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Abstract—A highly N-methylated cyclic heptapeptide, (—)-ternatin, was isolated from the mushroom Coriolus versicolor, which sig-
nificantly suppressed fat accumulation against 3T3-L1 murine adipocytes (ECso = 0.14 ug/mL). Although ternatin was previously
reported to be antibacterial or antimicrobial compound, its inhibitory effect on fat accumulation has been first shown. The structure
of (—)-ternatin was revised to be a cyclo [p-allo-Ile'-L-(NMe)Ala*-L-(NMe)Leu’-L-Leu*-L-(NMe)Ala’>-p-(NMe)Ala®-(2R,3R)-3-

hydroxy-Leu’] by spectroscopic analysis and chemical synthesis.

© 2006 Elsevier Ltd. All rights reserved.

Obesity caused by a modern lifestyle, such as an exces-
sive intake of food and a lack of sleep and exercise, is
a serious problem worldwide.! WHO has reported that
at least 300 million adults are clinically obese. Obesity
can often trigger serious lifestyle-related diseases such
as cancer, cardiovascular disease, hypertension, hyperli-
pemia, and diabetes. Recently, a variety of foods have
been highlighted as being low-calorie and may confer
some benefits to the body. From the point of view,
mushrooms may be one of these perfect candidates. In
our continuing search for bioactive metabolites from
mushrooms,> we found that the highly N-methylated
cyclic heptapeptide (—)-ternatin (1), which were isolated
from the mushroom Coriolus versicolor, potently inhib-
ited fat accumulation against 3T3-L1 murine adipocytes
(Fig. 1). We report here the structure and synthesis of 1.

The mushroom C. versicolor (5 kg) was homogenized
and extracted with 80% aqueous ethanol followed by
partition with EtOAc and H,O. The EtOAc layer po-
tently inhibited fat accumulation against 3T3-L1 murine
adipocytes, which was partitioned with aqueous metha-
nol and hexane. The aqueous methanol layer was sepa-
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Ternatin (1)

Figure 1. Structure of ternatin (1).

rated by silica-gel and Sephadex LH-20 gel permeation
column chromatography followed by reversed-phase
HPLC to afford a cyclic heptapeptide, (—)-ternatin (1)
[11.5 mg; [o)f —23.5 (¢ 0.13, EtOH)]. Compound 1
inhibited fat accumulation against 3T3-L1 murine adi-
pocytes that were differentiated from preadipocytes by
treatment with insulin (ECsy = 0.14 pg/mL).*° Mean-
while, cell viability was not greatly affected at the ECs
value.® Thus, ternatin (1) was considered to be a poten-
tial anti-obesity drug.

The molecular formula of 1 was found to be
C37H67N708 [(M+Na)+, Wl/Z 7604945, 4 —04 mmu]
by HRFABMS. Detailed analysis of 'H, *C NMR,
HMBC, and COSY spectra in benzene-ds gave the
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Figure 2. Plausible stereostructures of ternatin (1) based on 2D NMR
spectra. Arrows indicate ROESY correlations. Possible intramolecular
bonds between OH or NH protons and carbonyl oxygen atoms are
shown by dotted lines.

planar structure of 1. Amino acid analysis using the
Marfey method78 revealed that 1 was composed of L-
(NMe)Leu®, L-Leu®, and both L- and b- (NMe)Ala25 -6
A hydroxyl proton and two amide NH protons in the
L-Leu* and B-OH-Leu’ moieties were observed in the
'"H NMR spectrum both in CD3;0D and in C¢Dg, which
suggested that (—)-ternatin (1) had a single conforma-
tion that was fixed by three intramolecular hydrogen
bonds in these solvents. Detailed analysis of ROESY
correlations and coupling constants elucidated a plausi-
ble stereostructure shown i in Figure 2. The absolute ste-
reochemistry of (NMe)Ala® was confirmed to be L. The
couphng constant of the two methine protons H-2 and
H-3 in B-OH-Leu’ was 9.4 Hz, which suggested an anti
arrangement Thus, the absolute stereochemistry of [-
OH-Leu’ was confirmed to be 2R,3R. As for the
(NMe)Ala5 ‘ moiety, the stereoisomer L-(NMe)Ala’-p-
(NMe)Ala® was considered as a plausible conformer
based on ROESY correlations. Likewise, the stereo-
chemistry of Ile! was suggested to be b- or p-allo-form.
As a result, the structure of 1 was found to be identical
to that of ternatin, which was previously isolated as an
antibacterial or antimicrobial compound from the fun-
gus Didymocladium terna[um and Cladobotryum sp.'°
The stereochemistry of Ile' moiety of ternatin was previ-
ously described as p-form,%!! but its X-ray crystal struc-
ture has suggested p-allo-form 512 Furthermore, the
sign of optical rotation of ternatin was not clearly men-
tioned.'? Thus, it was still ambiguous whether (—)-1 was
identical to authentic compound. To confirm the stereo-
chemistry and biological activities of 1, synthetic study
was carried out.

First, Fmoc-B-OBn-p-Leu-OH (2) was prepared
(Scheme 1). Isobutyraldehyde (3) was converted to the
chiral secondary alcohol 4 as described in the litera-
ture.'* The hydroxyl group in 4 was protected with a
Bn group followed by the Pd/C(en)-mediated selective
hydrogenation'> of azide to afford amine 6. Hydrolysis
of the ester and Fmoc-protection of the amino group
gave 2.

A cyclic peptide 1 was then synthesized in the solid
phase (Scheme 2). Starting from Trt(2-Cl) resin pre-
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Scheme 1. Reagents and Conditions: (a) benzyl-2,2,2-trichloroacetim-
idate, TfOH, CH,Cl,, rt, 57% (recovered 43% of 4); (b) H,, Pd/C(en),
MeOH, rt, 70%; (c) 1 M NaOH aq, THF, rt, 89%; (d) Fmoc-ONSu,
9% Na,CO3 aq, DMF, 0 °C to rt, 89%.
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Scheme 2. Reagents and Conditions: (a) solid-phase peptide synthesis
(Fmoc deprotection, 20% piperidine in DMF; coupling reaction,
HATU, DMF; cleavage from the resin, 0.5% TFA/CH,Cl,, rt), 70%;
(b) HATU, HOAL, i-Pr,NEt, CH,Cl,, 0 °C to rt, 73%; (c) Hy, 10% Pd/
C, MeOH, rt, 81%.

loaded with L-Leu® [H-L-Leu-Trt(2-Cl) resin (8)], incor-
poration was elaborated in the [C] to [N] direction by
sequential deprotection with 20% piperidine followed
by HATU-mediated coupling with synthesized leucine
derivative 2 and the corresponding Fmoc amino acids.
Deprotection of the final Fmoc group and cleavage from
the resin under a mild acidic condition gave linear hep-
tapeptide 9 in 70% yield. Macrolactamization of 9 was
performed using HATU, HOAt and i-Pr,NEt in dilute
solution (0.77 mM).'® Finally, removal of the Bn group
in lactam 10 afforded cyclic heptapeptide 1.!7

The '"H NMR data of synthetic ternatin was identical to
that of natural (—)-1. The optical rotation of 1 was
—35.5° (¢ 0.40, EtOH), which agreed with that of natu-
ral compound. Synthetic ternatin (1) potently inhibited
the adipogenesis i in 3T3-L1 cells (Flg 3). Two steremso-
mers cyclo LD -Ile'-L-(NMe QAla -L-(NMe)Leu>-L- Leu -
L-(NMe)Ala’-p-(NMe)Ala’-( 2R ,3R)-3- hydroxy-Leu I
and cyclo [p-Ile'-L-(NMe)Ala’-L-(NMe)Leu?-L-Leu*-p-
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Figure 3. Effects of synthetic ternatin (1) on the fat accumulation of
3T3-L1 murine adipocytes. a and ¢, Differentiated 3T3-L1 murine
adipocytes induced by insulin or rosiglitazone (incubated for 11 days).
The accumulated fat was stained with oil red O. b and d, incubated
3T3-L1 adipocytes as with a and ¢ in the presence of 1 (1 pg/ml).

(NMe)Ala’-L-(NMe)Ala®-(2R,3R)-3-hydroxy-Leu’] were
also synthesized. However, these spectroscopic
data were not identical to that of natural 1. Thus, the
structure of 1 was confirmed to be a cyclo [p-allo-
Ile'-L-(NMe)Ala®-L-(NMe)Leu’-L-Leu*-L-(NMe)Ala>-p-
(NMe)Ala6-(2R,3R)—3-hydroxy-Leu7] as shown in
Figure 1., being identical to the reported X-ray crystal
structure. It is reasonable to suppose that the previous
assignment of p-Ile' moiety in ternatin was incorrect.

In summary, (—)-ternatin (1) was isolated from the
mushroom C. versicolor, which significantly inhibited
fat accumulation against 3T3-L1 murine adipocytes.
The structure of 1 was determined by spectroscopic
analysis and chemical synthesis. The fat accumulation-
inhibitory effect of 1 may be caused by the prevention
of adipogenesis and/or the activation of lipogenesis in
adipocytes. Further studies on the biological activities
of ternatin and its derivatives are in progress.
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