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Abstract—A new cyclic heptapeptide, cyclonatsudamine A (1), cyclo (-Gly-Tyr-Leu-Leu-Pro-Pro-Ser-), has been isolated from the
peels of Citrus natsudaidai and the structure was elucidated by 2D NMR analysis and chemical degradation. Cyclonatsudamine A
(1) relaxed norepinephrine-induced contractions of rat aorta, which may be mediated through the increased release of NO from

endothelial cells.
© 2007 Elsevier Ltd. All rights reserved.

The vasodilators are useful for treatment of cerebral
vasospasm and hypertension, and for improvement of
peripheral circulation. Several endothelium-dependent
vasodilators, such as bradykinin, acetylcholine, and his-
tamine, have been reported to elevate Ca®* levels in
endothelial cells and activate NO release, leading to
vasorelaxation.! On the other hand, contractile response
in smooth muscle is caused by an influx of Ca** through
voltage-dependent Ca**-channels (VDC) and/or receptor-
operated Ca>"-channels (ROC).2 The endothelium-inde-
pendent vasodilators, such as nicardipine, niphedipine,
dirtiazem, and verapamil, have been reported to
inhibit VDC and led to an decrease in the intracellular
Ca®*" concentration in smooth muscle, leading to
vasorelaxation.?

Recently, we have reported that cyclic peptides such
as cyclosquamosin B from Annona squamosa,’® dichot-
omin J from Stellaria dichotoma var. lanceolata,* and
cycloleonuripeptide F from Leonurus heterophyllus
showed vasorelaxant activities. During our search
for bioactive compounds targeting aortic smooth
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muscle from medicinal plants, we found that the
extract from the peels of Citrus natsudaidai (Ruta-
ceae) showed a vasoreclaxant effect on rat aorta.
Our efforts at identifying new vasodilators resulted
in the isolation of a new cyclic heptapeptide,
cyclonatsudamine A (1). This paper describes the
isolation, structure elucidation, and conformational
analysis of cyclonatsudamine A (1) by spectroscopic
data and chemical means as well as its vasodilator
effect on rat aorta.
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The peels of C. natsudaidai were extracted with MeOH,
and the MeOH extract was in turn partitioned with
CHCI; and H,0. Chromatographic purification of the

Table 1. 'H (800 MHz) and "*C (201 MHz) NMR data for cyclonat-
sudamine A in pyridine-ds

Position dy (int.; mult.; J (Hz)) dc
Gly'
o 3.93 (1H, dd, 3.6, 17.6) 42.7
4.38 (1H, dd, 6.0, 17.6)
C=0 171.3
NH 8.27 (1H, br s)
Tyr?
o 4.74 (1H, ddd, 5.8, 7.2, 7.8) 58.4
B 3.22 (1H, dd, 7.2, 14.0) 36.8
3.34 (1H, dd, 7.8, 14.0)
v 127.4
14 7.23 (2H, d, 8.2) 130.8
& 7.07 (2H, d, 8.2) 116.2
4 157.9
=0 172.6
NH 9.58 (1H, d, 5.8)
Leu®
o 4.63 (1H, m) 54.1
B 2.02 (1H, m) 39.6
2.10 (1H, m)
% 1.62 (1H, m) 24.8
14 0.79 (3H, d, 6.4) 234
0.85 (3H, d, 6.9) 21.0
C=0 172.6
NH 9.34 (1H, d, 7.3)
Leu*
o 5.17 (1H, ddd, 7.8, 7.8, 7.8) 49.9
B 1.77 (1H, m) 41.7
2.02 (1H, m)
k% 1.92 (1H, m) 24.9
o 0.89 (3H, d, 6.9) 23.1
0.93 (3H, d, 6.9) 22.7
C=0 170.4
NH 7.87 (1H, d, 7.8)
Pro’
o 4.95 (1H, dd, 4.6, 8.2) 59.9
B 1.84 (1H, m) 28.7
2.11 (1H, m)
k% 1.77 (1H, m) 25.2
2.02 (IH, m)
0 3.82 (2H, m) 47.8
=0 171.2
Pro®
o 4.83 (1H, d, 8.7) 61.7
B 2.04 (1H, m) 32.0
2.57 (1H, dd, 5.9, 11.9)
% 1.60 (1H, m) 22.3
1.79 (1H, m)
14 3.49 (1H, dd, 9.1, 10.1) 47.1
3.55 (1H, m)
C=0 172.7
Ser’
o 5.22 (1H, m) 58.8
B 4.47 (1H, dd, 4.2, 10.8) 62.5
4.57 (1H, dd, 7.4, 10.8)
=0 170.9
NH 9.06 (1H, d, 7.8)
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Figure 1. Selected 2D NMR correlations of cyclonatsudamine A (1) in
pyridine-ds.

CHCI; soluble fraction showing orange spots by TLC
Dragendorff reagent resulted in the isolation of a new
cyclic peptide, cyclonatsudamine A (1, 0.008% yield), to-
gether with a known cyclic hexapeptide, cyclo (-Gly-
Leu-Val-Leu-Pro-Ser-) (2).°

Cyclonatsudamine A (1), colorless solid, [oc]]230 -93 (¢
0.3, MeOH), showed molecular formula, C3¢H53N7Oy,
which was determined by HRESIMS [m/z 728.3950,
(M+H)*, A —3.3 my], indicating 14 degrees of unsatu-
ration in the molecule. The IR absorption bands were
characteristic of amino (3309 cm™') and amide car-
bonyl (1653 cm™') groups. Amino acid analysis of 1
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Figure 2. Stable conformation with selected NOESY correlations of
cyclonatsudamine A (1).
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Figure 3. Typical recording of the relaxation effect of cyclonatsudamine A (1, 10~* M) on aortic rings precontracted with 3 x 10~ M norepinephrine

(NE) with endothelium (+E) and without endothelium (—E).

showed it to consist of Leu x 2, Pro x 2, Gly, Ser, and
Tyr, all of which proved to be L-amino acids by Mar-
fey’s derivatization, followed by HPLC analysis.” The
UV absorption (¢ 1400) at 278 nm of 1 also supported
the Tyr residue. In the NMR spectra, five amide pro-
ton signals and seven amide carbonyl signals corre-
sponding to the above seven amino acids were
observed. Because the two proline-containing hepta-
peptide structure with one Tyr residue satisfies the 13
degrees of unsaturation, the remaining unsaturation is
explained by a c]ychc structure. Complete assignments
for the 'H and "*C NMR signals in pyridine-ds were
accomphshed using a combination of 2D NMR exper-
iments in an 800 MHz NMR machine, such as '"H-'H
COSY, HOHAHA, HMQC, and HMBC spectra
(Table 1).

The sequence of the seven amino acids was elucidated
by detailed analysis of HMBC correlations as well as
NOESY correlations as shown in Figure 1. Partial
units A (Gly-Tyr-Leu) and B (Pro-Ser) were eluci-
dated by HMBC correlations for each Hao and the
next NH to the amide carbonyl carbon. Connection
between units A and B was a551gned by NOESY cor-
relatlon between Gly'-NH and Ser’-Ho. Connection
of Pro -Pro® Sequence and its cis geometry between
Pro® and Pro® could be deduced by the combination
of the strong NOE correlation between Hol in Pro’
and Ha in Pro® the '>C chemical shifts (SC 31.9
and 22.2) of P and y positions in Pro® residue,® and
the occurrence of a doublet signal of Ha in Pro®.
The remaining Leu® residue and cyclic peptide nature
were analyzed by the NOESY correlatlon between
Leu -NH and Leu*-NH, and between Leu*-Ho and
Pro’-H$ and revealed the whole sequence of cyclonat-
sudamine A (1) to be cyclo (-Gly-Tyr-Leu-Leu-Pro-
Pro-Ser-) (Fig. 1).

Conformation of cyclic peptides has been intensively
studied, because their biological activities are known
to be closely related to their conformational states.
We have reported the conformations of a series of
cyclic heptapeptides such as yunnanin A!'® and pseu-
dostellarin D!' in order to clarify the relationship
between their conformations and their biological
activities.

Monte Carlo conformational search was conducted by
using the Monte Carlo (MC/MM) search. After the
conformational search, each of the resulting conforma-
tions was subjected to the energy-minimization calcula-
tion using AMBER94 force field and one of the
minimum-energy conformers is shown in Figure 2.
The results showed that the molecule had two B-turns
incorporating a classical B-bulge motif with a cis amide
bond. There is a weak 1ntramolecu1ar hydrogen bond
between Gly'-NH and Pro°~CO of a type 5 —1 found
in cycloleonurlpeptlde D'? and [Phe*, Val®|antama-
nide.!* The detailed conformation around this 5 — 1
hydrogen bond is shown in Figure 2 and the con-
formational angles around three related residues,
Pro-Pro-Ser, are almost the same as those in cycloleo-
nuripeptide D.'> These conformational characteristics
of cyclonatsudamine A (1) may be favorable and
common features for heptapeptides consisting of all L
amino acids such as in evolidine,'* hymenamide,'*
and phakellistatin,!> which may be related to the bio-
logical activity.

After achieving a maximal response to thoramc aor-
tic rings with endothelium by NE (3 x 1077 M), cycl-
onatsudamine A (1) showed vasorelaxant action at
100*M (Fig. 3), whereas the known cyclic peptide,
2, did not.'® The vasorelaxant activity of cyclonat-
sudamine A (1) was observed in a concentration-
dependent manner (107*M, 80% relaxation; 3 x
1077 M, 46% relaxation) and did not cause vascular
relaxatlon in endothelium-denuded aortic tissues.
Treatment with N%monomethyl-L-arginine (L-NAME,
107* M), an inhibitor of nitric oxide (NO) synthase,
also inhibited cyclonatsudamine A-induced vaso-
relaxation. The vasodilator effect of 1 may be med-
iated through the increased release of NO from
endothelial cells.
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