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Chemical investigations of the cytotoxic extract of the marine
fungus Curvularia sp. (strain no. 768), isolated from the red
alga Acanthophora spicifera, yielded the novel macrolide ap-
ralactone A (1), as well as the antipodes of curvularin macro-
lides 2-7. Compound 8, a dimeric curvularin was recognised
as an artefact. The structures of 1-8 were elucidated by in-
terpretation of their spectroscopic data (1D and 2D NMR, CD,

MS, UV and IR). Apralactone A (1) is a 14-membered phenyl
acetic acid macrolactone, and the first such compound with
a 4-chromanone substructure. Compounds 1, 2, 4, 5 and 6
were found to be cytotoxic towards human tumor cell lines
with mean IC5, values in the range of 1.25 to 30.06 pum.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Fungal macrolides, such as zearalenone, radicicol, and
the curvularin macrolides have recently attracted attention
due to their interesting biological activities.[!] Zearalenone
was shown to have estrogen agonistic properties,!”) whereas
radicicol and the curvularin macrolides were found to be
inhibitors of HSP90,134 a promising target for anticancer
drug discovery.™] From the chemical point of view, the mac-
rolides zearalenone and radicicol belong to the family of
resorcylic acid lactones (RALs) possessing a C18 nona-
ketide backbone with a 14-membered macrolide.[®l In con-
trast, the curvularins are octaketides composed of a 12-
membered macrolide skeleton attached to a 3,5-dihydroxy-
phenylacetic acid (Scheme 1).[7]

In continuation of our approach to isolate new bioactive
secondary metabolites from marine sources, we performed
chemical investigations on the cytotoxic extract of the ma-
rine fungal strain no. 768, which was identified as Curvula-
ria sp.8] In the current study, we were able to isolate and
identify the novel fungal macrolide 1, which on the one
hand is characterised by a 14-membered macrolide like in
RALs (e.g., zearalenone and radicicol), but resembles the
phenylacetic acid lactone moiety of the curvularins on the
other hand. Such nonaketide-based carbon skeletons as for
curvularins found in 1 have so far exclusively appeared in a
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Scheme 1. Chemical structures of the resorcylic acid lactones zeara-
lenone,['*2%a] and radicicol,['>28%-28<1 and the phenylacetic acid lac-
tone (—)-(10E,155)-10,11-dehydrocurvularin.[72-11]

Japanese patent as lead structure concerning the inhibition
of neuropeptide Y receptor for anti-obesity programs.’
The structural type of 1 is unprecedented, due to the incor-
poration of a 4-chromanone moiety within a macrolactone.
Moreover, here we describe the new stereochemical series
of curvularin macrolides 2-7.

The majority of the isolated macrolactones 1-8 were
evaluated for their cytotoxic activity towards a panel of up
to 36 human tumor cell lines and were found to be con-
siderably cytotoxic in some cases. The novel macrolide 1
showed concentration-dependent cytotoxicity with a mean
1Cso value of 9.87 uMm. The most active metabolite, com-
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pound 2, displayed concentration-dependent cytotoxicity
with a mean ICsq value of 1.25 pm, combined with signifi-
cant in vitro tumor cell selectivity towards nine of the 36
tested tumor cell lines, which indicates 25% of selectivity.

Chemistry

The fungal strain Curvularia sp. (strain no. 768) was iso-
lated from the red alga Acanthophora spicifera collected at
Fingers Reef, Apra Harbor, Guam. Cultivation on solid
biomalt medium containing artificial seawater gave a cyto-
toxic crude extract. Successive application of normal-phase
vacuum liquid chromatography (VLC), normal- and re-
versed-phase HPLC yielded the novel macrolide 1, as well
as a new stereochemical class of curvularins 2-7, and the
dimeric artefact 8 (Scheme 2).

2.R'=H,R?=H
1 3:R'=0H,RZ=H
4:R'=H, R?2=0OH

5. R'=H,R2=0H (11S) 7
6:R'=0H, RZ2=H (11R)

Scheme 2. Secondary metabolites 1-7, isolated from Curvularia sp.,
and artefact 8.

The empirical formula of 1 was determined as C3H,,Og
by high resolution ESI-MS implying nine elements of un-
saturation (m/z 331.1187 [M — H], A +0.5 mmu). Inspec-
tion of the 'H and '3C NMR spectra (Table 1) in combina-
tion with the DEPT and '"H-'3C HSQC data of 1 revealed
the presence of two meta-positioned aromatic protons (4-
H, 0y = 6.34 ppm, d, 2.2 Hz and 6-H, 4 = 6.38 ppm, d,
2.2 Hz), two olefinic trans-oriented protons (12-H, dy =
5086
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5.34 ppm, d, 15.7 Hz and 13-H, dy = 5.58 ppm, dt, 15.7,
7.5 Hz), an oxygen-substituted methine group (17-CH, J, =
69.3 ppm; oy = 5.03 ppm), two isolated methylene groups
whose protons exclusively display geminal coupling (/2,21
= 16.5 Hz; 2J10u10o = 16.0 Hz), three further methylene
groups (14-CH,, 15-CH,, and 16-CH,), and one methyl
group (18-CHs;, o, = 17.5 ppm; oy = 0.96 ppm). Moreover,
resonance signals for six sp?> quaternary carbons were de-
tected, whereof one is attributable to a ketone carbonyl (C-
9, 0. = 192.1 ppm) and one to an ester carbonyl group (C-
1, 6. = 169.4 ppm). The chemical shift of the remaining '*C
resonance signal at 6 = 102.2 ppm (C-11, Cgy,() suggested
to arise from a sp3-hybridised carbon atom, which bears
two oxygen functionalities.

'H-'H COSY and 'H-'3C HMBC NMR experiments
allowed us to deduce the gross structure of 1 as shown in
Figure 1. The spin system beginning with 12-H and contin-
uing through to 18-Hj could be concluded on the basis of
the "TH-'H COSY correlations (fragment A, Figure 1). The
geometry of the A'> double bond was assigned as 12E from
the '"H-'H coupling constant (*J;4;3 = 15.7 Hz). The sec-
ond part of the molecule (C-1 to C-11) included seven qua-
ternary carbon atoms and had to be established using
HMBC correlations (fragment B, Figure 1). The phenylace-
tic acid substructure was inferred from diagnostic cross-
peaks between the resonances for 2-Ha/2-Hb and C-1, C-3,
C-4 and C-8, and between 6-H and C-4, C-5, C-7 and C-8
(Table 1). The deshielded '*C NMR resonances for C-5 and
C-7 (6. = 163.7 and 164.3 ppm, respectively) indicated a
substitution with oxygen. Coupling between 6-H and C-9,
as well as between 10-Ha/10-Hb and both C-9 and C-11
gave evidence for the benzylic ketone nature of 1. Frag-
ments A and B were found to be connected between C-1
and the oxygen-bearing methine group 17-CH via an ester
bond and between the quaternary carbon C-11 and the
olefinic methine group 12-CH due to the HMBC corre-
lations from 17-H to C-1 and from 10-Ha/10-Hb to C-12,
respectively. At this stage of the structural analysis, the re-
maining element of unsaturation had to be taken care of
and a ring closure via a hemiketal linkage between the oxy-
gen-functionalised carbon atoms C-7 and C-11 to form a
common 4-chromanone ring system was most likely. This
assumption was strongly supported by the '3C NMR chem-
ical shifts of C-3 to C-11 and the '"H NMR resonances at-
tributable to the two exchangeable hydroxl protons 5-OH
and 11-OH (dy = 6.52 and 9.41 ppm, respectively; Table 1),
which are highly consistent with the respective values of a
4-chromanone moiety with an identical substitution pattern
to that of 1 reported for the polyketides SEK4 and
SEK4b.'% Finally, the planar structure of 1 matches the
molecular formula requirements including its nine elements
of unsaturation and the trivial name apralactone A is sug-
gested for 1. The absolute configuration of 1 at the chiral
center C-17 was subsequently concluded as (17R) by com-
parison of its CD spectrum with the CD spectra of the
structurally related curvularins 2-7, in particular regarding
the comparable Cotton effect of 1 with a maximum at
215 nm.
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Table 1. NMR spectroscopic data for 1 in [Dglacetone (0 in ppm, mult., J in Hz).

No. oC oH 'H-"H COSY HMBC
1 169.4, Cauat
2 42.8, CH, a: 3.41 (d, 16.5) 2b 1,3, 4, 7 8
b: 4.13 (d, 16.5) 2a 1,3, 4, 71l
3 140.3, Cauat
4 114.3, CH 6.34 (d, 2.2) 6 1,2,5,6,8,9
5 163.7, Cauat
6 102.7, CH 6.38 (d, 2.2) 4 4,5,7,8,9
7 164.3, Caut
8 113.7, Caunt
9 192.1, Copar
10 49.5, CH, a: 2.76 (d, 16.0) 10b Ml 71089 11, 12
b: 3.03 (d, 16.0) 10a 9, 11, 12, 13
1 102.2, Copar
12 129.3, CH 5.34 (d, 15.7) 13 10, 11, 13, 14, 150
13 134.9, CH 5.58 (dt, 15.7, 7.5) 12, 14a, 14b 11, 12, 14, 15
14 30.9, CH, a: 1.57 (m) 13, 14b, 15a 12, 13, 15, 16
b: 2.04 (m) 13, 14a, 15a, 15b 12, 13, 15021, 1621
15 22.3, CH, a: 0.68 (q, 11.7) 14a, 14b, 15b, 16 138116, 1712l
b: 1.52 (m) 14b, 15a, 16 13[4 16
16 31.5, CH, 1.29 (m) 15a, 15b, 17 14,15, 18
17 69.3, CH 5.03 (m) 16, 18 1, 15, 16, 18
18 17.5, CH;3 0.96 (d, 6.6) 17 16, 17
OH 9.41,s, 1 HY
OH 6.52, br. s, 1 H®

[a] Weak signal. [b] Signals detected in [Dg]THF.

Figure 1. '"TH-'"H COSY and selected 'H-'*C long-range corre-
lations of 1.

The NMR spectroscopic data of 2, 3, and 5-7 are in full
agreement with the previously published values for their
enantiomers (Tables S1 and S2, Supporting Infor-
mation).">!"131 All planar structures of 2-7 were con-
firmed by interpretation of extensive 1D and 2D NMR ex-
periments (HMBC, HSQC, COSY). The absolute configu-
ration (15S) of the published curvularins was determined
via total synthesis of (-)-(15S)-curvularin and by degrada-
tion of (-)-(10E,155)-10,11-dehydrocurvularin.’®!41 On the
basis of their optical rotation and CD spectra, the newly
isolated curvularin-type metabolites 2—7 were found to pos-
sess a different configuration at C-15, which was assigned
as (15R) when compared to the known compounds.[7b-11-13]
As it is shown in Table 2, the optical rotation of compounds
2, 3, and 5-7 corresponds regarding its magnitude to values
in the literature, but has the opposite sign. Moreover, the
Cotton effect observed in the CD spectra attributable to the
n—7t* transition band of the lactone at around 229-235 nm
of compounds 2-7 showed the opposite sign to that
reported for (-)-(10E,15S)-10,11-dehydrocurvularin
(Table 2).131 Thus, compound 2 proved to be (+)-
(10E,15R)-10,11-dehydrocurvularin (Scheme 2).['!]
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Compound 3 is the 12-hydroxy derivative of 2. A com-
pound with this basic structure and 155 configuration has
been reported, however stereochemical assignment at the
hydroxylated carbon C-12 was not done. Our data show
that metabolite 3 is the antipode of the reported com-
pound.[!?]

Mass and NMR spectral analysis revealed compound 4
to be a new positional isomer of 3. In the case of 4, no
enantiomer is described in the literature. Instead of the 12-
hydroxy group in 3, compound 4 exhibits a hydroxyl group
at position C-13, as evident from the spin system beginning
with 10-H through to 16-Hs, which was deduced from the
'H-'H COSY correlations. The deshielded '*C NMR reso-
nances for C-13 (J. = 66.9) clearly supported the substitu-
tion of this carbon with a hydroxyl functionality.

Compounds 5 and 6 are epimers concerning the hydroxyl-
bearing stereocenter C-11. Compound 5 is the enantiomer
of the known (-)-(11R,15S)-11-hydroxycurvularin, while 6 is
the enantiomer of the reported (-)-(11S,15S)-11-hydroxycur-
vularin.['3 The absolute configurations of 5 and 6 were as-
signed as (11S,15R) and (11R,15R), respectively, by compar-
ing the optical rotation and '"H NMR spectroscopic data
with those of the reported enantiomeric counterparts.[!>!3]
Compounds 5 and 6 are thus (+)-(11S,15R)-11-hydroxycur-
vularin and (+)-(11R,15R)-11-hydroxycurvularin, respec-
tively. Compound 7 proved to be (+)-(15R)-12-oxocurvula-
rin, based on the comparison of the optical rotation and 'H
and 3C NMR spectroscopic data with those of the reported
enantiomeric counterpart.l'?13l

Accurate mass measurement of compound 8 (HREIMS,
mlz 580.2309 [M]") indicated it to have twice the mass of
compound 2 and therefore the elemental composition
5087
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Table 2. Chiroptical data of compounds 1-7 in comparison with the published values of the corresponding enantiomers given in the
literature.

Measured [a]p (EtOH)

[a]p (EtOH) of the enantiomer = Measured Cotton effect in the Cotton effect of the

CD spectrum enantiomer
(216-235 nm, MeOH) (MeOH)
1 [a]F = +10.0 (c = 0.3) n.elb! Ae = 216 (+8.22) n.elbl
2 [alE =+79.1(c=04) [a] = ~79.8 (¢ = 3.0)1al Ae = 229 (+6.84) Ae = 235 (-4.79)113]
3 [alF = +49.9 (¢ = 0.09) [a]# = —49.5 (¢ = 0.86)12 Ae = 230 (+4.12) n.d.[l
4  [a]y = +126.5 (c = 0.29) n.eb! Ae = 231 (+5.49) n.elbl
5 [alE = +6.9 (c = 0.47) [al3 = ~10.9 (c = 0.19)13 Ae = 229 (+5.006) n.d.[l
6 [alF = +25.2 (c = 0.26) [a]# = -29.4 (c = 0.33)113] Ae = 229 (+1.20) n.d.[l
7 [alE = +53.8 (¢ = 0.13) [a]y = —43.5 (¢ = 0.47)1131 Ae =230 (+3.73) n.d.[l
[a] n.d.: not determined in the literature. [b] n.e.: no enantiomer reported in the literature.
Table 3. NMR spectroscopic data for 8 in [Dglacetone (0 in ppm, mult., J in Hz).
(10E)-10,11-Dehydrocurvularin part of 8 Curvularin part of 8
No. oC oH No. oC JoH
1 171.5, Cquat Iy 170.5, Cquat
2 42.9, CH, a: 3.67 (d, 17.9) 2’ 40.7, CH, a: 3.63 (d, 15.8)
b: 4.04 (d, 17.9) b: 3.96 (d, 15.8)
3 138.3, Cquat 3’ 138.4, Cquat
4 113.1, CH 6.330l 4’ 112.7, CH 6.33l
5 162.4, Cgyat 5’ 160.6, Cquat
6 102.8, CH 6.320al 6’ 102.7, CH 6.41 (d, 2.2)
7 165.0, Cqyar 7 159.3, Cquat
8 116.6, Cquat 8’ 119.9, Cquat
9 196.7, Cquat 9 205.0, Cguat
10 131.1, CH 6.67 (d, 15.7) 10’ 47.4, CH, a: 2.66 (dd, 10.0, 15.0)
b: 2.99 (d, 15.0)
11 152.7, CH 6.83 (dd, 7.7, 15.7) Iy 39.8, CH 2.16 (m)
12 44.5, CH 2.42 (q, 7.7) 12’ 30.9, CH, a: 1.301
b: 1.430
13 26.7, CH, a: 1.53 (m) 13’ 20.1, CH, 1.33M
b: 2.00 (m)
14 33.7, CH, a: 1.630 14’ 32.4, CH, a: .34l
b: 1.74 (m) b: 1.64[
15 72.0, CH 4.64 (m) 15’ 71.0, CH 4.99 (m)
16 19.9, CH; 1.18 (d, 6.6) 16’ 19.1, CH; 1.06 (d, 6.6)
OH 9.24 (br. s, 3 H), 12.12 (br. s, 1 H)

[a] Overlapped resonance signals.

C3,H3604, implying fifteen elements of unsaturation.
These data suggested 8 to be a dimeric curvularin. Its 'H
and '3C NMR spectra displayed resonance signals attribut-
able to a (10E)-10,11-dehydrocurvularin and a curvularin
part in the ratio 1:1 (Table 3). Structure elucidation of 8 was
based on extensive 1D and 2D NMR experiments (HMBC,
HSQC, COSY). The connection between the (10E)-10,11-
dehydrocurvularin and the curvularin part was established
between C-12 and C-11" due to an observed 'H-'H COSY
correlation from 12-H (0y = 2.42 ppm) to 11’-H (0y =
2.16 ppm), and moreover HMBC correlations from both
10-H (0 = 6.67 ppm) and 11-H (0 = 6.83 ppm) to C-11’
(0c = 39.8 ppm), and from 10’-Hb (o = 2.99 ppm) to C-
12 (6c = 44.5 ppm) (see Figures S9-1 and S9-2 in the Sup-
porting Information). Selective NOE measurements con-
firmed the gross structure of 8, since irradiation at the reso-
nance frequency of 11'-H (dy; = 2.16 ppm) caused enhance-
ment of the resonance for 12-H (dy = 2.42 ppm) (Figure
S9-3, Supporting Information). Thus, 8 was identified as
5088
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the first curvularin-type dimer. HPLC-ESI-MS experi-
ments, however gave evidence for 8 being an artefact. It was
shown that 8 is a dimerisation product of 2 formed during
the extraction procedure. We consider a Michael addition
with compound 2 reacting on the one hand as Michael do-
nor and on the other hand as Michael acceptor, which is
consistent with the trans-olefinic 1,7-diketone moiety of 8
as reaction product. The absolute configuration of 8 is
hence assumed as (15R,15’ R) but remains unresolved at the
stereogenic centers C-12 and C-11".

Biological Results

The cytotoxicity of macrolides 1, 2, 4, 5, 6, and 8 was
determined in a monolayer cell survival and proliferation
assay. For the assays a panel of up to 36 human tumor cell
lines, comprising 14 different solid tumor types was used.
The examined macrolides showed different activities, ex-

Eur. J. Org. Chem. 2008, 5085-5092
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Tumor type Cell line 1Cs [uM]
1 2 4 5 6 8
Bladder BXF 1218L 12.3 0.43 12.3 7.34 13.17 >17.22
BXF T24 6.36 0.5 >32.64 3.14 10.67 >17.22
Glioblastoma CNXF 498NL n.d.[ 1.98 13.88 1.75 11.34 >17.22
CNXF SF268 6.85 0.36 24.01 2.96 10.12 >17.22
Colon CXF HCT116 9.59 3.35 >32.64 11.11 21.2 >17.22
CXF HT29 10.26 3.22 >32.64 8.78 13.0 >17.22
Stomach GXF 251L 9.35 0.81 >32.64 12.51 16.66 >17.22
Head & neck HNXF 536L n.d. 1.84 15.55 7.35 8.0 >17.22
Lung LXF 1121L 11.43 1.56 23.67 7.66 13.63 >17.22
LXF 289L 15.77 0.28 >32.64 13.34 17.92 >17.22
LXF 526L 4.61 1.11 >32.64 9.63 16.18 >17.22
LXF 529L n.d. 1.4 >32.64 3.59 9.78 >17.22
LXF 629L 9.71 2.17 >32.64 7.93 13.31 >17.22
LXF H460 6.74 2.88 >32.64 11.2 17.11 >17.22
Breast MAXF 401NL 9.17 0.4 16.99 1.86 16.87 >17.22
MAXF MCF7 10.11 2.63 >32.64 4.44 11.31 >17.22
Melanoma MEXF 276L 9.03 5.45 21.47 14.04 19.01 >17.22
MEXF 394NL n.d. 0.68 14.31 0.92 2.05 >17.22
MEXF 462NL 12.2 0.38 >32.64 10.96 13.45 >17.22
MEXF 514L n.d. 0.5 >32.64 3.84 14.77 >17.22
MEXF 520L 7.66 1.27 25.93 222 10.26 >17.22
Ovary OVXF 1619L n.d. 1.75 >32.64 6.04 8.02 >17.22
OVXF 899L 9.56 0.58 >32.64 10.61 11.23 >17.22
OVXF OVCAR3 10.97 1.84 >32.64 13.09 23.46 >17.22
Pancreas PAXF 1657L 13.25 4.54 32.64 14.14 18.0 >17.22
PAXF PANCI1 11.43 1.99 >32.64 4.02 10.77 >17.22
Prostate PRXF 22RV1 7.66 0.76 >32.64 2.5 11.45 >17.22
PRXF DUI145 7.94 0.81 >32.64 2.44 9.77 >17.22
PRXF LNCAP 9.52 3.75 >32.64 6.55 20.46 >17.22
PRXF PC3M 10.05 0.4 >32.64 3.24 9.58 >17.22
Mesothelioma  PXF 1752L 16.78 0.79 28.18 16.21 >32.43 >17.22
Kidney RXF 1781L 16.57 2.14 >32.64 12.04 15.73 >17.22
RXF 393NL n.d. 2.03 >32.64 11.9 15.5 >17.22
RXF 486L 12.64 3.27 >32.64 9.07 14.88 >17.22
RXF 944L n.d. 2.31 33.94 4.57 11.84 >17.22
Uterus UXF 1138L 10.11 0.89 >32.64 8.96 12.48 >17.22
Mean 9.87 1.25 30.06 6.09 12.99 >17.22
[a] n.d.: not determined.
pressed by mean ICs, values ranging from 1.25 um to 30.06  Discussion

um (Table 4). Compound 8 did not show cytotoxic activity
in the test range up to 17.2 um. The novel macrolide apral-
actone A (1) showed moderate concentration-dependent
cytotoxicity with a mean ICs, value of 9.87 puMm. The most
active metabolite, compound 2, displayed concentration-de-
pendent cytotoxicity with a mean ICs, value of 1.25 um,
combined with significant in vitro tumor cell selectivity
towards nine of the 36 tested tumor cell lines, which indi-
cates 25% of selectivity (using an individual ICs, value
< 1/2 of the mean ICsq value as threshold for above average
sensitivity). These nine above average sensitive cell lines
were BXF 1218L (bladder cancer, ICsy = 0.43 pum), BXF
T24 (bladder cancer, ICso = 0.5 um), CNXF SF268 (gliobla-
stoma, ICsq = 0.36 um), LXFA 289L (lung adenocarci-
noma, ICsy = 0.28 pm), MAXF 401NL (mammary cancer,
IC5y = 0.4 pm), MEXF 462NL (melanoma, 1Csy = 0.38
um), MEXF 514L (melanoma, ICsy = 0.5 um), OVXF 899L
(ovarian cancer, ICsy = 0.58 pum), and PRXF PC3M (pros-
tate cancer, ICsy = 0.4 um) (Table 4).
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Fungal phenylacetic acid lactones (PALs) were to date
reported either with a 10-membered macrolactone like xes-
todecalactones A and B, and sporostatin (C14 carbon skel-
eton),l'® or a 12-membered lactone ring as in the curvular-
ins (C16 carbon skeleton).[''"13 PALs with a 14-membered
ring like in 1 (C18 carbon skeleton) have to date only been
reported in the patent literature.’! 14-Membered macrolides
from fungal sources are, however, quite common in the
class of the resorcylic acid lactones (RALS) like zearalenone
and radicicol,l'®'?l and only a few RALs have been de-
scribed, which possess a 12-membered macrolactone (e.g.
lasiodiplodin, cis- and trans-resorcylides).'”! Both, PALs
and RALs have been isolated from many fungal taxa; PALs
were obtained from e.g., Curvularia,'%"'* Memnoniella,”!
Penicillium, Mo 1310181 §poromiella, P Alternaria,'®! As-
pergillus?? and Stemphylium,*"1 and RALs e.g., from Gib-
berella'®  Nectria'™®  Lasiodiplodia™ and  Penicil-
Jium [170.17¢]
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From the biosynthetic point of view, both, the RALs and
PALs were illustrated to be polyketides.>”] Both macrolide
classes apparently have varied oxidation levels around the
macrocycles. Even though 4-chromanone moieties are
rather common in nature, their incorporation in a macro-
lactone ring as found in 1 is to our best knowledge unique
among macrolides. 4-chromanone ring systems are charac-
teristic for flavonoids, in particular flavanones,*?! but they
also occur typically as parts of fungal naphtho-y-pyrones
(e.g., nigerasperones B—C, fonsecinones B-D, aurosperone
B, and fonsecin),?¥ and fungal xanthones (e.g., mon-
odictysins A-C, monodictyxanthone, and ascherxanthone
A).?* Furthermore, 4-chromanone substructures have been
also reported to appear in rather rare secondary metabolites
of fungal origin, such as the brocaenols A-C, lachnones C—
E, cavoxone, and polivione.[>’! The formation of the hemi-
ketal linkage of the 4-chromanone moiety was proposed to
occur in a non-catalytic way during the polyketide biosyn-
thesis of SEK4 and SEK4b in Streptomyces as a result of
an intramolecular attack of a hydroxyl onto a ketone.['"]
Hemiketals are quite usual among natural products and
were found in the above discussed fungal naphtho-y-py-
rones as functional group of the 4-chromanone element, but
have also been described in more prominent structures like
the polyketidic polyene antifungals amphotericin B and
nystatin A;,[*°! as well as in members of the marine antitu-
mor compounds dolastatins and bryostatins.[*”]

The configuration at the lactone bearing stereogenic cen-
ter is obviously variable among the PALs and RALs. The
latter include for example, zearalenone and radicicol with
the absolute S and R configuration, respectively, at the lac-
tone bearing chiral center.”®! The former include, on the
one hand, the (-)-(15S)-curvularin macrolides, and on the
other hand our newly identified (+)-(15R)-curvularin series
(2-7), (+)-(17R)-apralactone A (1), as well as the described
macrolide xestodecalactone A, exhibiting the absolute R
configuration at the comparable stereogenic center.[*’ Thus,
it has to be concluded that the reduction of the B-keto
group via B-ketoacyl reductases creates variable configura-
tions within fungal macrolide biosynthesis.l#]

Members of the phenylacetic acid lactones have been
evaluated for their anticancer potential. The 10-membered
PAL sporostatin was illustrated to inhibit the epidermal
growth factor (EGF) receptor tyrosine kinase in vitro,
which is discussed as target for anticancer therapy,!'®®! and
the 10-membered PAL xestodecalactone has been patented
for its antitumor activity.P% (-)-(15S)-curvularin-type me-
tabolites were reported to be cytotoxic against human can-
cer cell lines,' '™ and their mode of action as HSP90 inhibi-
tors has been patented.” In the current study, the newly
identified (+)-(15R)-curvularin-type metabolites 2, 4, 5 and
6 were found to exhibit structure-dependent cytotoxic prop-
erties. Especially, (+)-(10E,15R)-10,11-dehydrocurvularin
(2) displayed strong cytotoxicity against human cancer cell
lines in a concentration-dependent manner (mean ICs, =
1.25 pum), indicating that the stereochemistry at the chiral
center C-15 of the curvularin macrolides is not crucial for
their cytotoxic activity. In contrast, variations of the oxi-
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dation levels around the macrocycle seem to influence the
cytotoxic activity of the (+)-(15R)-curvularin-type metabo-
lites, as shown imposingly in the case of compound 4 (mean
ICso = 30.06 um). Compound 2 possesses about 24-fold
more cytotoxic potency than its 13-hydroxy derivative 4
concerning their mean ICs, values. Other structural varia-
tions of 2, like the extended and modified macrocycle found
in 1 (mean ICsy = 9.87 um) and the dimeric structure of 8
(mean ICsy >17.22 pm) also decrease cytotoxic activity.

Experimental Section

General: Optical rotation was measured on a JASCO DIP 140 pola-
rimeter. UV and IR spectra were obtained employing Perkin—Elmer
Lambda 40 and Perkin—Elmer Spectrum BX instruments, respec-
tively. CD spectra were recorded in MeOH and CH;CN at room
temperature with a JASCO J-810-150S spectropolarimeter; the
path length was d = 0.1 cm. 'H, '3C, COSY, NOESY, HSQC, and
HMBC NMR spectra were recorded in [Dglacetone or [Dg]THF
using a Bruker Avance 300 DPX spectrometer operating at
300 MHz for proton and at 75 MHz for '3C. Selective one-dimen-
sional NOE NMR spectroscopy was achieved in [Dglacetone as
solvent utilizing a Bruker Avance 500 DRX spectrometer operating
at 500 MHz. Spectra were referenced to the residual solvent signal
of [D¢lacetone or [Dg]THF with resonances at oy c = 2.04/29.8 and
oy = 1.72, respectively. LRESIMS measurements were performed
employing an API 2000, Triple Quadrupole LC/MS/MS, Applied
Biosystems/MDS Sciex and ESI source. HREIMS was recorded on
a Finnigan MAT 95 spectrometer, and HRESIMS on a Bruker
Daltonik micrOTOF-Q Time-of-Flight mass spectrometer with
ESI source. Preparative HPLC was carried out using a Waters 515
HPLC pump and a Knauer K-2300 differential refractometer as
detector.

Isolation and Taxonomy of the Fungal Strain: The red alga Acantho-
phora spicifera was collected in 2-4 m depth by snorkelling at Fin-
gers Reef, Apra Harbor, Guam. After surface sterilization of the
algae with 70% ethanol, algal samples were rinsed with sterile
water and pressed onto biomalt agar plates to detect the presence
of any fungal spores on the surface of alga. Sterilized alga was
then cut into pieces and placed on agar plates containing isolation
medium: 15 g/L agar, artificial seawater, benzyl penicillin (250 mg/
L), and streptomycin sulfate (250 mg/L). Fungal colonies growing
out of the algal tissue were transferred to medium for sporulation
(15 g/L agar, 20 g/L biomalt extract, artificial seawater). The fungal
strain was identified as Curvularia sp. by the Centraalbureau voor
Schimmelcultures, Utrecht, The Netherlands.

Cultivation: The fungal strain (strain number 768, culture collection
of Institute for Pharmaceutical Biology, University of Bonn, Ger-
many) was cultivated at room temperature for seven weeks in 38
Fernbach flasks (250 mL each). The solid biomalt medium con-
tained 20 g/LL of Biomalt (Villa Natura Gesundheitsprodukte
GmbH, Germany), 15 g/L agar (Fluka Chemie AG), and artificial
seawater [(g/L): KBr (0.1), NaCl (23.48), MgCl,6H,O (10.61),
CaCl,-2H,0 (1.47), KCI1 (0.66), SrCl,:6H,0 (0.04), Na,SO, (3.92),
NaHCOs (0.19), H3;BO; (0.03)].

Extraction and Isolation: Cultivation medium (9.5 L) and mycelia
were extracted with ethyl acetate (3 X 5 L) after being homogenized
using an Ultra Turrax. The ethyl acetate crude extract (3.55 g, red-
dish, oily) was fractionated via normal-phase VLC (13 X4 cm, sil-
ica gel 60, 0.063-0.200 mm, Merck, Darmstadt, Germany) with a
CH,CIl,/EtOAc/MeOH gradient in 10 steps to yield 10 fractions.
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Fractions 3 and 4 were of further interest because of their cytotoxic
activity and '"H NMR spectra. Fraction 3 was separated again by
normal-phase VLC (13X4cm, silica gel 60, 0.063-0.200 mm,
Merck, Darmstadt, Germany), this time using a petroleum ether/
EtOAc/MeOH gradient to yield 11 subfractions, whereof subfrac-
tion 8 was purified via RP-HPLC (column: Macherey—Nagel, Nu-
cleodur 100, C18-ec, 5 pm, 250 X 8§ mm; MeOH/H,0, 60:40; 2 mL/
min) to afford pure compound 2 (38.6 mg). Fraction 4 was sepa-
rated by normal-phase HPLC (column: Knauer, Eurospher-100-Si,
5 um, 250 X 8 mm; petroleum ether/acetone, 80:20; 2 mL/min) to
obtain pure compounds 3 (1.3 mg), 4 (4.3 mg), and 8 (13.9 mg),
impure compounds 1 and 7, and a mixture of 5 and 6. Required
purification of 1, 7, and the mixture of 5 and 6 was achieved via
RP-HPLC (column: Macherey—Nagel, Nucleodur 100, Cl18-ec,
5 um, 250 X 8 mm; 2 mL/min) applying MeOH/H,O0, 50:50, to yield
pure compound 1 (5.0 mg), and using MeOH/H,O, 35:65, to give
pure compounds 7 (1.2 mg), 5 (7.0 mg) and 6 (3.9 mg), respectively.

Apralactone A (1): Colourless amorphous solid (5.0 mg, 0.1%),
[a]% = +10.0 (¢ = 0.3, EtOH). UV (EtOH): Ay (€) = 216 (14720),
239 (9813), 280 (10981), 312 nm (5607). CD (¢ = 1.1 X 1073 mol/L,
MeOH): Zn.x (Ag) = 203 (+12.69), 216 (+8.22), 277 (+4.82.), 309
(-6.65), 332 nm (+3.08). CD (¢ = 1.1 X107 mol/L, CH3CN): Apax
(Ag) = 203 (+12.97), 215 (+11.47), 275 (+6.40), 308 (-7.35), 331
nm (+3.31). IR (ATR): V. = 3284 (br), 2927, 1698, 1607, 1584,
and 1278 cm™!. 'H and '3C NMR spectroscopic data (Table 1);
LRESIMS m/z 331 [M — H]". HRESIMS caled. for C;sH9O¢ [M —
H] m/z 331.1182, found m/z 331.1187.

(+)-(10E,15R)-10,11-Dehydrocurvularin (2): Colourless amorphous
solid (38.6 mg, 1.1%), [a]& = +79.1 (¢ = 0.4, EtOH). UV (EtOH):
e (8) = 224 (12403), 298 (5233), 337 nm (4457). CD (c =
1.7X 1073 mol/L, MeOH): Ay.x (Ag) = 229 nm (+6.84). IR (ATR:
Vmax = 3333 (br), 2932, 1727, 1704, 1620, 1592, 1194, and 1173
cm . 'H and '3C NMR spectroscopic data (Tables S1 and S2, Sup-
porting Information); LRESIMS: m/z = 291 [M + H]". HRESIMS
caled. for C,gH,905 [M + HJ* m/z 291.1232, found m/z 291.1227.

(+)-(10E,15R)-12-Hydroxy-10,11-dehydrocurvularin (3): Colourless
amorphous solid (1.3 mg, 0.04%), [a]s = +49.9 (¢ = 0.09, EtOH).
UV (EtOH): Anax (€) = 225 (22511), 284 (7044), 312 (6126), 333
nm (4747). CD (¢ = 1.6 X103 mol/L, MeOH): /.. (Ag) = 230
(+4.12), 309 (-0.74), 338 nm (+0.48). IR (ATR): V. = 3285 (br),
2926, 1698, 1614, 1591, 1264 and 1162 cm'. 'H and '*C NMR
spectroscopic data (Tables S1 and S2, Supporting Information);
LRESIMS: m/z = 307 [M + H]". HRESIMS calcd. for C;¢H ;9O
[M + H]* m/z 307.1182, found m/z 307.1176.

(+)-(10E,15R)-13-Hydroxy-10,11-dehydrocurvularin (4): Colourless
amorphous solid (4.3 mg, 0.1%), [alyy = +126.5 (¢ = 0.29, EtOH).
UV (EtOH): Anax () = 224 (12710), 298 (7351), 336 nm (5972).
CD (¢ = 1.6 X107 mol/L, MeOH): An.x (Ag) = 231 (+5.49), 297
(+1.07), 335 nm (-0.27). IR (ATR): V.« = 3315 (br), 2926, 1707,
1620, 1591, 1252 and 1181 cm™!. 'H and '3C NMR spectroscopic
data (Tables S1 and S2, Supporting Information); LRESIMS: m/z
=307 [M + H]". HRESIMS calcd. for C;cH 9O [M + H]* mi/z
307.1182, found m/z 307.1179.

(+)-(118,15R)-11-Hydroxycurvularin (5): Colourless amorphous so-
lid (7.0 mg, 0.2%), [a]E = +6.9 (¢ = 0.47, EtOH). UV (EtOH): /.«
(g) = 223 (9383), 274 (5270), 306 nm (4370). CD (¢ = 1.6 X 1073
mol/L, MeOH): . (Ag) = 229 (+5.06), 271 (-2.21), 326 nm
(+2.11). IR (ATR): V0 = 3294 (br), 2928, 1698, 1610, 1592, 1268
and 1161 cm™'. 'H and '3C NMR spectroscopic data (Tables S1
and S2, Supporting Information); LRESIMS: m/z = 309 [M +
H]*. HRESIMS calcd. for C;¢H,,06 [M + H]* m/z 309.1338, found
mlz 309.1333.
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(+)-(11R,15R)-11-Hydroxycurvularin (6): Colourless amorphous
solid (3.9 mg, 0.1%), [a] = +25.2 (¢ = 0.26, EtOH). UV (EtOH):
Amax (€) = 222 (11265), 274 (6790), 306 nm (5556). CD (¢ =
1.6 X 107> mol/L, MeOH): . (Ag) = 229 (+1.20), 239 (-0.89),
272 (-0.50), 327 nm (+3.12). IR (ATR): V. = 3272 (br), 2930,
1698, 1610, 1591, 1271 and 1167 cm!. 'H and '*C NMR spectro-
scopic data (Tables S1 and S2, Supporting Information); LRES-
IMS: m/z = 309 [M + H]". HRESIMS calcd. for C;¢H,,04 [M +
H]* m/z 309.1338, found m/z 309.1333.

(+)-(15R)-12-Oxocurvularin (7): Colourless amorphous solid
(1.2 mg, 0.03%), [a]fs = +53.8 (¢ = 0.13, EtOH). UV (EtOH): Ay«
(g) = 221 (11237), 272 (5335), 300 nm (4200). CD (¢ = 1.6 X 1073
mol/L, MeOH): .. (Ag) = 230 (+3.73), 266 (-1.58), 320 nm
(+1.86). IR (ATR): Vpax = 3348 (br), 2928, 1704, 1609, 1592, 1272
and 1162cm™'. 'H and '3C NMR spectroscopic data (Tables S1
and S2, Supporting Information); LRESIMS: m/z = 307 [M +
H]*. HREIMS calcd. for C;¢H ;05 [M — H,O]" m/z 288.0998,
found m/z 288.1001.

Compound 8: Yellowish amorphous solid (13.9 mg, 0.4%), [a]E =
9.1 (¢ = 0.4, EtOH). UV (MeOH): ..« (¢) = 221 (19520), 273
(8046), 305 nm (6867). CD (¢ = 9.5X 10 mol/L, MeOH): Ay
(Ag) = 222 (-2.08), 236 (+3.09), 264 (-1.06), 285 (+0.73), 305
(-1.77), 327 nm (+3.49). IR (ATR): V.« = 3285 (br), 2933, 1702,
1612, 1591, 1272 and 1163 cm™!. 'H and '*C NMR spectroscopic
data (Table 3); LRESIMS: m/z = 581 [M + H]*. HREIMS calcd.
for C3,H36019 [M]* m/z 580.2309, found m/z 580.2309.

Cytotoxicity Testing: A modified propidium iodide monolayer as-
say was used to determine the cytotoxic activity of the compounds
against human tumor cell lines. The test procedure has been de-
scribed elsewhere.[3!] Cell lines tested were derived from patient tu-
mors engrafted as a subcutaneously growing tumor in NMRI
nu/nu mice, or obtained from the American Type Culture Collec-
tion, Rockville, MD, National Cancer Institute, Bethesda, MD, or
Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, Germany. Briefly, human tumor cells lines were
grown at 37 °C in a humidified atmosphere (95% air, 5% CO,) in
monolayer cultures in RPMI 1640 medium supplemented with
10% FCS and phenol red (PAA, Colbe, Germany). Cells were tryp-
sinized and maintained weekly. Cells were harvested from exponen-
tially growing cultures by trypsination, counted and plated in 96
well flat-bottomed micro plates (140 pL cell suspension, 5 X 103 to
10X 103 cells/well). After a 24 h recovery to allow cells to resume
exponential growth, 10 pL. of culture medium (6 control wells per
plate) or medium containing the test drug were added to the wells.
Each drug concentration was plated in triplicate. After 4 days of
incubation the culture medium was replaced by fresh medium con-
taining 6 pg/mL of propidium iodide. Microplates were then kept
at —18 °C for 24 h, to give a total cell kill. After thawing of the
plates, fluorescence was measured using the Cytofluor 4000 micro-
plate reader (Perseptive Biosystems) (excitation 530 nm, emission
620 nm). The amount of viable cells was proportional to the fluo-
rescence intensity. Cytotoxicity including the induction of
apoptosis and the inhibition of cell proliferation was recorded as a
reduction of the viable cell number relative to control wells and
expressed as T/C (test/control) value.

Data Evaluation, Mean Graph Analysis: Antiproliferative efficacies
of test compounds were described by inhibitory concentrations
(ICs¢ values), reflecting concentration-dependent cytotoxicity. Ex-
trapolated ICs, values were given if the exact value could not be
determined within the test range, and if linear regression of existing
T/C values resulted in ICs, values within a range of threefold the
highest test concentration. In the case of resistant cell lines, exhibit-
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ing no activities, ICs, values were expressed to be greater than the
highest test concentration. Cytotoxic selectivity patterns were ob-
tained by mean graph analyses, where the distribution of I1Cs, val-
ues obtained for a test compound in the individual tumor types
was given in relation to the mean ICs, value, obtained for all tu-
mors tested. The individual ICs, values were expressed as bars on
a logarithmically scaled axis. Bars to the left demonstrated ICs,
values lower than the mean value (indicating more sensitive tumor
models), bars to the right demonstrated higher values (indicating
rather resistant tumor models).

Supporting Information (see also the footnote on the first page of
this article): NMR and CD spectra of 1-8, NMR spectroscopic
data of 2-7, and detailed cytotoxicity data of 1, 2, 4, 5, and 6.
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