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Abstract—Ohioensins F and G (1 and 2), two new benzonaphthoxanthenones, have been isolated from the MeOH extract of Ant-
arctic moss Polytrichastrum alpinum by various chromatographic methods. The structures of these compounds were determined
mainly by analysis of NMR spectroscopic data. The known compounds ohioensins A and C (3 and 4) were also obtained. Com-
pounds 1-4 showed potent inhibitory activity against therapeutically targeted protein tyrosine phosphatase 1B (PTP1B). Kinetic
analysis of PTP1B inhibition by ohioensin F (1) suggested that benzonaphthoxanthenones inhibited PTP1B activity in a non-com-
petitive manner.

© 2007 Elsevier Ltd. All rights reserved.

The bryophytes are classified into liverworts, hornworts,
and mosses depending on their morphology.! Although
the chemistry of liverworts has been intensively investi-
gated over the last several decades, much less effort
has been devoted to the mosses which are currently rep-
resented by approximately 10,000 species that colonize
diverse habitats.? It is also conceivable that the chemis-
try of mosses is different from that of liverworts since
mosses do not contain cellular oil bodies which are com-
mon in liverworts.>* Thus, mosses represent a relatively
untapped natural source to be explored for new bioac-
tive metabolites.

During the course of chemical studies of mosses from
Antarctic region as potential sources of new bioactive
secondary metabolites, we investigated a MeOH extract
of a sample of Polytrichastrum alpinum (Hedw.) G.L.
Sm.> Chemical studies of this extract led to the isolation
of two new metabolites named ohioensin F (1) and
ohioensin G (2), along with two known metabolites,
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ohioensins A and C (3 and 4). This report describes
the isolation, structure elucidation, and biological activ-
ities of compounds 1-4.

A dried sample of P. alpinum (50 g) was extracted with
MeOH (1 L x 2) for 24 h. The resulting crude MeOH ex-
tract (4.7 g) was subjected to C;g functionalized silica gel
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flash column chromatography (3 x 15 cm), eluting with
a stepwise gradient of 20%, 40%, 60%, 70%, 80%,
90%, and 100% (v/v) MeOH in H,O (400 mL each).
The fraction eluted at 80% MeOH (41 mg) was then sub-
jected to semi-preparative reversed-phase HPLC using a
gradient from 40 to 60% CH3;CN in H,O (0.1% formic
acid) over 27 min to yield 1 (3.9 mg; tgr = 22.4 min).
The fraction eluted with 70% MeOH in water (32 mg)
was subjected to semi-preparative reversed-phase HPLC
using a gradient from 40 to 82% CH;CN in H,O (0.1%
formic acid) over 42min to yield 2 (2.6 mg;
tr =29.5min) and 4 (4.0mg; tgr =40.5min). Com-
pound 3 (4.5 mg, tg = 16.0 min) was isolated by semi-
preparative reversed-phase HPLC [eluting with gradient
from 40 to 80% CH3CN in H,0 (0.1% formic acid) over
30 min] using the fraction eluted with 90% MeOH from
the Cg functionalized silica gel flash column.

Ohioensin F (1)° has the molecular formula of
C»3H,40s, as deduced from '*C NMR and HRESIMS
[m/z 389.1000 (M+H)"; A+ 2.5 mmu] data. This for-
mula indicated 16 degrees of unsaturation. The 'H
NMR and DEPT data revealed the presence of eight
aromatic methines, two sp® methines (one oxygenated),
and a methylene unit. In addition to signals correspond-
ing to the above carbons, analysis of the '*C NMR and
DEPT data revealed the presence of one carbonyl car-
bon, ten non-protonated aromatic carbons, and a qua-
ternary sp° carbon, indicating the highly aromatic
nature of 1. Analysis of the COSY NMR data led to
the identification of the 1,2-disubstituted, 1,2,4-trisubsti-
tuted, and pentasubstituted benzene rings. These struc-
tural features accounted for 13 unsaturation
equivalents. The remaining unsaturation equivalents
must be accounted for by the presence of three addi-
tional rings. The presence of isolated diastereotopic
methylene unit and mutually coupled sp® methines was
also evident in the COSY spectrum. 'H and '*C NMR
assignments and connections of the aforementioned
structural units were determined on the basis of HMQC
and HMBC data (Table 1). HMBC correlation of H-4
with C-3a required attachment of the 1,2,4-trisubsti-
tuted ring to the pentasubstituted ring at C-3a. A partial
skeleton composed of aliphatic carbons C13-C12b-
C14c-C7b was established by analysis of HMBC data,
including key correlations of H-7b/H-14c/H-13 with
oxygenated sp’ quaternary carbon C-12b, and of H-
14c with C-13. HMBC correlations of H-14c¢ with C-
14b/C-3a, and of H-7b with C-7a/C-3b/C-7, enabled
connection of the biphenyl unit and the aliphatic frag-
ment via C-14b/C-14c and C-7a/C-7b connections. Link-
ages of the ketone carbonyl C-14 to C-13 and the
aromatic carbon C-14a were made on the basis of
HMBC correlations of H-13 with C-14 and C-14a.
The presence of an intramolecular hydrogen-bonded
phenolic OH proton (6 11.95) and HMBC correlations
of this signal to C-1/C-2/C-14a supported this assign-
ment. HMBC correlation of H-12 with oxygenated qua-
ternary carbon C-12b enabled connection of C-12a to C-
12b. At this point, assignments of the three remaining
hydroxy groups and the construction of an additional
ring to fulfill the unsaturation requirement were neces-
sary to complete the gross structure of 1. However, no

Table 1. NMR Spectroscopic data for Ohioensin F (1) in DMSO-ds
Position dy (int, mult., J in Hz)* 6c°  HMBC (H — C#)

1 160.4

2 6.39 (1H, s) 101.8 1,3, 3a, 14a

3 162.7

3a 114.4

3b 121.3

4 8.25 (1H, d, 8.4) 129.0 3a, 6, 7a

5 6.77 (1H, dd, 8.7, 2.6)  113.7 3b, 7

6 156.1

7 7.26 (1H, br s) 110.8 3b, 5,6, 7b

Ta 139.1

7b 5.25 (1H, d, 14.3) 724 3b, 657, Ta, 12b,

14b, 14c

8a 151.8

9 7.02 (1H, br d, 8.0) 116.5 8a, 10, 11, 12b°

10 7.28 (1H, br t, 7.7) 128.6 8a, 12

11 7.05 (1H, br t, 7.7) 1214 9,10

12 7.62 (1H, dd, 7.7, 1.4)  127.8 8a, 12a, 12b

12a 129.3

12b 65.5

13 2.85 (1H, d, 15.2) 49.0 12b, 14, 14a, l4c
3.24 (1H, d, 15.2) 7b,° 12b, 14

14 199.9

l4a 109.4

14b 137.2

14c 3.28 (1H, d, 14.3) 46.6 3a, 7a, 13, 14a, 14b

1-OH  11.95 (1H, s) 1,2, 14a

#Recorded at 400 MHz.
®Recorded at 100 MHz.
¢ Weak four-bond correlations.

positive spectral information for these assignments was
available except for chemical shift data (C3/6 162.7;
C6/6 156.1; C7b/6 72.4; C8a/o 151.8; C12b/o 65.5). Thus,
an acetylated derivative of 1 was prepared in the pres-
ence of pyridine/DMAP.” Formation of the tetraacetate
for 1 was confirmed by observation of '"H NMR signals
for four acetate methyl groups. In addition, the chemical
shifts of H-7b and H-9 were almost unaffected upon
acetylation while downfield shifts of the signals for H-
2 (Ao 0.5), H-5 (Ao 0.33), and H-7 (Ad 0.23) were evi-
dent. Thus, the four hydroxy groups were located at
C-1, C-3, C-6, and C-12b, and the remaining two oxy-
genated carbons (i.e., C-8a and C-7b) were connected
via the final oxygen atom to complete the gross structure
of 1.

The large J-value (14.3 Hz) between the two bridgehead
protons H-7b and H-14c¢ indicated a trans-diaxial rela-
tionship for these protons. In addition, NOESY correla-
tion of H-7b with one of the diastereotopic (H,-13)
protons at J 2.85 suggested the proximity of these two
protons, indicating the presence of a cis fusion between
the cyclohexenone and dihydropyran rings. Thus, the
relative configuration of 1 was assigned as shown.

Ohioensin G (2)® was assigned the same molecular for-
mula of C,3H;cO4 as ohioensin F (1) on the basis of
HRESIMS and NMR data. Analysis of '"H and *C
NMR data for 2 (Table 2) revealed the presence of the
same highly aromatic polycyclic skeleton as found in
ohioensin F (1). The presence of a signal for non-oxy-
genated sp” methine and the absence of the isolated dia-
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Table 2. NMR Spectroscopic data for Ohioensin G (2) in DMSO-d,
Position g (int, mult., J in Hz)*  dc° HMBC (H — C#)

1 163.5

2 5.81 (1H, s) 103.9 1, 3a, 14a
3 175.7

3a 118.3

3b 121.23

4 158.2

5 6.60 (1H, d, 8.3) 118.6  3b,7

6 7.04 (1H, t, 8.3) 1264 4,7a

7 7.11 (1H, d, 8.3) 111.7  3b,5

Ta 140.1

7b 5.02 (1H, d, 13.2) 732 Ta, l4c
8a 154.1

9 7.00 (1H, br d, 8.4) 1164  8a, 12a
10 7.18 (1H, br t, 8.4) 127.5  8a, 12

11 6.95 (1H, br t, 8.4) 121.15 9, 12a

12 7.38 (1H, br d, 8.4) 129.2  8a, 10, 12b
12a 120.4

12b 3.42 (1H, m) 337 7b, 12a
13 4.17 (br s) 73.5

14 198.1

14a 103.3

14b 140.2

l4c 295 (1H, dd, 13.2, 7.7) 36.2  3a, 12b, 13, 14b

1-OH  12.12 (1H, s)

#Recorded at 400 MHz.
®Recorded at 100 MHz.

1,2, 14a

stereotopic methylene signals in the 'H NMR spectrum
of 2 suggested translocation of the h}/droxy group from
C-12b of 1 to C-13 in 2. The 'H and "*C NMR chemical
shifts and "H NMR coupling patterns in the aromatic
region were also different, suggesting some modification
of the substitution patterns in the benzene rings as well.
Detailed analysis of COSY data for 2 confirmed the
presence of the C7b—C14¢c—C12b-C13 spin system, and
the 1,2-disubstitured, 1,2,3-trisubstituted, and pentasub-
stituted benzene rings. "H and '*C NMR chemical shifts
assignments for 2 were established by analysis of
HMQC data. Analysis of HMBC data confirmed the
presence of the benzonaphthoxanthenone skeleton.
Based on above considerations, the structure of ohioen-
sin G was assigned as shown in 2.

Literature search found similar benzonaphthoxanthe-
nones called ohioensins that possess the same ring sys-
tem as appeared in compounds 1 and 2.°'! Thus, the
relative configuration of 2 was determined by compari-
son of its '"H-"H coupling constants with those reported
for ohioensin C (4).'° The similarities of the coupling
constants between H-7b and H-14c (/= 13.2 Hz), and
H-14c and H-12b (J = 7.7 Hz), in both 2 and 4 led to
assignment of the analogous, tans H-7b/H-14c and cis
H-14c¢/H-12b relative configuration in 2. The small J-va-
lue observed between H-12b and H-13 indicated that H-
13 adopted a pseudoequatorial orientation with respect
to the cyclohexenone ring. Thus, the relative configura-
tion between H-12b and H-13 was assigned as cis.

The known compounds ohioensins A (3) and C (4) were
also obtained in this investigation, and were identified
by comparison of their NMR data with those reported
in the literature.®'°

Ohioensins F (1) and G (2) were new members of the
benzonaphthoxanthenones, which are suggested to be
derived by condensation of o-hydroxycinnamate with
hydroxylated phenanthrenes or 9,10-dihydrophenanth-
rene units.!® Occurrence of benzonaphthoxanthenone-
type metabolites among natural products is uncommon,
with the mosses Polytrichum ohioense®'° and P. palli-
disetum"" the only previously reported sources of this
class of compounds. Ohioensins A—E were encountered
in the course of the NCI screening program aiming for
discovery of novel bioactive metabolites from mosses,
and they displayed cytotoxicity against various tumor
cells in culture.”!!

Compounds 1-4 inhibited the activity of PTPIB in a
dose-dependent manner (data not shown), and their
1Csy values were determined as 3.5%+0.2, 5.6x0.7,
43+0.3, and 7.6 £0.7 uM, respectively.!> A known
phosphatase inhibitor, RK-682 (IC5y=4.5+ 0.5 uM),
was used as a positive control in the assay.!>!* To eluci-
date the inhibition mode of benzonaphthoxanthenones
discovered in this study, inhibition kinetics of 1 were
performed with different concentrations of substrate.!?
When p-nitro-phenyl phosphate (pNPP) was used as
substrate, 1 decreased the V., value, but did not alter
the K, value of PTP1B (Fig. 1) under our experimental
conditions. Thus, 1 was determined as a non-competi-
tive inhibitor with a K; value of 1.5 uM. The inhibition
modes of 2-4 were presumed to be analogous to that
of 1 based on their structural similarities. Several non-
competitive inhibitors of PTP1B were shown to interact
with an allosteric site of PTP1B,!> and the allosteric
modulation of PTPIB activity has been suggested to
be a promising approach for developing selective
inhibitors.!>1°

Inhibitors of PTP1B, a major nontransmembrane phos-
photyrosine phosphatase in human tissues and a nega-
tive regulator of the insulin-stimulated signal
transduction pathway,!” are considered as potential
agents in efforts to develop new treatments for type 2
diabetes and related metabolic syndromes.!'®2°
Although several classes of natural products have been
identified as PTP1B inhibitors,>' 23 PTP1B inhibitory ef-
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Figure 1. Kinetic analysis of PTP1B inhibition by ohioensin F (1). A
Lineweaver-Burk plot for ohioensin F (1) inhibition of PTP1B. Data
are expressed as mean initial velocity for n =3 replicates at each
substrate concentration. Concentrations (UM) of 1 are indicated in
figure.
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fects of the benzonaphthoxanthenones are now being re-
ported for the first time, thus further investigation for
therapeutic potential of these compounds is warranted.
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