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Investigation of the fungal straillonodictys putredinissolated from the inner tissue of a marine green alga led to the
isolation of four new monomeric xanthones and a benzophenone. All structures were elucidated by extensive spectroscopic
measurements. The relative configuration of compaoliachs determined by X-ray crystal structure analysis, while for

2 and3 configurations were confirmed by NOE experiments. Absolute configurations for compbt8dsere deduced

by comparing experimental circular dichroism spectroscopic data with those calculated employing quantum-chemical
time-dependent density functional theory (TDDFT). The compounds were examined for their cancer chemopreventive
potential. Xanthon@ was shown to inhibit cytochrome P450 1A activity with an,d@alue of 3.0uM. Compound2

and 3 displayed moderate activity as inducers of NAD(P)H:quinone reductase (QR) in cultured mouse Hepa 1clc7
cells, with CD values (concentration required to double the specific activity of QR) of 12.0 ang N2 i@spectively.
Compound3 showed weak inhibition of aromatase activity.

Cancer chemoprevention aims to halt or reverse the developmentchemicals or radiation), but an excess of endogenous factors
and progression of cancer cells through use of suitable nutrientsincluding reactive oxygen species, and mediators of inflammation
and/or pharmacological agents that can interrupt cancer developmentind hormones, also contribute to tumor promoti®herefore,
at various steps during the initiation, promotion, or progression the overproduction of reactive oxygen species as well as enzymes
Stage§:2 Modulation of enzymes involved in metabolic activation such as the Cyc|ooxygenaseS, the key enzymes in prostag|andin

and excretion of carcinogens is one of the best investigated piosynthesis, and aromatase, catalyzing the conversion of androgens
mechanisms of chemopreventive agén@hase 1 enzymes (cyto-  qio estrogens, are targets of chemoprevention.

chromes P450) activate xenobiotics by addition of functional groups . . . e o
that render these compounds more water soluble. Although phase Here_ln we descrlbe_the |dent|f|cat|or_1 and structure elucidation
1 functionalization is required for complete detoxification, induction ©f @ series of monomeric xanthones, which were subsequently tested
of phase 1 enzymes might increase the risk to produce ultimatein & series of in vitro bioassays relevant for the inhibition of
carcinogens capable of reacting with DNA and initiating carcino- Carcinogenesis in vivo to determine their cancer chemopreventive
genesis. On the other hand, phase 2 enzymes conjugate the activatgeptential. Xanthone derivatives are an important group of natural
compounds to endogenous ligands such as glutathione (GSH) andoroducts due to their multiple biological activities. In a recent
glucuronic, acetic, or sulfuric acids, thus facilitating their excretion review? Pinto et al. have summarized enzyme and cellular systems
in the form of these conjugates. NAD(P)H:quinone reductase (QR) influenced by xanthone derivatives, including aromatase, cyclooxy-
contributes to detoxification by the two-electron reduction of genases, and prostaglandin receptors, glutattdrensferase, and
quinones to hydroquinones, which are then excreted in the form of quinone reductase, as well as various kinases and proteases. Further,
their conjugation products. Generally, inhibition of (induced) phase they have reviewed numerous antimicrobial effects of xanthone
1 enzyme activity concomitantly with induction of phase 2 enzyme derivatives and highlighted antitumor activity as well as antimu-
expression is considered a logical strategy in chemoprevention, tagenic and potential cancer chemopreventive properties of xan-
which is especially beneficial during the initiation stage of thoness Lesch and Bise described the xanthone structure as a so-
carcinogenesis. , called “privileged structure”, since members of this structural class
Tgmor pror_not|on is regarded typically as the seco_nd step of are able to interact with different types of drug targets.
carcinogenesi$Although cellular changes acquired during tumor . )
promotion are reversible, repeated contact of initiated cells with ~ The genusvonodictyss rarely chemically explored and belongs
tumor promotors finally leads to irreversible tumor progression. t0 the ascomycetes. To date, only one paper dealing with natural
Tumor promotion is mediated by exogenous tumor promotors (e.g, Products fromMonodictyshas been published. In 1999, Krohn et
al. reported stemphytriol, a new member of the octahydroperylene
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Figure 1. Fragments of compountl deduced fromH, IH—1H
) COSY, and'H—13C HMBC NMR spectra.
4 Monodictyxanthone
and 69.5 corresponded to oxygenated-tsybridized methine
groups. Two aromatic protonsd{ 6.23, H-2 and 6.19, H-4)
appeared as broad singlets in theNMR spectrum. Both of these
showed'H—1H COSY correlations (see Table 1) to a methyl group
(0n 2.25, CH-11) to which both were adjacent, implying that H-2
and H-4 had to be in metaposition to one another (see Figure 1,
b). TheH NMR spectra andH—!H COSY correlations revealed
5 Monodictyphenone a distinct'H—H spin system for protons H-5 to H-8a (see Figure
HaC 1, c). Due to the fact that three of the hydroxyl groups showed
:1 HO COSY cross-peaks, their position could be assigned and they were
located in fragment ¢ (C-5, C-6, and C-8). The second methyl group
(0w 1.44, CH-12) appeared as a singlet in tHé NMR spectrum
and showed no COSY correlations; a HMBC correlationd®2.7
The molecular formula of compouridwas deduced by accurate indicated a position adjacent to the quaternary carbon C-10a and
mass measurement (HREIMS) to besidg0s, implying seven completed the fourth fragment of compouh@dhown in Figure 1,
degrees of unsaturation. THEC NMR spectrum contained 15 d. The connection of fragments a and b was deduced from HMBC
resonances resulting from two methyl, one methylene, six methine, correlations (H-2 to C-1, C-4, C-9a, C-11; H-4 to C-2, C-4a, C-9,
and six quaternary carbons, including a carbony! grewp201.4, C-9a, C-11; H-11 to C-2, C-3, C-4) and led to the construction of
C-9) (see Table 1). Three more elements of unsaturation werethe aromatic ring A. The downfield carbon shift of C-4& (160.6)
attributed to carboncarbon double bonds of an aromatic moiety; revealed a second oxygenated-Bgbridized carbon additional to
thus the molecule had to be tricyclic. The direct connectivity (one C-1. The HMBC correlations of the hydrogen-bonded phenolic
bond) of proton and carbon atoms was deduced from a HSQC hydroxyl group (OH-1) to C-1, C-2, and C-9a proved the linkage
spectrum. FoutH NMR signals 6y 11.81, 4.14, 3.75, and 3.95)  of keto group C-9 to C-9a and showed that H-2 igiitho-position
(see Table 1) were associated with hydroxyl groups due to missingto C-1. HMBC correlations of the methyl groupsH2, to C-5,
HSQC cross-peaks. The downfield-shifted hydroxyl proton signal C-8a, and C-10a showed fragment d to be connected to C-5 and
atoy 11.81 and an absorption in the IR spectrum,a 1638 cnt? C-8a and thus completed the saturated six-membered ring C. This
indicated a hydrogen-bonded keto function in fheosition to a was supported by long-range correlations from H-5 to C-8a and
phenolic group (see Figure 1, fragment a). From the DEPT C-10a. The chemical shifts of the quaternary carbon atoms C-10a
spectrum, 14 protons were evident, and together with four hydroxyl (6c 82.7 ppm) and C-4aj¢ 160.6 ppm) indicated a junction to an
groups, the necessary number of 18 protons, as required by theoxygen. With all hydroxyl groups being allocated, C-10a and C-4a
molecular formula, was completed. Furthermore, with the presencehad to be involved in the ether formation. Consistent with the
of one carbonyl and four hydroxyl groups, one oxygen had to chemical shift of the sphybridized methine group C-8a4 51.8),
present as an ether linkagéC NMR shift values of)c 75.1, 64.6, its linkage to the ketone group completed the third ring within

Results and Discussion

Table 1. 1D and 2D NMR Spectroscopic Data for Monodictysin B (

position dc (mult.? On (Jin Hz)P COSYe HMBCbd NOESYbe

1 162.4 (C)

2 109.3 (CH) 6.23 (br s) 4,11 1,4, 9a, 11 11

3 150.3 (C)

4 109.3 (CH) 6.19 (br s) 2,11 2,4a,9,9a, 11 11

4a 160.6 (C)

5 75.1 (CH) 3.86 (brs) OH5, 6 6,7, 8a, 10a, 12 6,12

6 64.6 (CH) 4.46 (br d, 12.5) 5, OHB, 7Ta/B 5,7

7 34.5(CH) 2.02 (Hotd, 12.5, 3.0) 6,38 5,6 B, 8, &
1.86 (H3 dt, 12.5, 3.6) 6,@, 8 5,6,8,8a 6,d,8

8 69.5 (CH) 4.35 (m) @b, 8o, OH-8 6, 10a wWp, 8a

8a 51.8 (CH) 2.48 (br s) 8 807 12

9 201.4 (C)

9a 108.6 (C)

10a 82.7 (C)

11 22.3 (CH) 2.25 (brs) 2,4 2,3,4 2,4

12 22.9 (CH) 1.44 (s) 5, 8a, 10a 5, 8a

OH-1 11.81 (s) 1,2,9

OH-5 4.14 (br s) 5 10a

OH-6 3.75 (brs) 6

OH-8 3.95 (d, 5.5) 8

a Acetoneds 300/75.5 MHz PAcetoneds, 500/125.7 MHz Numbers refer to proton resonancéidumbers refer to carbon resonances.
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Figure 2. Selected NOESY correlations of ring C of compound
1.

Compoundl was thus identified as a tetrahydroxanthone. The
systematic name according to [IUPAC rules is 1,3,4,8-tetrahydroxy-
4a,6-dimethyl-1,2,3,4,4a,9a-hexahydtd-ganthen-9-one. We pro-
pose the trivial name monodictysin A.

2D 'H—'H NOESY experiments and the analysis ‘bf—'H
coupling constants enabled the relative configuratiorl ad be

deduced (see Figure 2). According to the observed NOESY cross-

peaks between CHL2 and the proton at C-8a, the saturated ring
C and ring B werecis connected. As H-8a showed a NOESY
correlation to H-4@, both possessed an axial position. The axial
position of H-% was confirmed byJy_sn-7« = 12.5 Hz, also
indicating H-6 to have an axial orientation. The absence of other
largeH—1H coupling constants and the analysis of the remaining

NOE correlations (see Table 1 and Figure 2) required equatorial

orientations for H-5 and H-8. All assignments established a chair
conformation for ring C. The relative configuration was therefore
described as®*, 6R*, 8R*, 8aR*, and 10&*.

Recrystallization of xanthonkin acetone gave yellow crystals.
X-ray studies confirmed the relative configuration found on the
basis of NMR data. The absolute configuration could not be
determined reliably [refinement of Flackdsparameter:x = 0.4-
(10)].*° Results are shown in Figures 3 and S10, Supporting
Information. Compoundl crystallized with two independent
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in the proton spectrum as a triplet, and the protons H-2 and H-4 as
doublets, indicating all protons to be adjacent. In theNMR
spectrum oR only three signals belonging to hydroxyl groups,
11.87, OH-1; 4.37, OH-5, 3.75, OH-8) were observed, and an
additional methyl groupdy 1.03, d,J = 7 Hz, ¢ 18.1, CH-13)
was visible (see Table 2). TH&l—1H COSY spectrum showed a
linkage from CH-13 to CH-6 ¢y 2.56 andc 26.2). Additionally,

in a HMBC experiment the protons of the methyl group £13

(6n 1.03) exhibited cross-peaks to C-5, C-6, and C-7. All these
assignments were consistent with the methyl group-CBibeing
positioned at C-6. Thus, compourlis a hydroxanthone like
compoundL, but the substitution pattern at C-3 and C-6 is different.
We propose the trivial name monodictysin B.

For compound, the molecular formula, fgH200s, was deduced
by HREIMS analysis. All spectroscopic data were very similar to
those of compoun@. In theH NMR spectrum one signal for an
aromatic proton was missing, but an additional signal for a methoxyl
group (CH-11) was observed. A HMBC correlation ofz;H1 to
C-3 (0c 168.4) enabled location of the methoxyl group at C-3 (see
Table 3). For compoun@® the trivial name monodictysin C is
proposed.

Selective NOE measurements were undertaken to establish the
relative configurations of compoun@saind3. These measurements
showed the same correlations as observed for compaufsge
above). Therefore all three monomeric tetrahydroxanthones possess
the same relative configuration as shown in Figure 2.

To determine the absolute configurations bf3, circular
dichroism (CD) measurements were combined with quantum-
chemical calculations based on the time-dependent density func-
tional theory. Geometry optimizations with the 6-8&* basis set
at the Hartree Fock level were performed assuming the relative
stereochemistry deduced from the NMR experiments and X-ray
analysis (R*,6R*,8R*,8aR*,10aR*). The general shapes of the
experimental CD spectra of xanthonés-3 are quite similar
(Figures 4A, and S6A and S7A, Supporting Information). They all

molecules and one solvent molecule (acetone) in the asymmetricShow a strongly positive band at about 210 nm, followed by

unit.
Compound2 had the molecular formula €H1g0s, as deduced

negative Cotton effects between 240 and 286 nm. The CD curves
then change their signs at about 300 nm, leading to positive bands

by accurate mass measurement. All general assumptions were théetween 309 and 360 nm. The calculated CD spectra of xanthones

same as for compountl Comparison of théH and 3C NMR
spectra of2 with those ofl revealed that both compounds belong

1-3 (Figure 4B and S6B, S7B) have strongly negative bands of
almost equal intensity around 205 nm, followed by a weak positive

to the same structural type, but some differences could be observedCotton effect at 232 nm fat, 230 nm for2, and 227 nm fo8 (for

Instead of a signal for a quaternary carboatl50.3 (C-3 inl)
compound?2 possesses a 5pybridized methine carbord¢ 138.3
and oy 7.33, CH-3). The signal of this aromatic proton appeared

further discussion, see the Supporting Information). The CD spectra
calculated for the B,6R,8R,8aR,10eR enantiomers of compounds
1—-3 are close to the mirror images of the measured spectra (drawn

Table 2. 1D and 2D NMR Spectroscopic Data for Monodictysin B3(

position dc (mult.) On (Jin Hz) COSY HMBC® NOESY?

1 162.5 (C)

2 108.5 (CH) 6.35 (d, 7.9) 3 4,9a

3 138.3 (CH) 7.33 (1, 7.9) 2,4 1,4a

4 108.5 (CH) 6.32(d, 7.9) 3 2, 4a, 9a

4a 161.3 (C)

5 75.4 (CH) 3.59 (brs) OH5 7, 8a, 10a, 12, 13 6,12, 13

6 26.2 (CH) 2.56 (m) 7a, 13 54713

7 34.6 (CH) 1.82 (Hxtd, 13.0, 2.4) 6,d, 8 6 73,8, 8a, 13
1.48 (H3 dt, 13.0, 2.8) 6,78 5,8, 8a 6, @, 8,13

8 69.1 (CH) 4.23 (m) @B, 8a, OH-8 B, 8a

8a 52.0 (CH) 2.45 (d, 4.3) 8 8,9 o78, 12

9 202.8 (C)

9a 110.8 (C)

10a 81.9 (C)

12 23.0 (CH) 1.35(s) 5, 8a, 10a 5, 8a, 13

13 18.1 (CH) 1.03 (d, 7.0) 6 5,6,7 5, 6,010

OH-1 11.87 (s) 1,2,9a

OH-5 4.37 (d, 5.8) 5

OH-8 3.75(d, 4.9) 8

a Acetoneds, 500/125.7 MHz Numbers refer to proton resonancésumbers refer to carbon resonances.
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Table 3. 1D and 2D NMR Spectroscopic Data for Monodictysin & (

Krick et al.

position Oc (mult.? On (Jin Hz)P° COSYbe HMBCbPd NOESYbe
1 164.5 (C)

2 94.5 (CH) 5.92 (d, 2.0) 4 1,3,4,9

3 168.4 (C)

4 94.8 (CH) 5.88 (d, 2.0) 2 2,3,4a, 9

4a 162.7 (C)

5 75.5 (CH) 3.57(d, 4.4) OH-5 7,8a, 10a, 12, 13 6,12, 13
6 26.2 (CH) 2.53 (m) @, 13 13 5,3, 13

7 345 (CH) 1.81 (Ha td, 13.2, 3.0) 6,78 5,6 6, 7.8, 8a, 13

1.47 (H3 dt, 13.2, 2.5) 6,d, 8 5,6, 8a 6,@,8,13

8 68.8 (CH) 4.21 (m) B, 8a, OH-8 6, 10a ap, 8

8a 51.7 (CH) 2.37(d, 4.4) 8 8,9, 12 ay78, 12

9 200.2 (C)

%a 105.7 (C)

10a 82.1(C)

11 55.8 (CH) 3.80 (s) 3

12 23.2 (CH) 1.37(s) 5, 8a, 10a 5, 8a

13 18.1 (CH) 1.02 (d, 7.0) 6 5,6,7 5, 6,018
OH-1 12.22 (s) 1,2,9a

OH-5 4.39(d, 5.8) 5

OH-8 3.75(d, 5.1) 8

a Acetoneds, 300/75.5 MHz PAcetoneds, 500/125.7 MHzNumbers refer to proton resonancésumbers refer to carbon resonances.
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Figure 3. Asymmetric unit of1 in the crystal. Displacement : 8 N 3
parameters are at the 50% probability level. 20 |-A&/1000cm2mot! 5
for compound3 as an example in Figure 4). Therefore, the absolute
configuration of the xanthonds-3 is postulated as$6S,8S,85 - 10+ )
105
The molecular formula of compourtwas analyzed by HREIMS 0
to be GsH1¢0s, with 11 degrees of unsaturation. The UV spectrum
of the yellow powder showed four maxima (231, 254, 287, and -10| .
361 nm), suggesting a xanthone chromophore. Signals for 15 carbor
atoms observed in tH6C NMR spectrum resulted from one methyl 20 | e
group, five aromatic methine groups, and nine quaternary carbon
atoms. The chemical shifts of all methine and quaternary carbons 30

(>105 ppm) indicated them to be %hybridized, including one 150 200 250 300 350 400
carbonyl fc 181.9, C-9) and one carboxyl functiod(169.8, C-12)  Figure 4. (A) Experimental CD spectrum of xanthoBeecorded
(see Table 4). The IR absorption at 1698 érsuggested a carboxyl  in methanol. (B) Calculated CD spectrum for th &R 8R,8aR -
function present as a carboxylic ac#C NMR signals for 12 10eR isomer of3 at the B3LYP/TZVP//HF/6-3+G* level. The
carbons resulted from two aromatic rings, and thus the tricyclic bars areAemay Of the single Gaussians and are proportional to the
xanthone nucleus could be confirmed. Since eight protons were corresponding rotational strengths.

observed in the DEPT spectrum and thus directly connected to

carbon atoms, and one hydrogen was present in the carboxyl groupying C with C-10a §c 156.8) as the bridgehead carbon. The
the remaining proton was present as a hydroxyl grébpNMR downfield 13C NMR shift of C-10a was in agreement with an
spectra showed five resonances for aromatic protons, one methyloxygenated carbon. Two aromatic prototig¢ 7.26/125.2, CH-2,
group, and one hydrogen-bonded hydroxyl grodp 12.37, OH- Opic 7.48/119.5, CH-4) appeared as doubléfs= 1.2 Hz) in the
8). The chemical shift oby 12.37 indicated g3-position to a IH NMR spectrum and thus had to beetapositioned to each other.
carbonyl function. Three aromatic protons (C-5 to C-7) had to be H—!H COSY and HMBC cross-peaks showed thwiho-position
ortho-positioned on one aromatic moiety due to their multiplicities to the methyl group CH11 (O 2.52/21.8), which was bonded
(0n7.01,d;7.71, 1, 6.79, d, all= 8.0 Hz) and HMBC correlations. to C-3 (Oc 148.7). The'3C NMR shift of C-1 ¢¢c 135.7) indicated
Long-range HMBC correlations of OH-8) 12.37) to signals at the bonding to the carboxylic acid function (COOH-12). The
oc 111.3 (C-7), 109.5 (C-8a), and 162.4 (C-8) showed CH-7 to resonances of H-2 revealed long-range correlationd:td.69.8
reside next to C-8, with C-8a being connected to the carbonyl, C-9. (COOH-12), 21.8 (Cht11), and 119.5 (CH-4) and the quarternary
Correlations from H-5 and H-6 tdc 156.8 completed the aromatic ~ carbon C-9a dc 115.5). The H-4 signal showed also a HMBC
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Table 4. 1D and 2D NMR Spectroscopic Data férand5

Journal of Natural ProduEts

monodictyxanthone monodictyphenonesj
position Oc (mult.? On (Jin Hz)P HMBCbd Oc (mult.? on (Jin Hz)P HMBCbPd
1 135.7 (C) 129.6 (C)
2 125.2 (CH) 7.26 (d, 1.2) 4,9a,11, 12 122.4 (CH) 7.34(s) 4,4a,9,11,12
3 148.7 (C) 139.5 (C)
4 119.5 (CH) 7.48(d, 1.2) 2,4a,9,9a, 11 121.1 (CH) 6.93 (s) 2,4a,9,9a, 11
4a 157.2 (C) 154.1 (C)
5 107.9 (CH) 7.01 (d, 8.0) 8a, 9, 10a 108.0 (CH)* 6.32* (d, 8.0) 6,7, 8a, 8/10a, 9
6 138.1 (CH) 7.71(t, 8.0) 8, 10a 136.6 (CH) 7.20 (t, 8.0) 5,7, 8a, 8/10a
7 111.3 (CH) 6.79 (d, 8.0) 5,8, 8a 108.0 (CH)* 6.32* (d, 8.0) 5, 6, 8a, 8/10a, 9
8 162.4 (C) 162.9 (C)**
8a 109.5 (C) 112.6 (C)
9 181.9 (C) 202.1(C)
9a 115.5(C) 131.9(C)
10a 156.8 (C) 162.9 (C)**
11 21.8 (CH) 2.52 (s) 1,2,3,4 21.1 (CH 2.31(s) 1,2,3,4,4a,9, 9
12 169.8 (C) 167.5 (C)
OH-8 12.37 (brs) 7,8a,8

a Acetoneds, 300/75.5 MHz PAcetoneds, 500/125.7 MHz ‘Numbers refer to proton resonancésumbers refer to carbon resonances, * and **

interchangeable signals due to chemical equivalence.

correlation to C-9a, revealing metaposition to C-2 and C-4.
HMBC correlation of H-4 to C-4ajc 157.2) allowed the conclusion
that C-4a completed ring A. The carbon shiftdaf 157.2 was in
agreement with a connection to an oxygen being the ether bridge
to the other aromatic moiety. Compou#dds a new trisubstituted
xanthone with the systematic name 8-hydroxy-3-methyl-9-dxe-9
xanthene-1-carboxylic acid. We propose the trivial name monod-
ictyxanthone.

Compound5 exhibited a molecular formula of 6H,,0s, as

Table 5. Influence of1—5 on Carcinogen-Metabolizing
Enzymes

NAD(P)H:quinone

Cyp1A inhibition reductase induction (QR)

compound 1Go (uM)2 CD (uM)b ICs0 (uM)2
1 >50 (40) 191.% >400
2 23.3+ 3.9 12.0+ 4.8 >50
3 3.0+ 0.7 12.8+ 2.6 >50
4 34.8+7.4 >50 (1.4) >50
5 >50 (28) >50 (1.3) >50

deduced by accurate mass measurement, implying 10 degrees of

unsaturation. Compared to compoufib was lacking one degree

2|Cso: half-maximal inhibitory concentration. Values in parentheses

of unsaturation and showed a mass difference of 18 mass unitsindicate the percentage of inhibition at the indicated concentragion.

(H20). The similarity to compound was obvious in all of the

NMR data (see Table 4), and the same substitution patterns for the

aromatic rings were concluded for both compounds. The molecule
of 2 possesses, however, three hydroxyl groups and was only
bicyclic. The UV spectrum of compour&imissed a third maximum
typical of xanthone UV spectra but had only two absorption maxima
(Amax 206 and 276 nm), being in agreement with an aromatic
molecule. In compound, NMR resonances for C-8 and C-10a
(0c 162.9) and for H-5 and H-74( 6.32) were identical, i.e.,
magnetically equivalent. This observation is in accordance with a
symmetrically substituted aromatic ring C possessing free hydroxyl
groups at C-8 as well as C-10a. The third hydroxyl group ofas
positioned at C-4adc 154.1). Thus, compound possesses a

concentration required to double the specific activity of QR. Values in
parentheses indicate the maximum fold induction at the indicated
concentrationThe compound was tested at least three times at
increasing concentrations to reach the CD value.

Secalonic acids result from a cleavage between C-4a and C-10.
The fungusMonodictys putrediniseems to be capable of both
enzymatic reactions. Moreover, xanthodes3 are substituted with

a methyl group at C-10a, whereas all secalonic acids and other
recently isolated dimeric xanthones (xanthochinodiesosar-
torin,2! rugulotrosing?) possess a carboxylic acid methyl ester at
this position. Phomoxanthorisnd dicerandrof$ are substituted
with a hydroxymethyl moiety at C-10a. To date, only diversonol
is known as a hydroxanthone structure with a completely reduced

bicyclic benzophenone structure in the same manner as deducedaarbonyl function at C-10&.25

for xanthones. According to IUPAC rules, the name of compound
5 is 2-(2,6-dihydroxybenzoyl)-3-hydroxy-5-methylbenzoic acid.
Monodictyphenone is proposed as the trivial nameSfor

Compoundsl to 3 are structurally related to diversofblnd
a- and B-diversonolic ester¥ fungal metabolites oPenicillium
diversum Additionally, hydroxanthones are known as part of the
dimeric ergochromes and secalonic acids, respectivejonod-
ictyxanthone 4) is related to several xanthones, possessing a
carboxyl function at C-1, such as vertixanthofesiycoxanthoné?
and pinselic acid® which are all fungal metabolites, and to
cassiaxanthorie isolated from leaves ofCassia species. The
benzophenone structure of compouhids structurally related to
sulochriri® and balanot$

All xanthone derivatives isolated during this study may result

from an octaketide-based precursor via an anthraquinone sklele-

ton17~19|n contrast to the well-investigated secalonic acids, which

The xanthones were tested in a series of bioassays indicative of
potential cancer chemopreventive activities. First, we analyzed their
potential to modulate drug-metabolizing enzymes, i.e., inhibition
of the phase | enzyme CyplA and induction of the phase Il enzyme
NAD(P)H:quinone reductase (QR). These mechanisms are most
relevant during the initiation phase of carcinogenesis, when the
interaction of activated carcinogens with DNA might result in DNA
damage and mutations if not repaired. Cyp1A is involved in the
activation of polyaromatic hydrocarbons like berglplrene, of
aflatoxin B1, and of cooked food mutagens including 1Q, Glu-P1,
and PhIP6 Xanthone3, substituted with a methoxyl group at C-3
of ring A, was identified as the most potent Cypl1A inhibitor and
inhibited theS-naphthoflavone-induced enzymatic activity of H4IIE
cell homogenates in a dose-dependent fashion with a half-maximal
inhibitory concentration (16) of 3.0+ 0.7 uM (Table 5 and Figure
5A). Lack of the methoxyl group at C-3 in compou@deduced

all possess a methyl group at C-6, the hydroxanthone structuresthe inhibitory potential by about 7.7-fold, whereas compodnd

1-3 show varying positions for their methyl groups. These are
either at C-3 or at C-6 and may result from cleavage of the

substituted with a methyl group in C-3 position and a hydroxyl
group in C-6 position, inhibited the enzyme activity by only 40%

anthraquinone skeleton either between C-4a or C-10a and carbonyht a final test concentration of %M. The xanthone-carboxylic

C-10 (see biogenetic scheme, Figure S10, Supporting Information).

acid 4 showed dose-dependent CyplA activity inhibition with an
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Figure 5. Dose-dependent inhibition of Cyp1A enzymatic activity
by the hydroxyxanthonesl, 2, and 3, respectively (A), in
comparison with the inhibitory potential of compoundisand 5

(B). Cyp1lA activity was measured wiflrnaphthoflavone-induced
HA4IIE rat hepatoma cell homogenates by dealkylation of 3-cyano-
7-ethoxycoumarin to fluorescent 3-cyano-7-hydroxycoumarin. Ac-
tivities of g-naphthoflavone-induced controls were in the range
48.5-137.7 nmol/min/mg of proteinn(= 13). o-Naphthoflavone
used as a positive control inhibited CyplA activity with an,dC
value of 0.0035+ 0.0009uM.

ICso value of 34.84+ 7.4 uM. In contrast, opening of ring B,
resulting in the bicyclic benzophenoBbgsignificantly reduced the
inhibitory potential (28% inhibition at a test concentration of 50
uM, summarized in Table 5 and Figure 5B).

We further monitored the induction of NAD(P)H:quinone

Krick et al.

md e
RN

QR activity (fold-induction)
w

0 T T T 1
10 100 1000
Concentration (uM)

Figure 6. Induction of QR activity in Hepa 1c1c7 cell culture by
compoundsl, 2, and 3. The specific QR activity of untreated
controls was 43t 10 nmol/min/mg proteini(= 7). f-Naphthofla-
vone was used as a positive control and induced QR activity with
a CD value of 0.146t 0.063uM.
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Figure 7. Dose-dependent inhibition of aromatase activity by the
xanthone3 in comparison with ketokonazole used as a positive
control substance with an igvalue of 0.9+ 0.1 uM. Aromatase
activity was measured using human recombinant aromatase (human
Cyp 19+ P450 reductase supersomes) @wbenzylfluorescein
benzyl ester as a substrate.

peroxyl-radical generat@f. At a concentration of M, none of

the compounds were more potent in scavenging peroxyl radicals
than the water-soluble vitamin E analogue Trolox, used as a
reference compound.

reductase (QR) as a model phase 2 enzyme in Hepa 1c1c7 murine For the detection of antitumor-promoting potential, the influence

hepatoma cell culture. The hydroxanthories3 were found to

of compoundsl—5 was evaluated on cyclooxygenase-1 (COX-1)

induce QR specific activity in a dose-dependent manner (Figure and aromatase enzymatic activit@g%3°None of the compounds

6). Compound? and3 were identified as the most potent inducers,
with CD values of 12.0+ 4.8 and 12.84+ 2.6 uM, without
demonstrating cytotoxic effects at concentrations up tou®0
(Table 5). For compound, a CD value of 191.1uM was

inhibited COX-1 activity more than 50% at a concentration of 100
uM; therefore, 1G, values were not generated. Interestingly,
xanthone3, identified as the most potent CyplA inhibitor, also
inhibited the activity of aromatase with and{value of 28.3+

determined. The compound was tested at concentrations up to 4004.5,M in a dose-dependent manner (Figure 7), whereas compounds

uM without any signs of cytotoxicity.
Compoundg! and5 did not induce QR activity-2-fold up to a
concentration of 5&M. Due to limited compound availability, we

1, 2, 4, and5 were less inhibitory, with a maximum 32, 9, 37, and
25% inhibition, respectively, at a test concentration oft30.
In summary, the monomeric xanthones3 were identified as

were not able to increase the final concentration tested. Activation inhibitors of the CyplA isoenzyme, which is involved in the

of carcinogens might lead to the generation of reactive radicals. metabolic conversion of procarcinogens into carcinogens. Com-
Consequently, we determined radical-scavenging potential of pounds2 and3 displayed moderate activity as inducers of QR, a
compoundsl—5 using the stable radical 1,1-diphenyl-2-picrylhy-  carcinogen-detoxifying enzyme, and compouhevas identified
drazyl (DPPH)}’ None of the compounds demonstrated DPPH- as a weak inhibitor of aromatase activity essential for the biosyn-
scavenging potential when tested at concentrations up ta:R60 thesis of estrogens. Overall, the substitution pattern of the core
Antioxidant potential was investigated by scavenging of superoxide structure strongly influenced the biological effects.

anion radicals generated by oxidation of hypoxanthine to uric acid

by xanthine oxidas& Up to concentrations of 50M, none of the Experimental Section

compounds were identified as a superoxide anion scavenger. We General Experimental Procedures.Optical rotations were mea-
further determined oxygen radical absorbance capacity (ORAC), sured on a JASCO DIP 140 polarimeter. UV and IR spectra were
using 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH) as a obtained employing Perkin-Elmer Lambda 40 and Perkin-Elmer



Xanthone Deriatives from the Fungus Monodictys putredinis

Spectrum BX instruments, respectivelid (1D, 2D COSY) and*C
(1D, DEPT 135, 2D HSQC, 2D HMBC) NMR spectra were recorded
on Bruker Avance 500 DRX and Bruker Avance 300 DPX spectrom-
eters in acetonds. Spectra were referenced to residual solvent signals
with resonances ayc 2.04/28.9 (acetonds). HREIMS were recorded

on a Finnigan-MAT 95 spectrometer. HPLC-MS measurements were
recorded employing an Agilent 1100 Series HPLC including DAD,
with a reversed-phase;£column (Macherey-Nagel Nucleodur 100,
125 mm x 2 mm, 5um) and gradient elution (from MeOHH-0,
10:90, in 20 min to 100% MeOH, then isocratic for 10 min), coupled
with an API 2000, Triple Quadrupole, LC/MS/MS, Applied Biosystems/

MDS Sciex, and ESI source. Preparative HPLC was carried out using - X {
a L-4500 carboxylic acid (4): yellow solid (12.0 mg, 2.4 mg/L); UV (MeOH)

a Merck-Hitachi system consisting of a L-6200A pump,

photodiode array detector, a D-6000 interface or a Waters system with

515 HPLC pump, and a Knauer K-2300 differential refractometer as
detector.

Origin of the Algal Sample. The fresh algal sample was collected
in September 1995 in Tenerife, Spdikintil examination the sample
was stored in sterile artificial seawater [ASW (g/L): KBr (0.1), NaCl
(23.48), MgC} x H,O (10.61), CaGl x 2 HO (1.47), KCI (0.66),
SrCh x 6 H,O (0.04), NaSO, (3.92), NaHCQ (0.19), HBO3 (0.03)].
Algal samples were rinsed three times with sterile water. After surface
sterilization with 70% EtOH for 15 s the alga was rinsed in sterile
ASW. The alga was aseptically cut into small pieces and placed on
agar plates containing isolation medium: 15 g/L agar (Fluka Chemie
GmbH, Buchs, Switzerland), ASW 800 mL/L, glucose 1 g/L, peptone
from soymeal 0.5 g/L, yeast extract 0.1 g/L, benzyl penicillin 250 mg/
L, and streptomycin sulfate 250 mg/L. A fungus found to grow out of
the algal tissue was separated on biomalt medium (biomalt 20 g/L,
agar 10 g/L, ASW 1000 mL/L) until the culture was pure. The fungal
strain 187/195 15 | was identified &onodictys putredinigWallroth)

S. Hughes 1958 by Dr. R. A. Samson, Centralbureau voor Schimmel-

cultures, Utrecht, The Netherlands.

Cultivation. The fungal strainM. putredinis(strain number 187/
195 15 |, culture collection of Institute for Pharmaceutical Biology,
University of Bonn, Germany) was cultivatech ® L (20 Fernbach
flasks) of solid biomalt medium containing 50 g/L Biomalt (Villa Natura
Gesundheitsprodukte GmbH, Kirn, Germany), 0.1 g/L yeast extract,
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(log €) 207 (4.19), 276 (3.87), 353 (3.38) nm; IR (ATR}ax 3459,
3364, 1626, 1461 cm; *H and*3C NMR data (see Table 2); ESIMS
m/z279 [M + H*], 277 [M — H']; EIMS m/z 278 (50), 177 (95), 137
(98); HREIMS vz 278.1153 (calcd for GH160s 278.1154).
Monodictysin C, (1S,3S,4S,4aS,9aS)-1,4,8-trihydroxy-6-methoxy-
3,4a-dimethyl-1,2,3,4,4a,9a-hexahydrotd-xanthen-9-one (3):white
solid (22.5 mg, 4.5 mg/L);d]%p +102 € 0.50 CHC}); UV (MeOH)
Amax (109 €) 215 nm (4.19), 292 nm (4.07), 331 nm (3.34); IR (ATR)
Vmax 3445, 1636, 1458, 1158 cr *H and**C NMR data (see Table
3); ESIMS/z 309 [M + H*], 307 [M — H*]; EIMS m/z 308 (41),
207 (100); HREIMSnv/z 308.1262 (calcd for GH200s 308.1260).
Monodictyxanthone, 8-hydroxy-3-methyl-9-oxo-$-xanthene-1-

Amax (109 €) 231 nm (4.13), 254 nm (4.05), 287 (3.69), 361 (3.38) nm;
IR (ATR) vmax 2921, 2851, 1698, 1645, 1605, 1272, 1237, 820%¢m
1H and*3C NMR data (see Table 4); ESIM®&z 271 [M + H*], 269

[M — H']; EIMS miz 270 (62), 252 (85), 226 (73); HREIM8Vz
270.0530 (calcd for GH1005 270.0528).

Monodictyphenone, 2-(2,6-dihydroxybenzoyl)-3-hydroxy-5-me-
thylbenzoic acid (5): yellow solid (8.9 mg, 3.6 mg/L); UV (MeOH)
Amax (lOg €) 206 (4.56), 276 (4.02) nm; IR (ATR)max 3258, 1692,
1613, 1452, 1224, 759 criy 'H and 3C NMR data (see Table 4);
ESIMSm/z 306 [M + NH,'], 287 [M — H']; EIMS myz 288 (5), 270
(100), 252 (51), 226 (45); HREIMBvVz 288.0636 (calcd for GH1.0s
288.0634).

Furan-2-carboxylic acid and acetyl Sumiki’'s acid: identified by
comparison oftH, ¥*C NMR and ESIMS datat-3?

Biological Assays.Compoundsl—5 were tested in agar diffusion
assays against different bacteria, fungi, and a green micrdalga.
Cytotoxicity of the compound$—5 was investigated using six tumor
cell lines® in addition to a reporter gene assay, protein phosphatase
assay, Hsc70 ATPase assay, ghdecretase inhibitioff The pure
compounds showed no activity in these assays.

Determination of Potential Cancer Chemopreventive Activities.
Experimental details of most test systems utilized in this study are
summarized in Gerhauser et?aFf® Briefly, inhibition of Cyp1A (EC
1.14.14.1) enzymatic activity and induction of QR (EC 1.6.99.2) in
cultured Hepalclc7 cells were assayed as described by Crespi et al.

and 15 g/L agar at room temperature for 4 months. Each Fernbach(1997) and Gerhauser et al. (1997), monitoring the dealkylation of

flask was inoculated with a piece of fungal biomass (¥)adissolved
in 10 mL of sterile water.

Extraction and Isolation. Fungal biomass and media were diluted
with water (100 mL/L) and homogenized using an Ultra-Turrax
apparatus. Exhaustive extraction with 21 L of ethyl acetate (EtOAc)
in three steps yielded 5.3 g of brown, oily extract. This was fractionated
by normal-phase (NP) VLC (silica gel 60, 0.068.200 mm) using
gradient elution from petroleum ether (PE), to EtOAc, acetone, and
MeOH, to yield 11 fractions. Fraction 4 showed interestiigNMR
spectra and antimicrobial activity; the LC-MS fingerprint chromatogram

3-cyano-7-ethoxycoumarin to 3-cyano-7-hydroxycoumarin and the
NADPH-dependent menadiol-mediated reduction of MTT [3-(4,5-
dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide] to a blue for-
mazan, respectivel{f:*” Radical-scavenging potential was determined
photometrically by reaction with 1,1-diphenyl-2-picrylhydrazyl (DPPH)
free radicals in a microplate form#t.Oxygen radical absorbance
capacity using fluorescein and AAPH as a peroxyl radical generator
was quantified as described by Huang et al. (2682hibition of
COX-1 (prostaglandin G/H synthase, EC 1.14.99.1) activity was
determined with a modification of the system described by Jang et al.

contained several interesting peaks. Fraktion 4 was separated by NP(1997), measuring oxygen consumption during the conversion of

HPLC (column Knauer Si Eurospher-100, 2508 mm, 5um, PE-
acetone 7.5:2.5, 2 mL/min) to yield 11 fractions. Five fractions were
purified by RP HPLC (Knauer g Eurospher-100 column, 258 8
mm, 5um, 2 mL/min) to yield seven pure compounds. Fraction 4.1
yielded 4.4 mg of compoun®and 2.0 mg of furan-2-carboxylic acid.
Fraction 4.3 gave 8.3 mg of compouddRP18 MeOH-H,0, 7:3).
Fraction 4.6 was purified with ¥0—MeOH gradient elution to give
8.9 mg of compound. Two other fractions were purified with an
isocratic solvent composition of MeGHH,0 (80:20) to yield 8.8 mg
of compound3, 4.0 mg of acetyl Sumiki's acid, and 6.0 mg of
compoundL. Workup of fraction 5 led to reisolation of xanthortes4,
whereas an additional 210 mg of monodictysin 1 {as isolated as
the main compound in this fungal extract.

Monodictysin A, (1S,3S,4S,4a,985)-1,3,4,8-tetrahydroxy-4a,6-
dimethyl-1,2,3,4,4a,9a-hexahydro4d-xanthen-9-one (1): white-
brown solid (216 mg, 43.2 mg/L);0J?% +53 (c 0.43 CHC}); UV
(MeOH) Amax (I0g €) 209 (4.05), 282 (3.79), 351 (3.19) nm; IR (ATR)
vmax 3392, 1638, 1203, 1100, 750 cfH and*C NMR data (see
Table 1); ESIMSM/z 295 [M + H*], 293 [M — H*]; EIMS m/z 294
(90), 191 (88), 151 (100); HREIMBVz 294.1109 (calcd for GH160s
294.1103).

Monodictysin B, (1S,3,4S,4aS 9aS)-1,4,8-trihydroxy-3,4a-dim-
ethyl-1,2,3,4,4a,9a-hexahydro{9-xanthen-9-one (2): white solid
(13.3 mg, 2.7 mg/L); ¢]%p +80.5 € 0.20 CHC}); UV (MeOH) Amax

arachidonic acid to prostaglanditfsinhibition of aromatase activity
was estimated using human recombinant Cyp19 (EC 1.14.14.1) and
O-benzylfluorescein benzyl ester (DBF) as a subsfiate.

Crystal Structure Determination of 1. Data were collected on a
Nonius KappaCCD diffractometer at150 °C using Mo Ko radiation
(A = 0.71073 A). The structures were solved by direct methods
(SHELXS-97)%® Non-hydrogen atoms were refined anisotropically and
H atoms with a riding model (H(O) free) oR? (full-matrix least-
squares, SHELXL-97%° The absolute configuration could not be
determined reliably by refinement of Flaclkdsparameter ¥ = 0.4-
(10)].1° Compound1: yellow crystals from acetone, 1641506 0.5
acetoneM = 323.33, crystal size 0.4& 0.15 x 0.05 mm, orthor-
hombic, space group2;2;:2; (No. 19);a = 7.4702(1) Ab = 9.1258-
(2) A, c = 46.9743(11) AV = 3202.31(11) & Z = 8, p(calcd) =
1.341 Mg n13, F(000) = 1376, = 0.103 mnt?, 9288 reflections
measured, 4789 unique reflectioriR,{ = 0.029] used for structure
solution and refinement with 443 parameters and 8 restrafatéor
37661 > 20(l)) = 0.0370,wR, = 0.0797 (all data), largest difference
peak and hole 0.650 and0.167 e A3, Crystallographic data for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre (CCDC-604188). Copies of the data can
be obtained, free of charge, on application to the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (faxt44-(0)1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk).



H Journal of Natural Products PAGE EST: 7.9

Circular Dichroism Spectroscopic Measurement.CD spectra of
1-3 were recorded at room temperature in methanol on an AVIV 62DS
CD spectrometer. The concentration and the path length wasx 1.5
1072 mol/L and 0.05 cm for all three samples.

Computational Methods. All calculations were performed with the
GAUSSIANO3 package of quantum-chemical programs running on the
facilities of the computing center of the RWTH Aach®€CD spectra
for the 3R,6R,8R,8aR,10aR isomers ofl—3 were calculated by means
of the quantum-chemical time-dependent density functional theory
(TDDFT).** Optimizations at the Hartreg~ock level employing the
6-31+G* basis set were performed to obtain molecular geometries to
be used in the calculation of the CD spectra. To define starting
geometries, we used the information from the determination of the solid
structure ofl which confirmed the conclusions drawn from the NMR
study. The rotational strengths required to calculate the CD spectra
have been obtained in TDDFT calculations with the B3LYP func-
tional*2a TZVP (triple¢ for valence orbitals plus polarization functions)
basis set? and the origin-independent dipole-velocity formaliém.
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