol/g by
the caesium salt method [60]. For the synthesis of
protected peptidyl resins, eight cycles of deprotec-
tion, neutralization and coupling were carried out
by the DCC/HOBt [44] or the active ester [46] proce-
dure. Ammonolysis in MeOH [41,47] was used to
split the protected peptides from the resin. For pep-
tides XIX and XX (Table 3) the Asp3 and Glu3

residues were incorporated using Boc-Asp(Fm) and
Boc-Glu(Fm) [61,62], respectively, by the DCC/
HOBt [44] procedure. For the solid-phase synthesis
of peptides XIX and XX, the final two deprotections
were performed with HCl (1 M)/AcOH as described
above, but the subsequent neutralizations were car-
ried out with 10% DIPEA/CH2Cl2 [63]. The am-
monolytical cleavage of peptides XIX and XX was
accompanied with removal of the side chain Fm
protecting groups. The protected precursors ob-
tained by ammonolysis were extracted with hot
DMF and isolated by precipitation with hot water as
previously described [20,28,29,41,42,57]. They
were purified by reprecipitations with DMF/MeOH/
Et2O until adjudged pure by TLC [41] to give the
required protected peptides II–XII, XIV–XXIII (Table
3). Deblocking was carried out with sodium in liquid
ammonia [1,2,48] as previously described

[20,28,29,41,42,57]. The resulting disulfydryl com-
pounds from both the Reagent K treatment and the
Na/liquid NH3 treatment were oxidatively cyclized
with K3[Fe(CN)6] using the normal [49] or a modified
reverse procedure [50]. The free peptides were puri-
fied by a two-step gel filtration procedure [51] on
Sephadex G-15 (eluent 50% AcOH) and LH-20 (elu-
ent 2 M AcOH). For some peptides an additional
purification by gel filtration on Sephadex G-15 and/
or LH-20 was used. The physicochemical data for
the free peptides 1–23 are given in Table 4.

[Thi3]Arginine Vasopressin (1, Table 4)

4 - (2%,4% - Dimethoxyphenyl - Fmoc - aminomethyl)-
phenoxymethyl-polystyrene resin (Rink amide resin)
0.48 g, (0.48 mmol/g) was subjected to nine cycles
of deprotection and coupling with Fmoc-Gly, Fmoc-
Arg(Pmc), Fmoc-Pro, Fmoc-Cys(Trt), Fmoc-Asn-
ONp, Fmoc-Gln-ONp, Fmoc-Thi, Fmoc-Tyr(But) and
Boc-Cys(Trt). The resulting protected peptidyl resin
(0.98 g) was cleaved and simultaneously depro-
tected by treatment with Reagent K [37] as follows.
The peptidyl resin was stirred with 10 mL Reagent K
for 4 h at room temperature, filtered and washed
twice with 5 mL TFA. The combined filtrate and
washings were precipitated with ether, the collected
product was washed with ether and dried in vacuo
over P2O5. The resulting disulfydryl peptide (0.150
g) was reoxidized by the normal procedure [49] as
follows. The residue was dissolved in 600 mL 0.2 M
AcOH and the pH was adjusted to approximately 7
with concentrated ammonium hydroxide. Following
neutralization, an excess of a solution of potassium
ferricyanide (0.01 M, 17.5 mL) was added gradually
with stirring and the yellow solution was stirred for
an additional 20 min. Following oxidation, the free
peptide 1 was 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
3×4, Cl− form, 5 g damp weight), the suspension
was slowly filtered and washed with 0.2 M AcOH
(3×30 mL), the combined filtrate and washings
were lyophilized. The resulting powder was desalted
on a Sephadex G-15 column (110×2.7 cm) eluting
with aqueous acetic acid (50%) with a flow rate of 5
mL/h [51]. The eluate was fractionated and moni-
tored for absorbance at 254 nm. The fractions mak-
ing up the major peak were checked by TLC, pooled
and lyophilized. The residue was further subjected
to two consecutive gel filtrations on Sephadex LH-
20 (100×1.5 cm) eluting with aqueous acetic acid
(2 and 0.2 M), respectively, with a flow rate of 4
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mL/min. The peptide was eluted in a single peak
(absorbance at 254 nm). Lyophilization of the perti-
nent fractions gave the desired vasopressin analog 1
(Table 4). The synthesis, cleavage, reoxidation and
purification of peptide 13 were carried out in essen-
tially the same manner. With minor modifications
the same procedure was utilized for the reoxidation
and purification of the free peptides 3 and 5 (Table 4).

Z-Cys(Bzl)-Tyr(Bzl)-Cha-Gln-Asn-Cys(Bzl)-Pro-Arg-
(Tos)-Gly-NH2 (II, Table 3)

Boc-Gly-resin (0.68 g, 0.35 mmol) was subjected to
eight cycles of deprotection, neutralization and cou-
pling with Boc-Arg(Tos), Boc-Pro, Boc-Cys(Bzl), Boc-
Asn-ONp, Boc-Gln-ONp, Boc-Cha, Boc-Tyr(Bzl) and
Z-Cys(Bzl), respectively. The resulting protected
peptidyl resin was cleaved by ammonolysis as previ-
ously described [20,28,29,41,42,57]. The protected
peptide was extracted with hot DMF (30 mL) and
the product precipitated by addition of hot water
(ca. 300 mL). After cooling, the product was col-
lected, dried in vacuo over P2O5, reprecipitated from
methanol (30 mL) and ether (ca. 200 mL). Collection
and drying in vacuo over P2O5 gave the required
nonapeptide amide (II, Table 3). The same proce-
dure was used for the synthesis and purification of
the protected nonapeptide amides III–XII, XIV–
XXIII (Table 3). The physicochemical properties of
the protected peptides II–XII, XIV–XXIII are given in
Table 3.

[Cha3]Arginine Vasopressin (2, Table 4)

The Na/liquid NH3 procedure was used for the de-
protection of all protected nonapeptide amides II–
XII, XIV–XXIII as described here for peptide II. A
solution of protected nonapeptide amide (II, Table 3)
(120 mg) in sodium-dried ammonia (ca. 400 mL)
was treated at the boiling point with stirring with
sodium from a stick of metal contained in a small-
bore glass tube until a light blue color persisted in
the solution for ca. 30 s [20,28,29,41,42,47]. NH4Cl
was added to discharge the color. Reoxidation of the
deblocked disulfydryl peptide 2 was performed by
the modified reverse procedure [50] as follows. The
resulting disulfydryl peptide residue was dissolved
in 25 mL 50% AcOH and the solution was diluted
with 57 mL H2O. The peptide solution was added
dropwise with stirring over a period of 15–30 min to
an 800 mL aqueous solution which contained 20
mL of a 0.01 M solution of potassium ferricyanide.
Meanwhile, the pH was adjusted to approximately
7.0 with concentrated ammonium hydroxide. Re-

moval of the excess potassium ferricyanide, using
the anion exchange resin Bio-Rad AG 3×4, Cl−

form, desalting and purification procedures by gel
filtration, using Sephadex G-15 and Sephadex LH-
20 were as described above for peptide 1. With
minor modifications the same procedure was used
to oxidize the free peptides 2, 4, 6–12 and 14–23
(Table 4).
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contenant de la sérine, de l’histidine ou du tryptophane
en position 2 ou 3. Helv. Chim. Acta 43, 200–216.

25. C.W. Smith, F.M. Ferger and W.Y. Chan (1975). Synthe-
sis and some pharmacological properties of [3-b-(2-
thienyl)-L-alanine]-8-lysine-vasopressin. J. Med. Chem.
18, 822–825.

26. A. Buku, I.L. Schwartz, D. Gazis, C.L. Ma and P. Eggena
(1985). Synthesis and biological activities of a fluores-
cent photoaffinity analog of vasopressin. Endocrinology

117, 196–200.
27. Z. Prochazka, J.E. Anacanas, J. Slaninova, A. Machova,

T. Barth and M. Lebl (1990). Synthesis and biological
properties of vasopressin analogues containing 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid. Collect.
Czech. Chem. Commun. 55, 1099–1105.

28. M. Manning, L.L. Cheng, S. Stoev, K. Bankowski, J.
Przybylski, W.A. Klis, W.H. Sawyer, N.C. Wo and W.Y.
Chan (1995). An exploration of the effects of L- and
D-tetrahydroisoquinoline-3-carboxylic acid substitu-
tions at positions 2, 3 and 7 in cyclic and linear
antagonists of vasopressin and oxytocin and at position
3 in arginine vasopressin. J. Peptide Sci. 1, 66–79.

29. M. Manning, A. Olma, W.A. Klis, A. Kolodziejczyk, J. Seto
and W.H. Sawyer (1982). Design of more potent antag-
onists of the antidiuretic response to arginine vaso-
pressin. J. Med. Chem. 25, 45–50.

30. M. Manning, L.L. Cheng, S. Stoev, W.A. Klis, E.
Nawrocka, A. Olma, W.H. Sawyer, N.C. Wo and W.Y.
Chan (1997). Position three in vasopressin antagonist
tolerates conformationally restricted and aromatic
amino acid substitutions: a striking contrast with vaso-
pressin agonists. J. Peptide Sci. 3, 31–46.

31. W.H. Sawyer, I. Deyrup-Olsen and A. W. Martin (1984).
Immunological and biological characteristics of the va-
sotocin-like activity in the head ganglia of gastropod
molluscs. Gen. Comp. Endocrinol. 54, 97–108

32. B. Lammek, E. Konieczna, H.I. Trzeciak, A. Kozlowski,
J. Szymkowiak, R. Stojko and G. Kupryszewski (1996).
Surprising pharmacological activity of analogues de-
signed by substitution of position 3 in arginine vaso-
pressin (AVP) and 8-D-arginine vasopressin with
L-2-naphthylalanine. J. Pharm. Pharmacol. 48, 316–
319.

33. B. Lammek, M. Czaja, I. Derdowska, P. Rekowski, H.I.
Trzeciak, P. Sikora, W. Szkrobka, R. Stojko and G.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 141–153 (1999)



POTENT POSITION 3 ANALOGS OF VASOPRESSIN 153

Kupryszewski (1997). Influence of L-naphthylalanine in
position 3 of AVP and its analogues on their pharmaco-
logical properties. J. Peptide Res. 49, 261–268.

34. M. Manning, S. Stoev, L.L. Cheng, A. Olma, W.A. Klis,
W.H. Sawyer, N.C. Wo and W.Y. Chan. An investigation
of position three in arginine vasopressin (AVP), in:
Peptides, J.P. Tam, Ed., Mayflower Scientific Ltd., Eng-
land, 1998 (in press).

35. H. Rink (1987). Solid-phase synthesis of protected pep-
tide fragments using a trialkoxy-diphenyl-methylester
resin. Tetrahedron Lett. 28, 3787–3790.

36. E. Atherton and R.C. Sheppard. ‘Reaction procedures
and operating techniques’ (Chapter 10) and ‘Resin
cleavage and purification’ (Chapter 11), in: Solid Phase

Peptide Synthesis: A Practical Approach, IRL Press,
Oxford, New York, Tokyo, p. 131–161, 1989.

37. G.B. Fields and R.L. Noble (1990). Solid phase peptide
synthesis utilizing 9-fluorenylmethoxycarbonyl amino
acids. Int. J. Peptide Protein Res. 35, 161–214.

38. R.B. Merrifield (1963). Solid phase peptide synthesis. I.
The synthesis of a tetrapeptide. J. Am. Chem. Soc. 85,
2149–2154.

39. R.B. Merrifield (1986). Solid phase peptide synthesis.
Science 232, 341–347.

40. J.M. Stewart and J.D. Young. Solid Phase Peptide

Synthesis, Pierce Chemical Company, Rockford, IL,
1984.

41. M. Manning (1968). Synthesis by the Merrifield method
of a protected nonapeptide amide with the amino acid
sequence of oxytocin. J. Am. Chem. Soc. 90, 1348–1349.

42. M. Manning, E. Coy and W.H. Sawyer (1970). Solid-
phase synthesis of [4-threonine]oxytocin. A more potent
and specific oxytocic agent than oxytocin. Biochemistry

9, 3925–3929.
43. S. Stoev, L.L. Cheng, W.A. Klis, M. Manning, N.C. Wo

and W.Y. Chan. Effectiveness of D-naphthylalanine2

(D-Nal2) substitution in arginine vasopressin (AVP) V2

receptor antagonist design, in: Peptides 1996, R. Ra-
mage and R. Epton, Eds, p. 819–820, 1998.

44. W. Koenig and R. Geiger (1970). New method for the
synthesis of peptides: Activation of the carboxyl group
with dicyclohexylcarbodiimide by using 1-hydroxy-ben-
zotriazole as additive. Chem. Ber. 103, 788–798.

45. A. Bodanszky, M. Bodanszky, N. Chandramouli, J.Z.
Kwei, J. Martinez and J.C. Tolle (1980). Active esters of
9-fluorenylmethyloxycarbonyl amino acids and their
application in the stepwise lengthening of a pepide
chain. J. Org. Chem. 45, 72–76.

46. M. Bodanszky and V. du Vigneaud (1959). A method of
synthesis of long peptide chains using a synthesis of
oxytocin as an example. J. Am. Chem. Soc. 81, 5688–
5691.

47. M. Bodanszky and J.T. Sheehan (1964). Active esters
and resins in peptide synthesis. Chem. Ind., 1423–
1424.

48. V. du Vigneaud, C. Ressler, J.M. Swan, C.W. Roberts
and P.G. Katsoyannis (1954). The synthesis of oxytocin.
J. Am. Chem. Soc. 76, 3115–3121.

49. D.V. Hope, V.V.S. Murti and V. du Vigneaud (1962). A
highly potent analogue of oxytocin, desamino-oxytocin.
J. Biol. Chem. 237, 1563–1566.

50. J. Rivier, R. Kaiser and R. Galyean (1978). Solid phase
synthesis of somatostatin and glucagon-selective
analogs in gram quantities. Biopolymers 17, 1927–
1938.

51. M. Manning, T.C. Wuu and J.W.M. Baxter (1968). The
purification of synthetic oxytocin and analogues by gel
filtration on Sephadex G-15. J. Chromatogr. 38, 396–
398.

52. P. Holton (1948). A modification of the method of Dale
and Laidlaw for standardization of posterior pituitary
extract. Br. J. Pharmacol. 3, 328–334.

53. W.H. Sawyer (1961). Biologic assays for oxytocin and
vasopressin. Methods Med. Res. 9, 210–219.

54. J. Dekanski (1952). The quantitative assay of vaso-
pressin. Br. J. Pharmacol. 7, 567–572.

55. R.A. Munsick (1960). Effect of magnesium ion on the
response of the rat uterus to neurohypophysial hor-
mones and analogues. Endocrinology 66, 451–457.

56. M. Zaoral, J. Kolc and F. S& orm (1967). Synthesis of
1-deamino-8-D-g-aminobutyrinevasopressin, 1-deami-
no-8-D-lysine-vasopressin, and 1-deamino-8-D-argi-
nine-vasopressin. Collect. Czech. Chem. Commun. 32,
1250–1257.

57. M. Manning, L. Balaspiri, M. Acosta and W.H. Sawyer
(1973). Solid phase synthesis of [1-deamino,4-valine]-8-
D-arginine-vasopressin (dVDAVP), a highly potent and
specific antidiuretic agent possessing protracted effects.
J. Med. Chem. 16, 975–978.

58. M. Manning, S. Stoev, N.C. Wo and W.Y. Chan. Discov-
ery of novel selective hypotensive analogues of a vaso-
pressin antagonist, in: Peptides 1996, R. Ramage and
R. Epton, Eds, p. 615–616, 1998.

59. W.Y. Chan, N.C. Wo, S. Stoev, L.L. Cheng and M.
Manning. Discovery of novel selective hypotensive vaso-
pressin peptides: A new vasodilating vasopressin recep-
tor?, in: Vasopressin and Oxytocin: Synopsis of Recent

Advances in Molecular, Cellular and Clinical Research,
H.H. Zingg, D.C. Bichet and C. Bourque, Eds, Plenum
Press, New York, 1998 (in press).

60. F. Gisin (1973). The preparation of Merrifield-resin
through total esterification with cesium salts. Helv.
Chim. Acta 56, 1476–1482.

61. R.G. Almquist, S.R. Kadambi, D.M. Yasuda, F.L. Weitl,
W.E. Polgar and L.R. Toll (1989). Paralytic activity of
(des-Glu1)conotoxin GI analogs in the mouse di-
aphragm. Int. J. Peptide Protein Res. 34, 455–462.

62. F. A1-Obeidi, D.G. Sanderson and V.J. Hruby (1990).
Synthesis of b- and g-fluorenylmethyl esters of respec-
tively Na-Boc-L-aspartic acid and Na-Boc-glutamic acid.
Int. J. Peptide Protein Res. 35, 215–218.

63. M. Felix, C.-T. Wang, E.P. Heimer and A. Fournier
(1988). Application of BOP reagent in solid phase syn-
thesis. II. Solid phase side-chain to side-chain cycliza-
tions using BOP reagent. Int. J. Peptide Protein Res. 31,
231–238.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 141–153 (1999)

.


