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Received 13 December 2001; accepted 17 February 2002

Abstract

The TRH analogue 3, incorporating the (S)-isothiazolidine-1,1-dioxide-3-carboxylic acid (1) moiety in place of the native
L-pyroglutamic acid (pGlu) residue, has been synthesized and fully characterized by 1H and 13C NMR. The effects of replacing
pGlu with its sulphonamido counterpart on biological activity have been investigated. This peptide, which is significantly
stabilized towards hydrolysis by pyroglutamyl peptidase type I (PP I, EC 3.4.19.3), has shown to maintain in vitro prolactin-re-
leasing activity. © 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Pyroglutamic acid; Pyroglutamyl peptidases; Sulphonamidopeptides; Synaptosomes; Thyrotropin-releasing hormone

www.elsevier.com/locate/farmac

1. Introduction

Distinctive biological activities of many peptides,
such as their ability to recognize and bind to receptors
and their relative stability towards inactivation by pep-
tidases, are governed by specific structural modifica-
tions at the amino- and carboxy-terminal positions. The
pyroglutamic acid (pGlu) residue is a frequent struc-
tural determinant in hormones and neuropeptides,
where it is postulated to originate at the N-terminus
from the post-translational cyclization of amino termi-
nal glutamyl or glutaminyl residues; relevant physiolo-
gical functions for this amino acid are suggested by the
existence of enzymatic systems involved in its formation
[1–4]. The pyroglutamate residue is hydrolytically re-
moved from pyroglutamyl peptides and proteins by a

unique class of enzymes, the pyroglutamyl peptidases
(PPs) [5]; interestingly, two out of the three distinct PP
forms identified to date in mammalian tissues show a
substrate specificity restricted to the endocrine and
CNS-active thyrotropin-releasing hormone (TRH: L-
pyroglutamyl-L–histidyl–L-prolinamide, Fig. 1), and to
TRH-like peptides.

Much interest is focused on these peptidases, since
they are thought to play a role in regulating TRH
availability to its receptors, as well as the extent and
duration of its neuroendocrine activities. So far, a
number of pyroglutamyl-modified TRH analogues have
been synthesized in order to overcome susceptibility to
PP degradation and consequently to prolong intrinsic
activity [6–10]. It is worth noting that several of these

Fig. 1. TRH.
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tert-butyloxycarbonyl; DCC, dicyclohexylcarbodiimide; DMF, N,N �-
dimethylformamide; DMSO-d6, hexadeuterated dimethyl sulfoxide;
EDTA, ethylenediamine tetraacetic acid; MeOH, methanol; TEA,
triethylamine; Z, benzyloxycarbonyl.
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analogues were shown to possess enhanced CNS effects
as a consequence of increased bioavailability [8,11].

In the course of our studies on the modification of
bioactive peptides [12–15], we became interested in
sulphonamidopeptides [16–18]. These pseudopeptides,
characterized by an SO2NH versus CONH replacement,
contain a peptide bond surrogate which appears very
attractive for more than one reason: stability toward
enzymatic hydrolysis, H-bonding capacity, high polar
character, and tetrahedral structure suitable to design
transition state analogue protease inhibitors. In a pre-
liminary communication, we reported the synthesis and
some chemical properties of (S)-isothiazolidine-1,1-
dioxide-3-carboxylic acid (1), the sulphonamido ana-
logue of pyroglutamic acid [19].

As an extension of our research in this field and
taking into account the biological significance of the
TRH/PP system, we were prompted to design a pyro-
glutamyl-modified TRH analogue containing the new
�-sultam 1, with a view to achieving stabilization of the
PP sensitive pGlu�His peptide bond as well as possible
dissociation of the CNS from the hormonal activities.
Here we report data on the synthesis, characterization
and biological activity of the novel TRH analogue 3.

2. Chemistry

In the synthesis of the TRH analogue 3, still main-
taining the central histidine residue of the parent pep-
tide, we coped with some problems connected with the
reactivities of both the �-sultam and the imidazole
rings. The TRH analogue 3 was synthesized using
solution procedures by stepwise elongation of the pep-
tide chain in the C-to-N direction as outlined in Scheme
1. Dipeptide amide H�His�Pro�NH2 [20] was prepared
by conventional DCC condensation of Boc�His�OH
with H�Pro�NH2 and subsequent acidolytic removal of
the Boc protecting group. The modified amino acid
(S)-isothiazolidine-1,1-dioxide-3-carboxylic acid (1) was
synthesized according to the methods reported in our
previous paper [19] and opportunely converted into its

Scheme 1. Synthesis of TRH analogue 3. Reagents and conditions: (a)
H�His�Pro�NH2, isobutyl chloroformate, TEA, DMF, −10 °C, 20
min; 0 °C, 3 h; then r.t., 20 h; (b) H2, Pd�C 10%, MeOH, r.t., 2 h.

N-benzyloxycarbonyl derivative for the subsequent
coupling step. Direct condensation of N-unprotected 1
with H�His�Pro�NH2 was found in fact to be unconve-
nient, owing to its low solubility in the solvents usually
employed in coupling reactions, and in accordance with
the well-known tendency of the SO2NH group to un-
dergo intra- and inter-molecular acylation reactions
[21]. Coupling of (S)-2-benzyloxycarbonyl-isothiazo-
lidine-1,1-dioxide-3-carboxylic acid with H�His�Pro�
NH2 was found to be difficult, due to the reactivity of
the imidazo basic group. A variety of conditions were
tried in order to overcome the problem and finally the
precursor tripeptide was obtained in acceptable yields
by using mixed anhydride activation. The resulting
(S,S,S)-N-(2-benzyloxycarbonyl-isothiazolidine-1,1-di-
oxide-3-carbonyl)-histidyl-prolinamide (2) was then
converted by catalytic hydrogenolysis with 10% Pd�C
into the desired TRH analogue 3 without any side
reactions and in good yields (Scheme 1). It should be
noted here that, in accordance with the known low
stability of sultams of type 1 under acidolytic condi-
tions [22], a complex reaction mixture was obtained
when HBr in acetic acid was used for the N-deprotec-
tion of 2. The final peptide was purified by gel-perme-
ation chromatography and fully characterized by NMR
spectroscopy.

A correlation of the 1H and 13C NMR chemical shifts
of the new sulphonamido analogue 3 with those of
native TRH in DMSO-d6 solution [23,24] is reported in
Table 1. An analysis of spectral data indicates that 3
presents great conformational similarities to TRH. In
particular, a trans/cis isomerism about the His�Pro
peptide bond is observed for 3. Measurement of the cis
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content, made from relative peak intensities of C� and
C� atoms in DMSO-d6 solution at room temperature
[25], reveals a cis-configurated population of about
10–15%, comparable to that of TRH in the same
solvent. The Pro C� and C� atoms of 3 show prevailing
resonances (� 29.97 and 25.02 ppm, respectively) typical
of trans Xaa�Pro bonds, which are accompanied by
resonances at 31.83 and 22.89 � ppm, typical of cis
bonds [26]. Furthermore, as in the case of TRH, several
resonances accompanied by satellite peaks, reflecting
the cis content of the prolyl residue, are present in the
1H NMR spectrum of compound 3 [23,25,27].

A characteristic spectral feature of 3 is connected
with the preferred conformation of the histidyl residue.
The observed N�H–C�H coupling constant for his-
tidine in DMSO-d6 solution (7.5 Hz) is within the
7.2–8.0 Hz range which is reported for the same cou-
pling in TRH [25,28] and in accordance with a prefe-
rentially extended backbone conformation. Further-
more, the values of His C�H–C�H vicinal coupling
constants (6.6 Hz) as well as the anisotropic effect
observed on proline C�H2 and CONH2 atoms (see

Table 1) suggest for analogue 3 a preferentially stag-
gered conformation of the histidine side chain with its
imidazole ring folded on the proline moiety [25].

A further significant spectral feature of the isothiazo-
lidine ring is represented by the 1H and 13C resonances
at the C� position. In agreement with the presence of
the SO2 group, both the 1H and 13C NMR signals
appear downfield shifted (� 3.12, 3.22 and 46.09, res-
pectively) [18,21,29] as compared with the correspon-
ding pGlu resonances in TRH (� 2.46 and 26.57,
respectively; see Table 1).

3. Results and discussion

Our first interest was the investigation of the effects
of the pGlu replacement with its sulphonamido coun-
terpart on enzymatic stability towards PP I (EC
3.4.19.3). Metabolic stability was monitored by diffe-
rential MALDI–TOF MS analysis [30] of TRH ana-
logue 3 and TRH following PP I treatment [31]. While
TRH was easily hydrolysed as expected and as

Table 1
NMR data a for TRH and TRH analogue 3

Residue TRH 3

�H (ppm) �C (ppm)�C (ppm) [24]�H (ppm) [23]

pGlu or (S)-isothiazolidine-1,1-dioxide-3-carboxylic acid
55.243.96C� 56.834.44

2.23 30.65 1.98 27.07C�

2.46 2.12
46.093.1226.572.46C�

3.22
170.49 b173.56CO (peptide)

181.03CO
8.19 7.34NH

C� 4.98 53.67 4.61 51.55His
C� 3.23 32.63 2.86 30.03

2.91
136.507.88 8.08Im C2 135.60

Im C4 7.30 n.o. 7.62 117.49
Im C5 n.o. 133.32

n.o. 11.90Im NH
CO 171.46 170.01 b

NH 8.58 7.92

C� 4.59Pro 61.59 4.16 60.73
C� 2.23 30.83 2.15 29.97

2.46 n.o. 2.56 31.83
2.23C� 22.891.6523.45

25.85 2.02 25.02
C� 3.61 47.69 3.36 47.42

48.293.89 n.o.3.54
CO 174.51175.54
NH2 7.30 6.94

8.51 7.00

a In DMSO at 23 °C.
b Assignments may be interchanged.
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evidenced by the disappearance after 1 h of its molecu-
lar ion (m/z 363), the analogue 3 was found stable to
enzymatic hydrolysis, the molecular ion (m/z 399) re-
maining present and unchanged during the same experi-
ment. This result shows that peptide 3 is significantly
stabilized towards hydrolysis by PP I as compared to
TRH and may represent a degradation-resistant TRH
analogue with prolonged in vivo activity.

In the present pharmacological studies a comparative
evaluation of the hormonal effects of TRH and its
sulphonamido analogue 3 has been initially considered.
TRH is known to induce the secretion of the pituitary
lactogenic hormone prolactin (PRL), through hypophy-
seal lactotropic cell TRH receptor activation. We report
here the effects of 3 and TRH on PRL secretion in vitro
by using anterior pituitary cell cultures from adult male
Wistar rats. It is found that the TRH analogue 3 is able
to stimulate PRL secretion in a dose-dependent man-
ner, although with lower potency than TRH (Fig. 2). In
particular, the doubling of the control values is ob-
tained with 87.0 nM TRH analogue 3 and 1.2 nM
TRH, respectively. Thus, upon modification of the
pyroglutamyl moiety, the PRL-releasing activity is re-
tained, albeit to a lesser extent, suggesting that the
endocrine TRH receptor binding properties in com-
pound 3 are maintained.

There is a growing evidence that CNS-activating
pharmacological effects of TRH are mediated through
various neurotransmitters, most prominently cate-
cholamines and acetylcholine [11,32–35]. In a prelimi-
nary study we found that TRH is able to inhibit
hypothalamic dopamine release from male rat neuronal
endings (synaptosomes) in vitro [36]. This suggests a
possible TRH involvement either in central mechanisms
controlling the anorectic behaviour or in the modula-
tion of PRL release via an indirect pathway; the hypo-
thalamic dopamine is in fact the main putative PRL
inhibiting factor (PIF). It seemed then interesting to

evaluate here the activity of compound 3 on dopamine
release in comparison with TRH, by using rat hypotha-
lamic synaptosomal fractions. It was found that in
contrast with native TRH, which is able to inhibit
depolarization-induced dopamine release, the TRH
analogue 3 has lost this activity (Fig. 3).

4. Experimental

4.1. Peptide synthesis

Column chromatography was carried out on silica
gel 60 (230–400 mesh, Merck). TLC was performed on
precoated silica gel 60 F254 Merck plates, developed
with the following solvent systems: (A) CHCl3–MeOH
(85:15); (B) CHCl3–MeOH (3:1). Optical rotations
were taken at 20 °C with a Schmidt-Haensch Polar-
tronic D polarimeter. 1H and 13C NMR spectra of the
new compounds were determined in DMSO-d6 solution
on a Varian VXR 300 MHz instrument (� expressed in
ppm). Elemental analyses for the new compounds are
within the �0.4% of the theoretical values. Compound
1 and its N-benzyloxycarbonyl derivative were synthe-
sized as described in Ref. [19].

4.1.1. (S,S,S)-N-(2-Benzyloxycarbonyl-isothiazolidine-
1,1-dioxide-3-carbonyl)-histidyl-prolinamide (2)

To a solution of (S)-2-benzyloxycarbonyl-isothiazo-
lidine-1,1-dioxide-3-carboxylic acid (2.8 g, 9.4 mmol) in
DMF (40 ml) TEA (1.0 g, 10.3 mmol) and isobutyl
chloroformate (1.4 g, 10.3 mmol) were added dropwise
alternately at −10 °C. After 20 min stirring, a solution
of 2HCl·H�His�Pro�NH2 [20] (4.6 g, 14.2 mmol) in
DMF (40 ml) and TEA (4.3 g, 42.6 mmol) were added,
and the mixture stirred at 0 °C for 3 h and at room
temperature (r.t.) for 20 h. The reaction mixture was

Fig. 2. Effect of TRH (a) and TRH analogue 3 (b) (1 nM–1 �M) on PRL release from anterior pituitary cell cultures. Trypsin dispersed cells were
plated into 24-well dishes (300,000 cells/well). After 2–3 days in culture, the cells were washed twice with 1 ml DMEM and release experiments
were performed by 1 h incubations with graded concentrations of TRH or TRH analogue 3 in DMEM. Each column represents the mean�SEM
of 12–15 wells; ANOVA P�0.0001, *P�0.001 vs. control.
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Fig. 3. Areas under the time–response curves (AUCs) relative to the effects of TRH (a) and TRH analogue 3 (b) (10 nM–1 �M) on
depolarization-induced dopamine release. After a 30 min equilibration perfusion with buffer alone, a 23 min perfusion with graded concentrations
of the peptides was started, where in the final 3 min, K+ concentrations in the perfusion buffer were elevated to 15 mM (after removal of
equimolar concentrations of Na+). Then, the Krebs–Ringer buffer perfusion was restarted for 9 min to record a return to basal. Controls
followed the same protocol, but without peptides in perfusion buffer. Each column represents the mean�SEM of 3–5 experiments performed in
triplicate; ANOVA, P�0.0001; *P�0.001 vs. controls.

filtered, the solvent removed in vacuo and the residue
chromatographed on silica gel using CHCl3–MeOH
(85:15) as eluant, to give N-protected tripeptide 2 as an
oil in 50% yield. Anal. (C23H28N6O7S) C, H, N, S; Rf
(A) 0.3, Rf (B) 0.4; [� ]D= −55° (c=1, MeOH). 1H
NMR: � 1.7–1.9 (m, 3H, Pro �-CH2 and �-CHB), 2.0
(m, 1H, Pro �-CHA), 2.25 (m, 1H, SO2�CH2�CHB),
2.55 (m, 1H, SO2�CH2�CHA), 2.7–2.9 (m, 2H, His
�-CH2), 3.1 (m, 1H, Pro �-CHB), 3.25–3.65 (m, 3H,
SO2�CH2 and Pro �-CHA), 4.2 (m, 1H, Pro �-CH), 4.55
(m, 1H, His �-CH), 4.7 (m, 1H, SO2�N(Z)�CH), 5.2
(m, 2H, CH2O), 6.8 (s, 1H, Im C4), 7.0 (s, 1H, NH),
7.3–7.4 (m, 5H, aromatics), 7.55 (s, 1H, Im C2), 8.15 (s,
1H, NH), 8.6 (d, J=6.46 Hz, 1H, His NH), 11.8 (s,
1H, Im NH). 13C NMR: � 22.76 (Pro C�), 24.32
(SO2�CH2�CH2), 29.30 (Pro and His C�), 46.72
(SO2�CH2), 47.18 (Pro C�), 51.65 (Pro C�), 57.35
(SO2�N(Z)�CH), 60.03 (His C�), 67.63 (CH2O), 117.50
(Im C4), 127.47, 128.13, and 128.42 (Ph), 133.81 (Im
C5), 134.99 (Ph), 135.39 (Im C2), 150.05 (OCO), 168.43,
169.71, and 173.94 (3×CO).

4.1.2. (S,S,S)-N-(isothiazolidine-1,1-dioxide-3-
carbonyl)-histidyl-prolinamide (3)

Peptide 2 (2.2 g, 4.1 mmol) was hydrogenated in
MeOH (100 ml) in the presence of 10% Pd on activated
charcoal (0.2 g). After 2 h, the catalyst was filtered off
and the filtrate evaporated under reduced pressure. The
crude product was purified by column chromatography
on Sephadex LH-20 using H2O–MeOH (2:1) as eluant
to yield deprotected tripeptide 3 as a foam (1.5 g, 92%).
Anal. (C15H22N6O5S) C, H, N, S; Rf (B) 0.2, [� ]D=
−41° (c=1, MeOH).

4.2. Biological studies

PP I (EC 3.4.19.3) from calf liver was purchased
from Sigma. Differential mass spectrum analyses were
obtained with a Voyeger-DE (PE Biosystems) instru-
ment. Some aliquots of analogue 3 and TRH (12 �mol)
were treated with 7.7 U of PP I in 1 ml of 50 mM
potassium phosphate buffer, pH 8.0, containing 5 mM
mercaptoethanol and 5 mM EDTA. At different times,
10 �l aliquots were dissolved with an appropriate
MALDI matrix in MeCN solution containing 0.1%
trifluoroacetic acid.

4.3. Pharmacological studies

4.3.1. Materials and methods

4.3.1.1. Anterior pituitary cell cultures. Cell dispersion
was performed as previously described [37], under ste-
rile conditions and the media were supplemented with
penicillin (35 �g/ml) and streptomycin (50 �g/ml). The
anterior pituitaries were minced with a blade into small
fragments and sequentially incubated in Dulbecco’s
modified eagle’s medium (DMEM) at 37 °C in a Dub-
noff shaking bath, with 0.5% trypsin (type XII S) for 15
min, 0.02% deoxyribonuclease I for 1 min, 0.1% soy-
bean trypsin inhibitor for 4 min, 2 and 1 mM EDTA
(in Ca2+/Mg2+-free Earle’s basic salt solution, EBSS)
for 4 and 15 min, respectively. The remaining tissue
fragments were mechanically dispersed into single cells
by gentle suction and extrusion through a narrow tip
Pasteur pipette; the cell suspension was then filtered
through a 100 �m nylon mesh and centrifuged at
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1000×g for 10 min through a layer of 3% bovine
serum albumin (BSA) in DMEM. Finally, cells were
resuspended in DMEM–0.3% BSA, checked for viabil-
ity by Trypan blue exclusion test, counted by a haemo-
cytometer (ca. 2 million cells/pituitary), plated into
24-well dishes (300,000 cells/well), and incubated with
DMEM supplemented with 10% newborn calf serum,
at 37 °C in ambient air/CO2 95/5%. After 2–3 days in
culture, the cells were washed twice with 1 ml DMEM
and release experiments were performed by 1 h incuba-
tions with graded concentrations of TRH or TRH
analogue 3 in DMEM (supplemented with 0.1% BSA,
0.006% ascorbic acid and 40 IU/ml aprotinin); release
aliquots were stored at −20 °C until assay. Chemicals
and cell culture reagents were purchased from Sigma,
except DMEM and serum from Gibco.

PRL radioimmunoassay was performed as previously
described [37]. PRL was iodinated with Na125I by the
chloramine-T method. Rat PRL antibody and standard
were provided by NIDDK, National Hormone and
Pituitary Program, USA. Hundred microlitres of rat
PRL standard or samples were incubated at 5 °C with
the PRL antibody at a final dilution of 1:12,500 in
assay buffer for 24 h; thereafter, 3000 cpm 125PRL were
added to each tube and incubated for 48 h. Finally,
anti-rabbit goat serum (1:200) and 0.4% polyethyleneg-
lycol were added to separate bound and free fractions.
After 24 h tubes were centrifuged for 30 min at 4000×
g, supernatants were aspirated, and pellets counted in a
�-counter. The sensitivity of the assay was 50 pg/tube.

4.3.1.2. Hypothalamic synaptosomes. Hypothalamic
synaptosomes were prepared according to Ref. [38].
Briefly, male Wistar rats (200–250 g) were sacrificed by
decapitation, the hypothalami quickly dissected, ho-
mogenized in 0.32 M saccharose and centrifuged, first
at 1000×g for 5 min, and then at 12,000×g for 20
min, to isolate neuronal endings from cell nuclei and
glia. Then, the synaptosome suspension was incubated,
at 37 °C, under O2/CO2 95/5%, pH 7.2–7.4, in Krebs–
Ringer buffer (mM/l: 125 NaCl, 3 KCl, 1.2 MgSO4, 1.2
CaCl2, 5 NaH2PO4, 10 Tris–HCl, 10 glucose, 1, ascor-
bic acid), supplemented with 0.05 �M fluoxetine, a
selective serotonin reuptake inhibitor, with 0.05 �M
[3H]dopamine, for 15 min, to make synaptosomes up-
take [3H]dopamine, substituting for the endogenous
dopamine pool. Then, synaptosomes were layered onto
0.8 �M Millipore filters, placed into 37 °C water-jacke-
ted superfusion chambers (18 different chambers for
each experiment), and perfused with the above buffer
(0.6 ml/min). After 30 min, to allow stable release
(equilibration period), perfusate was collected in 2 min
fractions, and after the first 3–4 fractions (basal re-
lease) graded concentration of TRH or TRH analogue
3 were added to the perfusion buffer for 10 min (stimu-
lus), followed by 10 min with Krebs buffer alone (re-

turn to basal). To evaluate the effects of the peptides on
neurotransmitter release during depolarization [3 min
perfusion with K+(15 mM), after removal of equimolar
concentrations of Na+ in perfusion buffer], TRH or
TRH analogue 3 were added, after the equilibration
period, both 20 min prior (pre-stimulus) and 3 min
during K+(15 mM) perfusion (stimulus). Then, Krebs–
Ringer buffer perfusion was restarted for 9 min to
record a return to basal. Finally, �-emission from per-
fusate fractions, corresponding to [3H]dopamine re-
lease, was detected by liquid scintillation scanning. All
chemicals were purchased from Carlo Erba, Italy, ex-
cept [7,8-3H]dopamine (1 mCi/ml) from Amersham
Pharmacia Biotech, Italy.

4.3.2. Analysis of data
PRL release has been evaluated as group means�

standard error of mean (SEM). Each group represents
the mean�SEM of 12–15 wells.

Dopamine release has been calculated as either the
means�SEM of the percentage of [3H]dopamine re-
covered in each fraction respect to total (fractions+
filter) or the means�SEM of the area under the
time–response curve (AUC); each group represents the
mean�SEM of 3–5 experiments performed in tripli-
cate. Treatment and control group data from experi-
ments run on a single pool of hypothalamic tissue.

Treatment and control group means have been com-
pared by the analysis of variance (ANOVA), followed
by the Student–Newman–Keul test (GRAPHPAD

PRISM 2.00 Software).

5. Conclusions

In summary, we have found that the replacement of
the pGlu residue with its sulphonamido counterpart,
the (S)-isothiazolidine-1,1-dioxide-3-carboxylic acid, at
the N-terminus of TRH stabilizes the scissile Xaa�His
amide bond to hydrolysis by the pyroglutamyl pepti-
dases, which represents the main mechanism responsi-
ble for the peptide in vivo inactivation. This result is
valuable for the design of metabolically stabilized TRH
and TRH-like peptide analogues to be considered for
clinical trials.

In the pharmacological investigations, analogue 3
was found to retain, albeit with a weaker potency, the
hormonal activity of TRH, as measured by the pro-
lactin-releasing effect. When the analogue was tested
for its ability to inhibit dopamine release, through
activation of hypothalamic TRH receptors, it was
found devoid of activity. These differences are in line
with emerging data supporting the hypothesis that the
endocrine and CNS effects of TRH may be mediated
through different TRH receptor subtypes: the high-
affinity, pituitary-like binding sites, and the low-affinity
binding sites in hypothalamus and cortex [39,40].
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Although the pyroglutamic acid moiety is not consid-
ered to be involved in the stabilization of the putative
bioactive conformation of TRH [23], its cyclic structure
and conformation are important in maintaining the
right spatial location of the lactam thus stabilizing the
hydrogen bond formation in the receptor interaction
[41]. By taking into account the conformational anal-
ogy between 3 and the native molecule at the level of
the His�Pro�NH2 fragment, the change in the hor-
monal potency as well as the lack of the CNS activity
should be ascribed to alterations in receptor interac-
tions connected with the specific properties of the
SO2NH group. In this context, an unfavourable electro-
static potential of sulphonamides [42] and/or the pres-
ence of the more sterically demanding tetrahedral
structure of the SO2 group as compared with the planar
amide carbonyl should play an important role.
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[13] A. Calcagni, S. Duprè, G. Lucente, G. Luisi, F. Pinnen, D.
Rossi, A. Spirito, Synthesis and activity of the glutathione
analogue �-(L-(�-oxaglutamyl)-L-cysteinyl-glycine, Arch. Pharm.
Pharm. Med. Chem. 329 (1996) 498–502.

[14] A. Calcagni, G. Lucente, G. Luisi, F. Pinnen, D. Rossi, E.
Gavuzzo, Approaches to pseudopeptidic ergopeptines. Part 3.
Consequences of the incorporation of an �-azaphenylalanine
residue into the ergotamine oxa-cyclolic system, J. Chem. Soc.,
Perkin Trans 1 (1997) 2223–2227.

[15] A. Calcagni, G. Lucente, G. Luisi, F. Pinnen, D. Rossi, Novel
glutathione analogues containing the dithiol and disulfide form
of the Cys�Cys dyad, Amino acids 17 (1999) 257–265.

[16] G. Luisi, A. Calcagni, F. Pinnen, �(SO2�NH) Transition state
isosteres of peptides. Synthesis of the glutathione disulfide ana-
logue [�-Glu��(SO2�NH)�Cys�Gly]2, Tetrahedron Lett. 34
(1993) 2391–2392.

[17] A. Calcagni, D. Rossi, M. Paglialunga Paradisi, G. Lucente, G.
Luisi, E. Gavuzzo, F. Mazza, G. Pochetti, M. Paci, Peptides
containing the sulfonamide junction. Synthesis, structure and
conformation of Z-Tau�Pro�Phe�NHiPr, Biopolymers 41 (1997)
555–567.

[18] A. Calcagni, P.G. Ciattini, A. Di Stefano, S. Duprè, G. Luisi, F.
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