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In the course of ongoing research on protein tyrosine phosphatase 1B (PTP1B) inhibitory compounds from
Antarctic lichens, four new diterpene furanoids, hueafuranoids A-D (1-4) have been isolated from the
MeOH extract of Antarctic lichen Huea sp. by various chromatographic methods. The structures of these
compounds were elucidated by analysis of NMR and MS data, and comparing their spectral data with

those in the literature. Compound 1 showed inhibitory activity against therapeutically targeted protein,
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itive manner.

PTP1B with an ICsq value of 13.9 uM. The kinetic analysis of PTP1B inhibition by hueafuranoid A (1) sug-
gested that the diterpene furanoids encountered in this study inhibited PTP1B activity in a non-compet-

© 2012 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatase 1B (PTP1B) is a widely expressed
protein tyrosine phosphatase that is present in insulin-sensitive
tissues. PTP1B knockout mice have proven to be hypersensitive
to insulin and resistant to obesity, but they lack other significant
negative side-effects.!? In addition, PTP1B regulates leptin action,
which controls satiety and energy expenditure.> PTP1B-deficient
mice have remarkably low adiposity, and are protected from
diet-induced obesity by increases in basal metabolic rate and total
energy expenditure. This result is consistent with the inference
that PTP1B is a major regulator of energy balance, insulin sensitiv-
ity, and body fat stores in vivo.* Thus, inhibition of PTP1B is sug-
gested to be an excellent, novel therapy for targeting type 2
diabetes and obesity.> Considering the compelling biochemical
and genetic evidence that links PTP1B to several human diseases,
a number of studies have been performed in the fields of syn-
thetic/medicinal chemistry to develop PTP1B inhibitors.>® On the
other hand, screening for PTP1B inhibitors from natural products,
which have an excellent track record of success in small molecule
drug discovery programs, has begun only recently compared to the
relatively intensive efforts which involve synthetic studies.”

Lichens are symbiotic organisms consisting of a fungus that cul-
tivates a photosynthesizing partner that can be either an alga or a
cyanobacterium.® In all lichens, the fungus forms a thallus or lich-
enized stroma that may contain characteristic secondary metabo-
lites, and these metabolites are sometimes suggested to serve as
antimicrobial or antiherbivore agents.® Lichens evolved several
biosynthetic pathways, mainly the polyketide pathway, to produce
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diverse secondary metabolites, and most of these metabolites are
produced by the fungus in a symbiosis or an aposymbiotic state. Li-
chen compounds are often structurally unique, and only a small
portion of the known lichen metabolites are found in other fungi
or higher plants.!® In addition, the production of lichen metabolites
is sometimes correlated with the lichen morphology and geogra-
phy in individuals at the species and genus levels.'! Several lichen
extracts have been used as various remedies in folk medicine, and a
variety of biological activities of lichen metabolites, including
antibiotic, antimycobacterial, antiviral, analgesic, antipyretic, and
antioxidative properties, have been indicated by screening
processes.®1112 Thus, there is a considerable interest in lichen
metabolites, especially those from unexplored lichens, as potential
sources of pharmacological agents.

In the course of our ongoing studies for PTP1B inhibitory Ant-
arctic lichen metabolites,'>~® the MeOH extract of a dried sample
of Huea sp. was selected for further study based on the observation
of significant PTP1B inhibitory effect at the extract level (>90%
inhibition at 30 pg/mL). Bioassay-guided fractionation of the ex-
tract led to the isolation of four new lichen metabolites, which be-
long to the class of diterpenoids, which we named hueafuranoids
A-D (1-4) (Fig. 1). This report describes the isolation, structure elu-
cidation, and biological activities of the compounds encountered in
this study.

A dried sample of Huea sp. was extracted with MeOH (9 L) for
24 h. The resulting crude MeOH extract (7.0 g) was subjected to
Cys-functionalized silica gel flash column chromatography, eluting
with a stepwise gradient of 20%, 40%, 60%, 80%, and 100% (v/v)
MeOH in H,0 (500 mL each). The fraction eluted with 80% MeOH
was re-applied to Cig-functionalized silica gel flash column
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Figure 1. Chemical structures of compounds 1-4.

chromatography, eluting with a stepwise gradient of MeOH in H,0.
The fraction eluted with 70% MeOH in H,0 was then subjected to
semi-preparative reversed phase HPLC using a gradient from 20%
to 60% CH3CN in H,0 (0.1% formic acid) over 80 min to yield com-
pounds 1 (1.7 mg; tg=48 min) and 2 (0.9 mg; tg =49 min). The
fraction eluted with 75% MeOH in H,0 was subjected to semi-pre-
parative reversed phase HPLC using a gradient from 40% to 60%
CH3CN in H,0 over 80 min to yield compounds 3 (0.3 mg;
tr =41 min) and 4 (0.3 mg; tg = 44 min).

Hueafuranoid A (1) has the molecular formula C;gH3,04, as de-
duced from HRESIMS [m/z 337.2383 (m+H)"; 4 + 0.4 mmu] data,
which was fully supported by the 'H and '3C NMR data. This for-
mula indicated five degrees of unsaturation. The 'H NMR and DEPT
spectra in CD;0D revealed the presence of five methyl groups, one
olefinic methylene group (5 112.1), four sp> methylene groups, four
sp? methines, and one oxygenated methine, requiring the presence
of two hydroxyl groups. In addition to the signals corresponding to
the above carbons, analysis of the '*C NMR spectrum revealed the
presence of a ketone group (6 203.1), one sp? quaternary carbon (8
157.3), and three sp® quaternary oxygenated carbons (5 73.7, &
74.7, and 6 84.2). Therefore, four of the five degrees of unsaturation
required by the molecular formula were directly accounted by
analysis of '>C NMR data, indicating the presence of an additional
ring system in compound 1. The planar structure of 1 was mainly
elucidated on the basis of 2D-NMR data. Analysis of '"H-'H COSY
and HMQC-TOCSY data disclosed proton-proton networks corre-
sponding to the H1-H2, H4-H6, H8-H10, and H14-H16 (H17) sub-
structures, along with isolated methylene (C-12) and methyl
groups (C-18, C-19, and C-20). Long-range proton-carbon correla-
tions observed in the HMBC spectrum of 1 provided corroborative
evidences to support these subunits deduced from COSY and
HMQC-TOCSY data. The presence of a disubstituted E-double bond
at C5-C6 was implied by the J (H,H) value [H-5 (64 5.65)/H-6 (dy
5.66): 15.8 Hz] obtained from the homonuclear decoupling exper-
iment performed with irradiating signals for H,-4. HMBC correla-
tions of Hs3-20 with C-2, C-3, and C-4 as well as of H-1 with C-3
revealed that the C1-C2 and C4-C6 subunits were joined at C-3.
Similarly, HMBC correlations of H3-19 with C-6, C-7, and C-8, along
with correlations of H-5 with C-7 led to the extension of the carbon
skeleton to C1-C10 with two quaternary carbons (C-3 and C-7)
bearing methyl groups. Key HMBC correlations of the isolated

methylene unit H,-12 with C-10, C-11, C-13, C-14, and C-18
allowed the completion of the carbon framework in the molecule.
Correlations of H3-18 with C-10, C-11, and C-12, and of H-14 with
C-13 also supported this assignment. At this point, two hydroxyl
groups and an oxygen atom remained to be accounted. Although
chemical shifts considerations of C-3, C-7, C-10, and C-11 sug-
gested that these carbons must be oxygenated, there was no posi-
tive evidence for assigning the positions of hydroxyl groups and
ether ring closure. Therefore, complete gross structure of com-
pound 1 was proposed on the basis of chemical shifts consider-
ations and comparisons of the values with those of relevant
carbons in the literatures. Inspection of '3C NMR chemicals shifts
in several natural products with structural features similar to those
of 1 suggested that the oxygenated carbons in the dihydrofuran
system resonated above 80 ppm, while the quaternary carbon
bearing the hydroxyl group in the linear carbon skeleton usually
resonated below 80 ppm.'”2° Thus, C-7 (6 84.2) and C-10 (¥
85.7) were suggested to be connected via an oxygen atom to form
a tetrahydrofuran ring system, and the remaining C-3 and C-11
were assigned to possess hydroxyl groups to complete the gross
structure of 1 as shown. The relative configurations of the stereo-
centres at C-7 and C-10 were proposed on the basis of NOESY cor-
relations of H-10 with Hs5-18 and Hs-19, placing these protons on
the same face of the ring system. However, the relative configura-
tions at the C-3 and C-11 were not determined as it could not be
related to those of the rest of the molecule.

HRESIMS spectrum [m/z 337.2374 (M+H)"; 4 — 0.5 mmu] for
hueafuranoid B (2) indicated a molecular formula identical to that
of 1. The DEPT and '3C NMR data showed that the numbers of
methyls, methylenes, methines, and quaternary carbons were
identical to those of 1 (Tables 1 and 2). Furthermore, the 'H and
13C NMR (Table 2) spectra were almost identical to those of 1, ex-
cept for the respective chemical shift differences for the positions
at C-5, C-6, C-8, and C-9. This observation implied that compound
2 is a stereoisomer of hueafuranoid A (1), and detailed analysis of
the 1D-, COSY, and HSQC NMR data revealed that 2 possessed the
same planar structure as that of 1 (Table 2 and Supplementary
data). The geometry of a disubstituted double bond at C5-C6 was
assigned as E based on the J (H,H) value [H-5 (dy 5.62)/H-6 (éy
5.48): 15.7 Hz]. NOESY correlation of CH3-18 with CHs-19 sug-
gested that these two methyl groups are placed on the same face
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Table 1
NMR Data for hueafuranoid A (1) in CD;0D

Position 5 Sy, mult®, (J in Hz) HMBC (H — C#)
1 1121 5.20, dd (17.6, 1.5) 2,3
5.02, dd (10.6, 1.5)
2 146.3 5.92, dd (17.6, 10.6) 3
3 73.7 - -
4 46.4 223, m 2,3,5,6,20
5 1241 5.65, m 4,6,7
6 140.6 5.66, m 4,5,7
7 84.2 - —
8 39.0 1.85, m 9
1.78, m
9 27.3 1.94, m 8,10, 11
1.87, m
10 85.7 3.93,t,7.0 12,18
11 74.7 - -
12 52.0 2.74, d (14.6) 10, 11, 13, 14, 18
2.47,d (14.6)
13 203.1 - -
14 126.5 6.27,brs 13,16, 17
15 157.3 - -
16 20.9 2.13,d (1.1) 13, 14, 15, 17
17 27.8 1.91,d (1.1) 14, 15, 16
18 23.1 1.17,s 10, 11, 12
19 26.3 127,s 6,7,8
20 27.2 1.22,s 2,3,4

@ Recorded at 100 MHz.
b Recorded at 400 MHz.

of the tetrahydofuran ring system. Therefore, the gross structure of
2 was assigned as shown.

HRESIMS data for hueafuranoid C (3) indicated that it has a
molecular formula of C,gHs404, which indicated that 3 has two
more hydrogen atoms than 1 and 2. The 'H NMR data of 3 was sim-
ilar to that of 1 except that two allylic methyl singlets (CH3-16 and
CHs-17) observed in 1 were replaced by a pair of methyl doublets
(6 0.91), and that additional signals corresponding to one aliphatic
methylene (6 2.42) and one methine (5 2.10) were appeared. The
13C NMR spectrum lacked two sp? carbons (6 157.3 and § 126.5)
observed in the spectrum for 1, but included additional resonances

for two sp> carbons (5 54.9 and 6 25.4). Taken together, it was sug-
gested that the C14-C15 olefin group in 1 had been reduced in 3.
Analysis of the HSQC and COSY data confirmed this assignment
(Supplementary data), and the chemical shifts for all elements in
3 were assigned by comparing them with the chemical shifts of
1. The relative configuration of 3 was assigned by analysis of the
NOESY data. NOESY correlation of H-10 with Hs-19 indicated that
these protons are all on the same face of the ring system. Therefore,
compound 3 was assigned to possess the same relative configura-
tion of the tetrahydrofuran ring system as that of 1.

The NMR data for hueafuranoid D (4), which has the identical
molecular formula with that of 3, were very similar to those of 3.
The primary difference in the 'H NMR spectrum of 4 was that
the signals for H-5 and H-6 were clearly distinctive as compared
to those for 3 (Table 2). Careful examination of 'H NMR spectra
for compounds 1-3 revealed that compound 4 contains almost
identical signals corresponding to the right side of the tetrahydro-
furan ring system of compound 3, while the portion of the 'H NMR
signals of 2 corresponding to the left side of the ring system is al-
most identical to the remaining portion of the 'H NMR spectrum
for 4. These observations suggested that the structure of 4 is the re-
duced product of 2 at C-14-C15 olefin group, while it retains the
same stereochemistry as that of 2. This proposed structure for 4
was fully supported by analysis of the HSQC, COSY, and NOESY
data (Table 2 and Supplementary data).

Hueafuranoid A (1) exhibited inhibitory effect against PTP1B
activity in a dose-dependent manner with an ICsy value of
13.9 uM. The inhibitory activities of 2-4 could not be evaluated be-
cause of lack of materials. A known PTP1B inhibitor, ursolic acid
(ICso =3.08 uM) was used as a positive control in the assay.?!??
Next, the kinetics of PTP1B inhibition by 1 were explored by using
different concentrations of a substrate in an effort to elucidate the
mode of inhibition. When p-nitrophenyl phosphate was used as a
substrate, compound 1 decreased the V4 value, but did not alter
the K, value of PTP1B (Fig. 2). Therefore, it was shown that hueaf-
uranoid A (1) behaves as a non-competitive inhibitor of PTP1B,
implying that hueafuranoids may bind to the enzyme-substrate
complex or to an allosteric site within PTP1B.%

Table 2
'H and '>C NMR Data for hueafuranoids B-D (2-4) in CD;0D
position 2 3 4
5 Sy, mult®. (J in Hz) 5t Sy, mult®. (J in Hz) 5t Sy, mult®. (J in Hz)
1 1121 5.17,dd (17.6, 1.5) 1121 5.17,dd (17.2, 1.5) 1121 5.17,dd (17.4, 1.6)
5.00, dd (11.0, 1.5) 5.00, dd (10.6, 1.5) 5.00, dd (10.8, 1.6)
2 146.2 5.90, dd (17.6, 11.0) 146.3 5.91,dd (17.2, 10.6) 146.2 5.91,dd (17.4, 10.8)
3 73.7 — 73.7 — 73.7 —
4 46.1 2.22,dd (7.0, 0.7) 46.4 222, m 46.3 2.22,dd (7.3, 1.0)
5 124.2 5.62, dt (15.7, 7.0) 1241 5.63, m 124.2 5.62, dt (15.5, 7.3)
6 139.7 5.48, dt (15.7, 0.7) 140.6 5.64, m 139.7 5.48, dt (15.5, 1.0)
7 84.5 — 85.6 — 853 -
8 38.4 1.90, m 1.86, m 38.9 1.82, m 1.76, m 38.4 1.89, m 1.84, m
9 271 1.86, m 1.64, m 273 191, m 1.86, m 27.04 1.84, m 1.63, m
10 85.3 3.86, t (7.3) 84.2 3.92, t (6.6) 845 3.87, t (7.1)
11 74.8 — 743 — 743 —
12 52.1 2.72,d (14.3) 51.1 2.75, d (14.6) 51.2 2.73,d (14.8)
247, d (14.3) 2.44, d (14.6) 245, d (14.8)
13 203.2 — 213.7 — 213.7 —
14 126.5 6.27, m 54.9 242, m 54.8 243,dd (7.1, 3.3)
15 1573 - 254 2.10, m 254 2.10, m
16 21.0 2.13,d(1.1) 23.0 0.91,d (6.6) 23.0 0.91,d (6.7)
17 2758 1.91,d (1.1) 229 0.91, d (6.6) 229 0.91, d (6.7)
18 22.8 1.16, s 22.8 1.16, s 22.6 1.15, s
19 274 1.28,s 26.3 1.26,s 274 1.28,s
20 27.0 1.20, s 271 1.22,s 27.0 1.21,s

@ Recorded at 100 MHz.
b Recorded at 400 MHz.
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Figure 2. Kinetic analysis of PTP1B inhibition by hueafuranoid A (1) as illustrated
by a Lineweaver-Burk plot. Data are expressed as mean initial velocity for n=3
replicates at each substrate concentration. Concentrations (ptM) of 1 are indicated in
the figure.

To date, approximately over 1000 lichen metabolites have
been identified so far, and most of them are a diverse array of
phenolic compounds derived from polyketide biosynthetic path-
way.'®!! In addition, lichens are known to produce terpenoids
from the mavalonate pathway. Although triterpenes such as zeo-
rin are fairly common among lichen metabolites, encountering
diterpenes from lichens is quite rare. To the best of our knowl-
edge, hueafuronoids are the first secondary metabolites reported
from the genus Huea, and the discovery of these bioactive metab-
olites has further demonstrated that lichens from the Antarctic
region could be important resources as new bioactive natural
products.
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