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Abstract: Two cyclic disulfides of structure Cys-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹º

ys-NH2 (1) and
Cys-Tyr(Me)-Arg-Arg-Tyr(Me)-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-NH2 (2), two nonapeptide derivatives of 1 extended at the C-terminal with
Pro-Arg-Gly-NH2 (3) or Pro-D-Arg-Gly-NH2 (4) and derivatives of 3 and 4 having Mpr in position 1, i.e.
analogs (5) and (6), respectively, were synthesized, and their stereochemistry and biological activity were
studied. All the peptides displayed low dose-dependent uterotonic activity in vitro and antidiuretic activity
in vivo. None of the peptides increased the blood pressure of the experimental animals. Compounds 2, 4 and
6 showed a low inhibitory effect on AVP pressor activity; compound 6, in addition, displays a significant and
long-lasting vasodepressor effect. NMR measurements indicated the existence of hydrogen bond between
the amino acid residues in positions 2,5 and 3,4 of peptides 1 and 2, and side-chain interactions between
amino acid residues in positions 2,3 and 4,5 of peptide 1. No such side-chain interactions were detected in
peptide 2. Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

DDAVP, [Mpr1, D-Arg8] VP, is a drug [1–4] which
under various commercial names (e.g. Minirin, Min-
rin, Desmopressin, Adiuretin-SD) is widely used for
the treatment of diabetes insipidus [2–8], enuresis
nocturna [6,9–11], milder forms of haemophilia A
and von Willebrand’s disease [12–16], in surgery
[17–19], clinical diagnostics [6,20–22], etc. The
working hypothesis that led to its discovery was
based primarily on a comparison of the chemical
structure and biological activities of the naturally
occurring vasopressins and oxytocins. This ap-
proach led to the choice of position 8 for structural
changes. The type of structural change was de-
duced from considerations concerning the mecha-
nism of vasopressin action. It was evident that it is
a receptor mechanism, though at the onset of
our work, details of it were not known. However,
the complementarity of stereospecific hormone–
receptor interactions represents an inevitable

Abbreviations: The abbreviations and symbols are according to the
IUPAC-IUB-JBNC: see Eur. J. Biochem. 1984; 138: 9–37. Unless
stated otherwise the chiral amino acids are of L-configuration.
Superscript numbers on residue abbreviations, e.g. Arg8, refer to
positions in vasopressin; designations such as Arg-3 refer to posi-
tions in the analogs under study. The abbreviations Mpr for b-
mercaptopropionic acid and DDAVP for [1-b-mercaptopropionic
acid, 8-D-arginine] vasopressin were used throughout our preced-
ing work and are also used in the present communication. Further
abbreviations; Ar, aryl; AVP, arginine vasopressin; 2D-COSY, two-
dimensional correlation spectroscopy; DMSO, dimethylsulfoxide;
HPLC, high-performance liquid chromatography; LVP, lysine
vasopressin; Me, methyl; NMR, nuclear magnetic resonance;
NOE, nuclear Overhauser effect; OT, oxytocin; 2D-ROESY, two-
dimensional rotating frame NOE spectroscopy; TFA, trifluoroacetic
acid; 2D-TOCSY, two-dimensional total correlation spectroscopy.
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component of the receptor mechanism. Conse-
quently, as a tool for changing the ratio of the
different hormonal activities of vasopressins, result-
ing from different hormone–receptor interactions, a
change of configuration in position 8 was employed.
The third part of the working hypothesis anticipated
mutual interactions of the functional groups impor-
tant for the biological activity [2,23–25] which—
eventually—can create a ‘functional centrum of
higher order’ (or active core or center or active con-
formation in contemporary terms).

1 Cys-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-NH2

2 Cys-Tyr(Me)-Arg-Arg-Tyr(Me)-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-NH2

3 Cys-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-Pro-Arg-Gly-NH2

4 Cys-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-Pro-D-Arg-Gly-NH2

5 Mpr-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-Pro-Arg-Gly-NH2

6 Mpr-Tyr-Arg-Arg-Tyr-C
¸¹¹¹¹¹¹¹¹¹¹¹¹¹º

ys-Pro-D-Arg-Gly-NH2

The first two parts of the working hypothesis
proved to be fruitful. Using them as a guide-line, we
soon obtained the desired compound (DDAVP), pos-
sessing a very high and very specific antidiuretic
activity, and later a number of similar substances
[2]. The third part of the working hypothesis is
treated in this study. We have arranged experi-
ments to prove the consideration that the three
parts of the vasopressin molecule, Cys1, Tyr2 and
Arg8 participate in the formation of the active struc-
ture. On the basis of this idea we have designed and
prepared six model peptides 1–6 and studied their
biological properties and stereochemistry.

EXPERIMENTAL

Peptides 1–6 were synthesized by the solid-phase
method using an Aladin multiple peptide synthe-
sizer (IOCB, Academy of Sciences of the Czech Re-

public, Prague) and Fmoc/But-strategy. Each
peptide was prepared on 300 mg, (0.14 mmol) of
Rink Amide Resin (Novabiochem, Switzerland), the
side chain functional groups of Cys, Tyr and Arg
being shielded by Tos-, But- and Pmc-protecting
groups, respectively. The peptides were cleaved
from the support with a mixture of trifluoroacetic
acid (TFA)–water–ethanedithiol–triisopropylsilane
(92.5: 2.5: 2.5: 2.5) for 4 h. The disulfide bridge was
formed by oxidation with potassium ferricyanide in
water (peptide concentration 1 mg/ml, pH 7). The
products of the oxidation were desalted on Amber-
lite CG-50, purified by gradient reverse-phase high-
performance liquid chromatography (RP-HPLC)
(water–acetonitrile) and characterized by amino-
acid analysis and FAB mass spectrometry (Table 1).
The purity of peptides prepared was higher than
99%.

Biology

The peptides were tested for antidiuretic potency in
conscious male rats in a slightly modified Burn
[26,27] antidiuretic assay, for pressor potency in
the pressor test according to Dekanski [28] and for
uterotonic activity in the in vitro uterotonic test
according to Holton [29], in Munsick [30] solution,
both in the absence and presence of magnesium.

NMR Study

Peptides 1 and 2 were studied by NMR. Proton NMR
spectra were recorded on a Varian UNITY-500 spec-
trometer at 500 MHz frequency in d6-DMSO solu-
tion and referenced to the residual signal of the
solvent (d(DMSO)=2.50). The spectra were mea-
sured at 20, 40 and 60°C. Two-dimensional cor-
relation spectroscopy (2D-COSY) [31] and two-
dimensional total correlation spectroscopy (2D-
TOCSY) spectra [32,33] (spin lock time 70 ms) were
used for the structural assignment of protons of
individual residues and two-dimensional rotating

Table 1 Some Characteristics of the Prepared Peptides

Peptide Yield (mg) Amino-acid analysis FAB MS

1 861.1 (M+H), 883.2 (M+Na)Cys 1.81, Tyr 2.01, Arg 2.1832 (27%)
888.1 (M+H), 910.3 (M+Na)28 (23%) Cys 1.81, Tyr 2.01, Arg 2.182

Cys 1.79, Tyr 1.94, Arg 3.13, Pro 1.06, Gly 1.08 1171.5 (M+H), 1193.5 (M+Na)52 (32%)3
1171.4 (M+H, 1193.4 (M+Na)Cys 1.83, Tyr 1.91, Arg 3.09, Pro 1.09, Gly 1.084 49 (30%)

63 (39%)5 1156.5 (M+H), 1178.5 (M+Na)Cys 0.85, Tyr 1.84, Arg 3.07, Pro 1.10, Gly 1.14
1156.4 (M+H), 1178.4 (M+Na)Cys 0.90, Tyr 1.89, Arg 3.11, Pro 1.07, Gly 1.0342 (26%)6
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frame NOE spectroscopy (2D-ROESY) spectra
[34,35] (mixing time 300 ms) for sequential analysis
and medium range NOE contacts.

RESULTS AND DISCUSSION

The aim of the present work was to verify the third
part of the working hypothesis which we had em-
ployed for the preparation of vasopressin analogs
with very high and highly specific antidiuretic activ-
ity, i.e. the idea of the formation of an active confor-
mational center comprising Cys1, Tyr2 and Arg8. To
check this idea we have prepared the afore-
mentioned peptides 1–6 and studied their rele-
vant properties, i.e. biological activity and
stereochemistry.

Peptides 1 and 3–6 have a common essential
primary structure. It contains the N-terminal vaso-
pressin dipeptide sequence Cys-Tyr (or Mpr-Tyr)
extended by Arg, which is in vasopressin itself at
position 8. The 20-membered ring of vasopressin is
mimicked by doubling the aforementioned tripep-
tide Cys-Tyr-Arg (or Mpr-Tyr-Arg) segment (how-
ever, the second part of the peptide represents a
retrosequence), and closing the disulfide bridge be-
tween peptide positions 1 and 6 (analog 1). Already
this analog displayed low but distinct biological ac-
tivity (Table 2).

The main structural changes employed in our
previous study [2] on vasopressin analogs with

high and specific antidiuretic activity were D-
substitution at position 8 and deamination at posi-
tion 1. These changes are included in peptides 4–6
in the present study. Should there be a causal
relation between the two groups of compounds,
then it should be reflected by similarity of the ef-
fects elicited. To make the 8-D-substitution possi-
ble, the vasopressin tripeptide side chain was
attached to the cyclohexapeptide 1. This modifica-
tion of 1 strongly reduced its biological activities
(see Table 2, peptide 3), but the change of configu-
ration at position 8 recovered them (peptide 4). The
influence of 1-deamination was similar to that usu-
ally observed in the vasopressin and oxytocin series
and in our previous studies: potentiation of the
biological effects. The uterotonic and antidiuretic
activities of peptide 3 were increased, the uterotonic
one strongly, the antidiuretic slightly (peptide 5).
The cumulative effect of 8-D-substitution and 1-
deamination was also similar in both groups of
compounds. In our previous study, it yielded one of
the most active compounds antidiuretically,
DDAVP; in the present study it led to most active
compound as well (peptide 6).

Compound 6 is the most active peptide of the six
model compounds synthesized in the present study,
but the most interesting quality is its significant
and long lasting vasodepressor effect. Vasopressin
and vasopressin analogs showing a depressor effect
under special conditions, e.g. when applied directly
into different structures of the brain, are well

Table 2 Biological Activities of the Model Peptides

ActivityAnalog

PressorAntidiuretic Uterus in vitro (IU/mg)
% activity of

1 mM Mg2+DDAVPa Without Mg2+

1 0.0025 0 0.02 0.02
0.01 n.t.2 n.t.b pA2=5.6

3 0 0.01 00.0004
4 pA2=6.2 0.11 0.040.0020

0.050.1100.00085
Depressoricc6 0.30 0.240.0020
pA2=6.0

a The dose response curves were parallel to that of DDAVP. Doses which produced 200 min
long half-life of antidiuresis were compared; in comparison to AVP this corresponds to 0.5–3
IU/mg.
b n.t., means not tested.
c In the range of doses 1×10−2 to 4×10−2 per rat, the analog dose dependently decreases
blood pressure; the decrease is long lasting. At the same time it inhibits the response to
standard doses of AVP.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 123–129 (2000)
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known [36]. In contrast, a depressor effect observed
under the conditions of standard pressor assay, is
not a common phenomenon. Among the com-
pounds related to those under the present discus-
sion, [Gly-Cys1, Tyr(Me)2] LVP shows [37] such a
short lasting effect. Moreover, it was a potent in-
hibitor of the pressor effect of vasopressin. The
dimer of DDAVP [38], when applied at doses of
0.05–0.1 mg/kg of body weight of the experimental
animal (rat), displayed a marked hypotensive effect.
Peptide 6, described in this paper, has most proba-
bly the highest depressor activity of the compounds
mentioned. Like [Gly-Cys1, Tyr(Me)2] LVP, com-
pound 6 inhibits the pressor effect of vasopressin.
Quite recently, Chan et al. [39] described another
compound displaying this quality, [Pmp1, D-
Tyr(Et)2, Arg3, Val4]AVP, which has a basic amino
acid in position 3 like our compound.

NMR Study of Peptides 1 and 2

The 1D and 2D-NMR measurements on peptides 1
and 2 were carried out at 20, 40 and 60°C. The
change of temperature influences the distribution of
signals, their prospective overlapping and thus aids
collection of NMR data. The common algorithm [40]
based on the combination of 1D, 2D-COSY, 2D-
TOCSY and 2D-ROESY spectra was employed for
the identification of the individual residues and
their sequential assignment. The sequential analy-
sis was based on the NOE cross-peaks between the
aH and NH proton of neighboring residues (d(aNHi,
Hi+1)). The chemical shifts (at 20°C) and coupling
constants are summarized in Table 3. The NMR
spectra of peptides 1 and 2 show similar chemical
shifts and coupling constants. Peptide 2 gives in
general broader signals at room temperature (20°C).
The line-widths of some signals, second order ef-
fects, and/or signal overlap prevented determination
of some coupling constants.

The basic question is then the existence of a
preferred conformation in solution. Small peptides
are in general flexible molecules which can adopt
many rapidly interconverting conformations in so-
lution. Cyclization dramatically reduces the accessi-
ble conformational space. Cyclic peptides con-
taining up to six or seven amino acids prefer only a
limited number of backbone conformations (often
only one), which are accompanied by more or less
preferred side-chain conformations as well. The fol-
lowing NMR criteria can be used to indicate the
extent of ‘structuring’ of the peptide in solution: (a)
chemical shifts and coupling constants different

from random coil values; (b) different NMR parame-
ters of the same residue in different positions of
peptide; (c) different temperature coefficients DdNH/
DT for individual residues.

The chemical shifts of the a-hydrogens were sig-
nificantly different from random coil values (see
Table 4) except for Tyr-2. In proteins, a sequence of
such negative differences indicates a helical seg-
ment and positive differences indicate b-structure
(chemical shift index [41]). Of the observed back-
bone coupling constants J(NH,aH) only values for
Arg-4 (ca. 5 Hz) are in both peptides markedly lower
than random-coil values (7–8 Hz).

The temperature coefficients of chemical shift de-
pendence of amide hydrogens are given in Table 3.
They demonstrate the markedly different behavior
of the NH protons of Tyr-2 [or Tyr(Me)-2] and Arg-3,
whose signals are nearly temperature independent
(DdNH/DT= −0.2 and −0.5 ppb in 1 and −1.5
and −0.5 ppb in 2), while the NH protons of Arg-4,
Tyr-5 and Cys-6 show marked upfield shifts (DdNH/
DT= −3 to 6 ppb in 1 and −2.8 to −7.8 ppb in 2)
with increasing temperature. Such observations in-
dicate protection of Tyr-2 and Arg-3 amide hydro-
gens from solvent either by steric hindrance or
participation in hydrogen bonds [42]. A conforma-
tion containing hydrogen bonds indicated is shown
schematically in Figure 1.

The NOE contacts were derived from 2D-ROESY
spectra measured at 40 and 60°C for peptide 1 and
at 60°C for peptide 2. Most of the observed cross-
peaks represent intraresidual contacts. The remain-
ing contacts are between hydrogens of neighboring
(sequential) residues. From the view of possible at-
tractive Tyr-Arg interactions, the most important
are contacts between ortho-aromatic hydrogens of
Tyr and bH and gH of Arg and between meta-
aromatic hydrogens of Tyr and dH of Arg in both
neighboring pairs (Tyr-2, Arg-3 and Tyr-5, Arg-6) of
peptide 1. Analogous contacts between Tyr(Me) and
Arg in peptide 2 have not been proven. This may
indicate the higher conformational flexibility of pep-
tide 2. No other contacts between side-chain hydro-
gens were detected in either peptide.

CONCLUSIONS

Six model peptides were prepared on the basis of
the idea that the vasopressin molecule contains an
active center comprising Cys1, Tyr2 and Arg8. Five of
the peptides prepared showed distinct and dose-
dependent antidiuretic and uterotonic activity but

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 123–129 (2000)
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Table 3 Proton NMR Parameters of Peptides 1 and 2 in d6-DMSO

Residue NH DdNH/DT Jbb Other HJNHa aH Jab bH
(ppb)

Peptide 1
Cys-1 a — a —4.06 3.3b 3.78 13.5

9.6b 2.87

Tyr-2 8.59 −0.2 �7.5 4.40 5.0 2.97 14.0 C6H4: 7.03 (m-); 6.69 (o-);
OH: 9.339.4 2.74

Arg-3 8.04 −0.5 �7c �4.11 9.0c 1.69 a gH: 1.47; dH: 3.08; oNH2: 7.73
5.4c 1.57

Arg-4 8.35 −5.8 5.2b 3.82 �6.8b 1.56 a gH: 1.42 and 1.32; dH: 3.03;
�6.7b oNH2: 7.67

Tyr-5 8.32 −6.0 7.4c �4.11 4.5 3.12 13.8 C6H4: 6.98 (m-); 6.67 (o-);
OH: 9.2210.6 2.90

Cys-6 8.26 −3.0 7.4 CONH2: 7.26 and 6.94�4.11 3.8b 3.31 13.8b

9.4b 3.25

Peptide 2
Cys-1 —a — a 4.00 3.4b 3.74 13.7c

9.5b 2.87

Tyr(Me)-2 8.67 −1.5 a 4.42 5.3c 3.08c 14.2c C6H4: 7.14 (m-); 6.84 (o-);
OMe: 3.729.0c 2.84c

Arg-3 8.04 −0.5 gH: 1.51; dH: 3.12; oNH2: 7.836.8c �4.13 9.0c 1.72 a

5.4c 1.61

Arg-4 8.29 −4.2 5.6c 3.85 �6.9c 1.61 a gH: 1.44 and 1.36; dH: 3.04;
oNH2: 7.74�6.5c

Tyr(Me)-5 8.41 −7.8 7.5c �4.17 4.2c 3.13 14.0c C6H4: 7.10 (m-); 6.82 (o-);
OMe: 3.689.1c 2.93

Cys-6 8.28 −2.8 7.6b �4.14 4.2c 3.28 CONH2: 7.26 and 6.9813.8c

9.1c 3.20

a The value of this parameter could not be determined.
b J-value obtained at 40°C.
c J-value obtained at 60°C.

no pressor agonistic activity. In contrast, peptides
2, 4 and 6 inhibited the pressor effect of AVP.
Moreover, peptide 6 displayed a significant and long
lasting depressor effect. Structural changes which
were used by us in the development of DDAVP, i.e.

1-deamination and 8-D-substitution, caused analo-
gous shifts of biological activities when incorporated
into the model peptides 4–6, just as they had pro-
duced in the vasopressin series. In analogy with the
vasopressin series, methylation of hydroxyl group of

Table 4 Differences Between Observed and ‘Random-Coil’ Chemical Shifts of
a-Hydrogens in Peptides 1 and 2

Arg-3 Arg-4 Cys-6Tyr-5Peptide Cys-1 Tyr-2

−0.27 −0.56 −0.53−0.351 −0.58 −0.06
−0.04 −0.25 −0.53 −0.292 −0.50−0.64

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 123–129 (2000)
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Figure 1 Conformation of peptides 1 and 2 containing
hydrogen bonds: 1, R�H; 2, R�CH3.
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9. Birkášová M, Birkáš O, Flynn MJ, Cort JH. Desmo-
pressin in the management of nocturnal enurensis in
children: a double-blind study. Pediatrics 1978; 62:
970–974.
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40. Wüthrich K. Sequence-specific resonance assignment
in proteins, in NMR of Proteins and Nucleic Acids. John
Wiley & Sons: New York, 1986; chapt. 8, pp. 130–161.

41. Wishart DS, Sykes BD, Richards FM. The chemical
shift index: A fast and simple method for the assign-
ment of protein secondary structure through NMR
spectroscopy. Biochemistry 1992; 31: 1647–1651.

42. Ohnishi M, Urry DW. Temperature dependence of
amide proton chemical shifts: the secondary structure
of gramicidin S and valinomycin. Biochem. Biophys.
Res. Commun. 1969; 36: 194–202.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 123–129 (2000)


