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Abstract

Ten new pentangular polyphenols, namely amexanthomycins A-J (1-10) were isolated from the strain Amycolatopsis
mediterranei S699ArifA constructed by deleting the polyketide synthase genes responsible for the biosynthesis of rifamycins.
Their structures were elucidated on the basis of 1D and 2D NMR spectroscopic data and high-resolution ESIMS.
Amexanthomycins A—C (1-3) showed inhibitory activity against human DNA topoisomerases.
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Introduction

Microorganisms, particularly actinomycetes, serve as a prolific
source of structurally diverse bioactive metabolites for the phar-
maceutical industry (Berdy 2005; Cragg and Newman 2013;
Demain 2014). However, most of the strains belong to
Streptomyces, with small portions from other genera called rare
actinomycetes, such as Saccharopolyspora, Amycolatopsis,
Micromonospora, Actinoplanes, and Amycolatopsis (Tiwari
and Gupta 2012). Although Amycolatopsis is not a large group
within the phylum Actinobacteria, this genus is well-known for
the production of the antimicrobial agents currently available in
the market such as vancomycin (glycopeptides) (Nagarajan
1991) and rifamycins (ansamycins) (August et al. 1998).
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Amycolatopsis mediterranei S699 is a well-known rifamycin
producer (August et al. 1998; Stratmann et al. 1999; Xu et al.
2005). Up to date, no other types of secondary metabolites were
isolated from A. mediterranei S699. Bioinformatic analysis of
the genome sequence of A. mediterranei S699 revealed diverse
gene clusters (Verma et al. 2011). In order to exploit minor nat-
ural products with bioactivities or novel skeleton, the mutant
strain A. mediterranei S699ArifA was constructed by deleting
the polyketide synthase genes responsible for the biosynthesis
of rifamycins, the main components of the wild-type strain. In
this study, ten new pentangular polyphenols, namely
amexanthomycins A—J (1-10), were isolated from the fermenta-
tion products of A. mediterranei S699ArifA on YMG agar media.
Herein, we report the isolation, structure elucidation, bioactivity,
and proposed biosynthetic pathway for compounds 1-10
(Fig. 1).

Materials and methods
General experimental procedures

The NMR spectra were recorded on Bruker DRX-600 MHz
NMR spectrometer (Bruker Daltonics Inc., Billerica,
Massachusetts) with tetramethylsilane (TMS) as an internal
standard. The HRESIMS were measured on an LTQ-
Orbitrap XL. Sephadex LH-20 was obtained from GE
Amersham Biosciences (Piscataway, New Jersey). Reversed-
phase (RP) Cg silica gel for column chromatography (CC)
was obtained from Merck (Darmstadt, Germany). Silica gel
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Fig. 1 Chemical structures of amexanthomycins A—J (1-10)

GF,s4 for thin-layer chromatography (TLC) was purchased
from Qingdao Marine Chemical Ltd. (Qingdao, China).
Semipreparative HPLC was performed on Waters 1525
Binary HPLC Pump and Waters 996 Photodiode Array
Detector, equipped with an Agilent Eclipse XDB-C18 column
(5 um, 9.4 x 250 mm). Compounds were visualized under UV
light and sprayed with H,SO,/EtOH (1:9, v/v) and vanillic
aldehyde, followed by heating.
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Microbial materials

Amycolatopsis mediterranei S699 strain was provided by
Prof. Linquan Bai at Shanghai Jiao Tong University. It was a
derivative of the original type strain (ATCC 13685) isolated in
1957 at St. Raphael, France (Kim et al. 1992; Tang et al.
2012). A. mediterranei S699ArifA strain was constructed by
deleting the polyketide synthase genes responsible for the bio-
synthesis of rifamycins (Fig. S§3).

Fermentation and isolation of compounds 1-10

Amycolatopsis mediterranei S699ArifA strain was cultured for
12 days on YMG (yeast extract 4 g, malt extract 10 g, glucose
4 g, ddH,0O 1000 mL, pH 7.2, agar 20 g) agar plates with a
total volume of 20 L at 28 °C. The culture was diced and
extracted three times overnight with EtOAc-MeOH (80:20,
v/v) at room temperature to obtain the crude extract, which
was partitioned between H,O and EtOAc (1:1, v/v) until the
organic layer was colorless. The EtOAc extract was
partitioned between 95% aqueous MeOH and petroleum ether
(PE) until the PE layer was colorless. The 95% MeOH solu-
tion was concentrated under vacuum at 37 °C to afford the
defatted MeOH extract (4.1 g). The MeOH extract was sub-
jected to column chromatography over Sephadex LH-20 elut-
ed with MeOH to give Fr. A-E.

Fr. A (357 mg) was purified by medium pressure liquid
chromatography (MPLC) over RP-18 silica gel (30 g) eluted
with gradient aqueous acetonitrile (30, 40, 50, 60, 70, 80, 90,
and 100% CH;CN, 200 mL each) to afford three fractions Fr.
A1-A3. Fr. A2 (22 mg) was purified by HPLC (Agilent
Eclipse XDB-C18, 5 pm, 9.4 x 250 mm; 4 mL/min; UV
274 nm) eluted with gradient acetonitrile (0 min: 45%
CH;CN; 10 min: 57% CH3;CN; 15 min: 71% CH;CN;
16 min: 100% CH3CN; 18 min: 100% CH;CN; 19 min:45%
CH;CN; 21 min:45% CH;CN) to afford 10 (7z 9 min, 4.5 mg),
8 (tz 12.5 min, 1.5 mg), 9 (#z 13.3 min, 4.9 mg), and 7 (#z
13.8 min, 4 mg) (Fig. S82).

Fr. B (1.62 g) was subjected to MPLC over RP-18 silica
gel (60 g) eluted with gradient aqueous acetonitrile (30, 50,
70, and 100% CH;CN, 500 mL each) to afford five fractions
Fr. B1-BS5. Fr. B3 (475 mg) was then subjected to column
chromatography over Sephadex LH-20 eluted with MeOH
to afford Fr. B3a and Fr. B3b. Then they were purified by
HPLC (Agilent Eclipse XDB-C18, 5 pm, 9.4 x 250 mm,
4 mL/min, UV 274 nm) eluted with gradient aqueous aceto-
nitrile (0 min: 48% CH3CN; 10 min: 54% CH3CN; 15 min:
68% CH;CN; 16 min: 100% CH;CN; 18 min: 100%
CH;CN; 19 min: 48% CH;CN; 21 min: 48% CH;CN) and
43% acetonitrile to obtain 6 (fz 11.3 min, 1.5 mg), 8 (¢
12 min, 4.5 mg), 9 (zz 13.2 min, 10 mg), 7 (fz 14 min,
8.2 mg), 4 (tz 12 min, 1.8 mg), 5 (#z 14 min, 6.9 mg), and 3
(tz 16 min, 4.2 mg), respectively (Fig. S82).
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Fr. C (1.23 g) was subjected to MPLC over RP-18 silica gel
(60 g) eluted with gradient aqueous acetonitrile (30, 40, 50,
70, and 100% CH;CN, 500 mL each) to afford five fractions
Fr. C1-C5. Fr. C2 (100 mg) and Fr. C3 (26 mg) were purified
by HPLC (Agilent Eclipse XDB-C18, 5 um, 9.4 X 250 mm,
4 mL/min, UV 274 nm) eluted with 32 and 35% acetonitrile to
afford 1 (¢ 5.7 min, 4.8 mg) and 2 (#; 9.7 min, 4.5 mg),
respectively (Fig. S82).

Results

Compound 1 was obtained as yellowish powder. Its molec-
ular formula was determined to be C57H40O;7 on the basis
of high-resolution ESIMS (Fig. S72) at m/z 757.2336 [M +
HJ* (calcd. for C37H4 05", 757.2338), 779.2144 [M +
Na]* (caled. for C37H4907Na*, 779.2158), and NMR data
(Table S1, Figs. S1-5). Interpretation of the 'H, '*C, and
HSQC NMR spectrum showed the presence of a ketone (¢
182.1), a acyl carbon (dc 172.3), 18 olefinic carbons, two
sugar anomeric carbons (dc 102.2, 102.4), eight
oxymethine, two methoxyl, two methylene, and three
methyl groups. The 'H-'"H COSY correlations between
H-10 (6y 8.02)/H-11 (6 7.36)/H-12 (dy 7.85), the
HMBC correlations from H-10 to C-8 (d¢ 182.1) and
C-14 (0¢ 146.5), H-11 to C-9 (¢ 121.9) and C-13 (¢
146.9), and H-12 to C-10 (¢ 118.4) and C-14 indicated
the presence of the benzene ring (ring E) with substitution
of oxygen at C-13 and C-14, and a ketone linked to C-9,
which confirmed the presence of substructure A (Fig. 2).

HO OH
OH

substructure B

O
MeO E1

p-olivose 2-O-methyl g-quinovose

Fig. 2 Selected '"H-'H COSY (=), HMBC (—), and NOE (<)
correlations for 1

The 'H-'"H COSY correlations between H,-19 (9 2.72,
4.10) and H-20 (0y 5.77), along with the HMBC correla-
tions from H,-19 to C-5 (6¢ 115.8), C-17 (6c 139.1), and
C-21 (6¢ 136.3); H-20 to C-4 (0c 118.6), C-18 (6¢c 140.7),
and C-22 (dc 145.6); H3-24 (dy 2.85) to C-2 (6c 126.1),
C-22, and C-23 (dc 130.6); and 17-OMe (éy 4.11) to C-17
revealed the presence of substructure B including ring B
(Fig. 2). The presence of rings A and C was deduced from
the analysis of unsaturation degrees and the five quaternary
carbons including C-1 (d¢c 172.3), C-3 (6¢ 152.8), C-6 (dc
152.4), C-7 (6c 108.5), and C-16 (6c 148.8). Ring C was
connected to ring E via an ester bond between C-16 and
C-14 and a ketone bond between C-7 and C-9, forming the
ring D. The carbons C-3 and C-6 were attached to a hy-
droxyl group, respectively, and C-2 was attached to a car-
boxyl group, which was in accordance with the chemical
shift and the molecular formula, and thus confirmed the
aglycone moiety (Fig. 2). Furthermore, the NMR compar-
ison with that of literature readily revealed that the agly-
cone moiety (rings A—E) of 1 was similar to
arixanthomycin B, except for the presence of an oxazoli-
dine ring at C-1 and C-24 and the absence of a hydroxyl
group substitution at C-20 in arixanthomycin B (Kang and
Brady 2014a).

The deoxysugar moiety E1 of 1 was determined by the
"H-'HCOSYand HMBC correlations (Table S1). The 'H-'H
COSY correlations of H-1 (617 5.61)/H-2" (6;; 3.92)/H-3’ (o
4.25)/H-4’ (61 3.87)/H-5" (65 4.01)/H-6" (05 1.66), and the
NOE correlation between H-1" and H-5, along with the
HMBC correlation from 2°-OMe (0 4.18) to C-2’ (d¢ 85.0)
indicatedthesugarmoiety E1is2-O-methyl -quinovose. The
largeconstantcouplingsbetweenH-1’andH-2’(7.7Hz),H-2’
andH-3"(9.0Hz),H-3’ and H-4’ (9.1 Hz), and H-4’ and H-5’
(9.1 Hz)revealedall the protons ofthis deoxysugar were in the
axialposition, whichwas furtherconfirmedbythe NOE corre-
lations between H-1" and H-3’, H-1" and H-5" (Fig. 2).
Similarly, the deoxysugar moiety W1 of 1 was determined to
be (-olivose. The linkages between C-1° of E1 and C-13, and
C-1" of W1 and C-22 through O-glycosidic bridge were re-
vealed by the HMBC correlations from H-1" of E1 to C13,
H-1" of W1 to C22, respectively. Thus, the structure of com-
pound 1 was determined as amexanthomycin A.

Compound 2 has the molecular formula of C44H5,05,¢
based on its HRESIMS (Fig. S73) and NMR data
(Table S2, Figs. S9—14). The NMR spectra of 2 were sim-
ilar to that of 1, indicating that both have the same agly-
cone moiety, 2-O-methyl S-quinovose (E1), and (-olivose
(W1) moiety (Fig. 1). However, one deoxysugar moiety
was demonstrated in 2 by the NMR spectra and the molec-
ular formula (Tables 1 and 3). The long-range couplings
from H-1" (0 5.02) to H-6" (dy 1.55) and the HMBC
correlations from H-6" to C-4’ (6¢ 66.5), H-5" (6y 3.67)
to C-1" (6 102.3), and 3’-OMe (9 3.42) to C-3” (6¢ 78.8)
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Table1 'HNMR spectroscopic data (400 MHz, CsDsN) for amexanthomycins A—E (1-5)

Position Oy (mult. J in Hz)
1 2 3 4 5

Aglycone moiety

10 8.02 (dd, 8.0, 1.2) 8.04 (d, 7.9) 8.04 (d, 8.0) 8.04 (d, 8.0) 8.03 (d, 8.0)

11 7.36 (t, 8.0) 7.34 (t,7.9) 7.33 (t, 8.0) 7.34 (t, 8.0) 7.36 (t, 8.0)

12 7.85 (dd, 8.0, 1.2) 7.79 (d, 7.9) 7.78 (d, 8.0) 7.79 (d, 8.0) 7.81 (d, 8.0)

19a 2.72 (dd, 16.0, 3.4) 2.73 (dd, 15.8, 3.4) 2.72 (dd, 15.9, 3.4) 2.73 (dd, 15.5,2.8) 2.74 (dd, 15.9, 3.2)
19b 4.10 (dd, 15.9, 2.3) 4.08% 4.09* 4.11* 4.08*

20 5.77 (t,2.9) 5.77 (t,2.9) 5.75(t,3.0) 5.77 (t,2.8) 5.78 (t,2.8)

24 2.85(s) 2.94 (s) 3.00 (s) 2.98 (s) 2.88(s)

17-OMe 4.11 (s) 4.10 (s) 4.10 (s) 4.11 (s) 4.12 (s)
Sugar moieties
W1 G-oli (-oli (-oli (G-oli [-oli

r 5.13(dd, 9.8, 1.4) 5.13(dd, 9.8, 1.4) 5.12% 5.14(dd, 9.8, 1.7) 5.13(dd, 9.7, 1.4)
2’a 246 (dt, 12.2,10.2) 2.41° 2.24* 2.26" 2.33%

2’b 3.03 (ddd, 124, 5.0, 1.5) 3.04 (dd, 12.0, 3.7) 2.96* 3.03 (dd, 11.3,4.9) 3.10 (dd, 11.4,4.9)
3 4.16* 4.19* 4.00* 4.12% 4.15°

4 3.62° 3.60° 347° 3.52¢ 3.53¢

5 3.58° 3.55° 3.48° 3.51° 3.53%

6 1.47 (d, 5.6) 1.45(d, 5.7) 1.41 (d, 4.5) 1.42 (d, 4.9) 1.44 (d, 4.6)
W2 [-ami [-ole 2,3-O-diMe (-qui
r 4.74* 4.87 (dd, 9.5, 1.5) 4.80 (d, 7.8)

2’a 1.76* 1.78% 3.28 (t,8.2)

2’b 1.97° 2.51*

3’a 1.78? 3.63" 3.54°

3’b 248

4 3.39° 3.54° 3.62°

5 3.59° 3.60° 3.60°

6 1.37 (@, 6.1) 1.40 (d, 6.0) 1.37 (d, 6.3)
2’-OMe 3.72 (s)

3’-OMe 3.53(s) 3.79 (s)
W3 [-ole [-ole (-ole

1’ 4.76 (dd, 9.8, 1.5) 497 (dd, 9.7, 1.5) 4.94*

2’a 1.73* 1.74* 1.77%

2’b 2.51% 2.56" 2.56"

3 3.49° 3.50% 3.50*

4 3.50° 3.51% 3.51*

5 3.60° 3.62° 3.63°

6 1.59 (d, 5.8) 1.60 (d, 6.1) 1.61 (d, 6.1)
3’-OMe 3.47 (s) 348 (s) 3.49 (s)

El 2-0-Me (3-qui 2-O-Me (-qui 2-0O-Me [3-qui 2-0O-Me [3-qui 2-0-Me [3-qui

r 5.61(d,7.7) 5.55(d, 7.6) 5.55(,7.7) 5.56 (d, 7.7) 5.56 (d, 7.7)

2 3.92 (dd, 8.9,7.9) 3.84 (dd, 8.9, 7.9) 3.84 (dd, 8.8, 8.0) 3.83 (dd, 8.9, 8.0) 3.85(dd, 8.9, 8.0)
3 4.25(t,9.0) 4.07 (t, 8.8) 4.04* 4.05* 4.05%

4 3.87 (t,9.1) 3.63° 3.63° 3.63" 3.65*

5 4.01 (m) 391 (m) 3.90 (m) 3.91 (m) 3.91 (m)

6 1.66 (d, 6.1) 1.58 (d, 6.0) 1.58 (d, 6.3) 1.59 (d, 6.3) 1.59 (d, 6.3)
2’-OMe 4.18 (s) 4.11 (s) 4.12 (s) 4.12 (s) 4.12 (s)

E2 (-ole (-ole (-ole [-ole

@ Springer
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Table 1 (continued)

Position Oy (mult. J in Hz)
1 2 3 4 5

I 5.02 (dd, 8.8, 3.1) 5.02 (dd, 8.8, 3.1) 5.02 (dd, 8.8, 3.2) 5.03 (dd, 8.8, 3.1)
2 2.42% 2.46" 2.43% 2.46°

3 3.47% 3.45% 3.45% 3.47%

4 3.94% 3.93% 3.94% 3.94%

5 3.67% 3.67° 3.67* 3.69%

6’ 1.55(d, 6.2) 1.55(d, 6.4) 1.55 (d, 6.3) 1.55(d, 6.3)
3’-OMe 3.42(s) 3.42(s) 3.42(s) 3.42(s)

# Overlapped

in E2, along with the large constant couplings between
H-1’° and H-2’a (8.8 Hz) and the NOE correlations between
H-1" and H-3" (6y4 3.47) and H-1" and H-5’ revealed the
sugar moiety E2 is a (J-oleandrose. The deoxysugar E2
connected to El through O-glycosidic bridge between
C-1’ of E2 and C-3’ (6¢c 86.6) of E1 was indicated by the
HMBC correlation from H-1" in E2 to C-3” in E1 and the
NOE correlation between H-1" in E2 to H-3" (dy 4.07) in
El. Thus, the structure of compound 2 was eclucidated as
amexanthomycin B.

Compound 3 was determined to have the molecular
formula of Cs7H,4,0,5 (Fig. S74). Five anomeric carbons
were observed (6¢ 102.3, 102.0, 101.9, 101.6, and 101.0)
in the '*C spectra, revealing the presence of five sugar
residues, two more than those of compound 2 (Table 3).
Analysis of the NMR spectra and the molecular formula
in the same way as that of 2 showed that 2 and 3 possess
the same aglycone moiety, 2-O-methyl -quinovose (E1),
(-oleandrose (E2), and (3-olivose (W1) moieties, but two
other deoxysugars named [-amicetose (W2) and (-
oleandrose (W3) (Tables 1 and 3). The HMBC correla-
tions from H-1" (6y 4.74) in W2 to C-3” (6¢ 80.1) in W1
and H-1" (6 4.76) in W3 to C-4’ (d¢c 80.0) in W2, along
with the NOE correlations between H-1" in W2 to H-3’
(0y 4.00) in W1 and H-1" in W3 to H-4" (055 3.39) in
W2 revealed that the attachment of the oligosaccharide
chain in 3 was (3-ole (1—4)-f3-ami (1—3)-3-oli to C-22
(Table S3). Thus, the structure of compound 3 was elu-
cidated as amexanthomycin C (Table 2).

The molecular formula of compound 4 was elucidated
as CsgH760,¢ (Fig. S75). A close NMR comparison
(Tables 1 and 3) with that of 3 revealed that the only evi-
dent difference was the 3’-OMe (dy 3.53) in W2, indicat-
ing that the sugar moiety W2 [(-amicetose was replaced by
(-oleandrose, which was confirmed by the HMBC corre-
lations from 3’-OMe to C-3’ (6c 79.0) in 4 (Table S4).
Thus, the structure of compound 4 was elucidated as
amexanthomycin D.

Compound 5 has the molecular formula of CsoH,30,7 (Fig.
S76). The NMR data (Tables 1 and 3) were closely similar to
those of 4 except for the presence of the 2°-OMe (dy 3.72) in
W2, revealing that the sugar moiety W2 (-oleandrose was
replaced by 2,3-O-dimethyl -quinovose, which was con-
firmed by the HMBC correlations from 2’-OMe to C-2’ (¢
84.2) in 5 (Table S5). Thus, the structure of compound 5 was
elucidated as amexanthomycin E.

Compounds 6 and 7 were determined to have the mo-
lecular formula Cg3HgsO57 (Fig. S77) and Cg9HosOng
(Fig. S78), respectively. Six anomeric carbons (dc 102.3,
102.2, 102.0, 101.9, 101.6, and 101.0) in 6 and seven
ones (6c 103.5, 102.3, 102.1, 102.0, 101.9, 101.6, and
101.0) in 7 were observed in their respective '*C spec-
trum, revealing the presence of six sugar residues in 6 and
seven ones in 7. (Tables 2 and 4) Analysis of the NMR
spectrum and the molecular formula in the same way as
those of 3 showed that 3, 6, and 7 share the same agly-
cone moiety, 2-O-methyl -quinovose (E1), 3-oleandrose
(E2), B-olivose (W1), (-amicetose (W2), and [-
oleandrose (W3) moieties, but one more deoxysugar
named (-amicetose (E3) in 6 and two more ones in 7.
The HMBC correlations of 6 from H-1" (0 5.04) in E3
to C-4> (¢ 71.8) in E2 and the NOE correlation between
H-1 in E3 and H-4" (0yg 4.06) in E2 revealed that the
attachment of the oligosaccharide chain in 6 was [-ami
(1-4)-B-ole (153)-2-O-methyl B-qui to C-13
(Table S6). The HMBC correlations of 7 from H-1" (0
4.70) in E4 to C-4’ (6c 80.0) in E3 and the NOE correla-
tion between H-1" in E4 to H-4" (6 3.40) in E3 revealed
that the attachment of the oligosaccharide chain in 7 was
f-ami (1—4)-p-ami (1—4)-5-ole (1—-3)-2-O-methyl g-
qui to C-13 (Table S7). Thus, the structures of compounds
6 and 7 were determined as amexanthomycins F and G,
respectively.

The molecular formula of compounds 8 and 9 were
determined to be C,;yHosO3¢ (Fig. S79) and C;,HggO5;
(Fig. S80), respectively. Their NMR data (Tables 1 and
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Table2 'HNMR spectroscopic data (400 MHz, CsDsN) for amexanthomycins F-J (6-10)

Position Oy (mult. J in Hz)

6 7 8 9 10

Aglycone moiety
10° 8.03 (d, 8.0) 8.02 (d, 8.0) 8.03 (d, 8.0) 8.02 (d, 8.0) 8.03 (d, 8.0)
1’ 7.35 (1, 8.0) 7.34 (t, 8.0) 7.35 (t, 8.0) 7.37 (t, 8.0) 7.36 (1, 8.0)
12° 7.80 (d, 8.0) 7.81 (d, 8.0) 7.79 (d, 8.0) 7.81 (d, 8.0) 7.81 (d, 8.0)
19’a 2.73 (dd, 15.9,3.2) 2.74 (dd, 15.8, 3.0) 2.74 (dd, 15.7,2.9) 2.74 (dd, 15.6,2.9) 2.74 (dd, 15.6, 2.9)
19°b 4.10° 4.10* 4.10° 413 4.10°
20° 5.78 (1, 2.8) 5.75 (1, 2.9) 577 (1, 2.9) 5.77 (1, 3.0) 5.77 (1, 3.8)
24 2.88 (s) 2.90 (s) 2.94 (s) 2.84 (s) 2.86 (s)
17°-OMe 4.12 (s) 4.12 (s) 4.10 (s) 4.12 (s) 4.12 (s)

Sugar moieties

W1 (-oli (-oli G-oli (-oli G-oli
I 5.13% 5.14% 5.14(dd, 9.8, 1.4) 5.14(dd, 9.7, 1.5) 5.14(dd, 9.7, 1.5)
2’a 2.24* 2.25° 2.26% 2.30° 2.28*

2’b 2.96° 2.96 (dd, 11.3,5.1) 3.03 (dd, 11.3, 4.6) 3.10(dd, 11.9,4.2) 3.10 (dd, 11.9, 4.6)
3 4.00* 4.02% 4.11% 4.15% 4.14°
4 3.48% 3.58% 3.51% 3.54% 3.51%

5 3.50% 3.50% 3.52% 3.53% 3.53%

6 1.44 (d, 5.1) 144 (d, 5.1) 1.43¢ 1.44 (d, 6.0) 1.44 (d, 6.0)

W2 (G-ami [-ami [(-ole 2,3-O-diMe [-qui 2,3-O-diMe (-qui
1 4.75% 4.74% 4.87 (dd, 9.7, 1.6) 4.81(d, 7.8) 4.80 (d, 7.7)
2’a 1.78% 1.78* 1.76* 3.28(t,8.1) 3.28 (1, 8.1)
2’b 1.99* 1.98° 2.51%

3’a 2.49% 2.50% 3.61% 3.52% 3.52%

3’b 1.78% 1.79%

4 3.40° 3.43% 3.54% 3.60% 3.60°
5 3.60% 3.60% 3.58% 3.58° 3.58%

6’ 1.37 (d, 6.0) 1.37 (d, 6.1) 1.40% 1.37 (d, 5.6) 1.36 (d, 5.6)
2’-OMe 372 (s) 3.72 (s)
3’-OMe 3.53 (s) 3.79 (s) 3.79 (s)

W3 [-ole (-ole (-ole (-ole [-ole
r 4.76* 4.77% 496" 4.95% 4.93%

2’a 1.74* 1.72% 1.73% 1.73% 1.73%

2’b 2.53% 2.52% 2.56° 2.56% 2.54%

3 3.49% 3.50% 3.51% 3.49% 3.50%

4 3.51% 3.50% 3.50% 3.51% 3.51%

5 3.61% 3.61% 3.62% 3.62% 3.62%

6 1.58 (d, 5.8) 1.59 (d, 6.0) 1.61 (d, 6.0) 1.61(d, 6.1) 1.61(d, 6.1)
3’-OMe 3.48 (s) 348 (s) 348 (s) 3.49 (s) 3.44 (s)

El 2-O-Me (-qui 2-O-Me (-qui 2-O-Me [-qui 2-O-Me (-qui 2-O-Me [-qui
1 5.56 (d, 7.5) 5.55(d,7.7) 5.55(d, 7.7) 5.55(d, 7.7) 5.55(d, 7.7)
2’ 3.84 (dd, 8.8, 8.0) 3.84 (dd, 8.8, 8.0) 3.84 (dd, 8.8, 8.0) 3.84 (dd, 8.9, 8.0) 3.81%

3 4.04* 4.03* 4.03* 4.05 (t,9.0) 4.01*

4 3.58% 3.57% 3.57% 3.57% 3.55%

5 3.94(m) 3.94(m) 3.92(dd, 9.1, 6.2) 3.94% 3.92%

6 1.56" 1.57% 1.56 (d, 5.8) 1.56* 1.55 (d, 6.3)
2-OMe 4.12 (s) 4.13 (s) 4.12 (s) 4.13 (s) 4.13 (s)

E2 [3-ole -ole 3-ole -ole [B-ole
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Table 2 (continued)

Position Oy (mult. J in Hz)
6 7 8 9 10

r 5.00 (dd, 9.8, 1.9) 4.99* 4.99* 5.00* 4.98 (dd, 9.6, 1.6)
2’a 2.33" 2317 2.31% 2.32% 2.20%

2’b 2.46° 2.46% 2.46% 2.45% 2.45(dd, 9.3,3.2)
3 3.46° 3.45% 3.46° 3.45% 3.45°

4 4.06* 4.02° 4.02° 4.04* 4.00*

5 3.68" 3.67° 3.68° 3.67° 3.66°

6’ 1.54* 1.54* 1.54 (d, 5.8) 1.54* 1.54*

3-OMe 3.45 (s) 3.42 (s) 341 (s) 341 (s) 3.40 (s)
E3 [-ami (-ami (-ami [-ami [-ami

I 5.04 (dd, 9.0, 1.4) 4.96° 4.95* 4.98° 4.94*

2’a 1.80* 1.76* 1.76* 1.75° 1.76*

2’b 2.14* 2.10° 2.08% 2.10° 2.08%

3’a 2.16* 1.76* 1.75% 1.75% 1.73*

3’b 2.20° 2452 2.45° 2.44% 2.41°

4 3.55° 3.40° 3.39° 3.39% 3310

5 3.59° 3.51°7 3.53° 3.54% 3.50°

6 1.59 (d, 6.0) 1.43 (d, 6.0) 1.42 (d, 6.0) 1.43 (d, 6.0) 1.39(d, 6.1)

E4 (-ami (-ami (-ami [-ami

r 4.70* 4.70 (dd, 8.8, 1.9) 4.70 (dd, 8.8, 1.9) 4.63 (dd, 9.4,2.2)
2’a 1.95% 1.94* 1.94* 1.91*

2’b 1.75% 1.75% 1.76* 1.73*

3’a 2.20° 2.20° 2.20° 2.51%

3’b 1.75° 1.74* 1.75° 1.75%

4 3.50% 3.50° 3.50% 3.51°

5 3.59% 3.60° 3.59% 3.61°

6 1.56 1.55 (d, 6.0) 1.55 (d, 6.0) 1.63 (d, 6.1)

E5 [-qui

r 4.76 (d, 7.7)

2 4.36 (dd, 9.1, 7.8)
3 4.09*

4 4.06*

5 3.82%

6 1.56 (d, 6.3)

# Overlapped

4) were closely similar to those of 7, except that the 3°-
OMe (dy 3.53) in W2 in 8 and 2’-OMe (dy 3.72) and 3’-
OMe (dy 3.79) in W2 in 9 were present, revealing that
the sugar moiety W2 [-amicetose was replaced by [-
oleandrose in 8 and 2,3-O-dimethyl (-quinovose in 9,
which was confirmed by the HMBC correlations from
3’-OMe to C-3’ (6¢c 79.1) in W2 in 8, from 2’-OMe to
C-2’ (6c 84.2), and from 3°-OMe to C-3 (¢ 84.9) in W2
in 9 (Tables S8 and S9). Thus, the structures of com-
pounds 8 and 9 were determined as amexanthomycins
H and I, respectively.

Compound 10 was elucidated as C;7H (3055 (Fig. S81).

Eight anomeric carbons were observed (dc 106.6, 103.3,
102.3, 102.1, 101.9, 101.8, 101.7, and 100.6) in the *C
spectrum, revealing the presence of eight sugar residues,
one more than those of compound 9 (Table 4). Analysis of
the NMR spectrum and the molecular formula in the same
way as that of 7 showed that 9 and 10 possess the same
aglycone moiety, 2-O-methyl §-quinovose (El), 3-
oleandrose (E2), (3-amicetose (E3), (3-amicetose (E4), (-
olivose (W1), 2,3-O-dimethyl (3-quinovose (W2), and -
oleandrose (W3) moieties, but one more deoxysugar
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Table3 '>C NMR spectroscopic data (151 MHz, CsDsN) for amexanthomycins A—E (1-5)

Aglycone 1 2 3 4 5 Sugar 1 2 3 4 5
moiety moieties
1 1723s 172.1s 1722s 172.2s 172.4s Wl (G-oli G-oli s-oli (-oli (-oli
2 126.1s 124.2s 123.8s 124.0s 125.0s 1’ 102.4d 102.4d 102.0d 102.0d 101.8d
3 152.8s 153.7s 157.1s nd 153.7s 2 40.5t 40.5t 37.8t 37.6t 37.5t
4 118.6s 119.2s 119.5s 119.3s 1189s 3’ 71.6d 71.6d 80.1d 79.7d 80.1d
5 1158s 116.7s 117.0s 116.9s 116.2s 4 77.8d 77.8d 75.2d 75.0d 75.0d
6 1524 nd 154.0s nd 1533s 5’ 73.9d 73.8d 73.3d 73.3d 73.3d
7 108.5s 109.5s 109.8s 109.7s 109.0s 6’ 17.9q 17.9q 17.8q 17.9q 17.9q
8 182.1s 181.2s 180.9s nd 181.7s W2 [-ami [-ole 2,3-0-diMe
B-qui
9 121.9s 122.5s 122.7s 122.6s 1222s 1’ 101.0d 98.6d 101.9d
10 1184d 118.8d 118.8d 118.8d 118.7d 2’ 31.3t 37.4t 84.2d
11 124.5d 124.2d 124.1d 124.2d 1244d 3 30.7t 79.0d 84.9d
12 121.0d 120.6d 120.6d 120.4d 120.6d 4’ 80.0d 82.5d 82.3d
13 146.9s 146.6s 146.6s 146.6s 146.6s 5’ 75.1d 71.9d 71.5d
14 146.5s 146.3s 146.2s 146.2s 1463s 6’ 18.3q 18.5d 18.2d
16 148.8s 149.1s 149.5s 149.5s 149.0s 2’-OMe 60.61q
17 139.1s 138.9s 138.8s 138.8s 139.0s 3’-OMe 57.4q 60.6q
18 140.7s 140.4s 140.1s 140.2s 140.6s W3 3-ole [-ole -ole
19 30.8t  30.7t 307t 30.7t 30.8t I’ 101.6d 100.3d 100.6d
20 60.7d 60.7d 60.8d 60.7d 60.8d 2’ 37.2t 37.3t 37.4t
21 136.3s 136.7s 136.8s 136.1s 136.5s 3’ 81.5d 81.6d 81.6d
22 145.6s 1452s 144.8s 1449s 145.1s 4 76.3d 76.3d 76.3d
23 130.6s 131.7s 132.1s 131.2s 131.2s 5’ 72.9d 73.0d 73.1d
24 149q 153q 155q 1559 152q € 18.8d 18.8q 18.7q
17-OMe 61.7q 61.8q 61.7q 61.8q 61.8q 3-OMe 57.1q 57.1q 57.1q
El 2-O-Me 2-O-Me 2-O-Me 2-O-Me 2-O-Me [-qui
G-qui G-qui G-qui (G-qui
r 102.2d 101.9d 101.9d 101.9d 101.9d
2’ 85.0d 83.3d 83.3d 83.3d 83.3d
3 77.1d 86.6d 86.6d 86.6d 86.6d
4 76.4d 74.4d 74.4d 74.4d 74.4d
5 73.4d 72.9d 72.9d 72.9d 72.9d
6 18.6q 18.3q 18.4q 18.3q 18.3q
2-OMe 61.4q 61.6q 61.6q 61.6q 61.6q
E2 [(-ole (-ole [B-ole [(-ole
r 102.3d 102.3d 102.3d 102.3d
2 327t 327t 32.7t 32.7t
3 78.8d 78.8d 78.8d 78.8d
4 66.5d 66.5d 66.5d 66.5d
5 72.0d 72.0d 72.0d 72.0d
6 17.3q 17.3q 17.3q 17.3q
3’-OMe 55.5q 55.5q 55.5q 55.5q

nd not observed and defined

named (-quinovose (ES) in 10 than in 9 (Tables 2 and 4). the oligosaccharide chain in 10 was (-qui (1—4)-F-ami
The HMBC correlations from H-1" (6 4.76) in E5 to C-4° (1-4)-(-ami (1—4)-p-ole (1—-3)-2-O-methyl S-qui to
(0c 80.7) in E4 and the NOE correlation between H-1" in C-13 (Table S10). Thus, the structure of compound 10
E5 to H-4’ (0 3.51) in E4 revealed that the attachment of  was determined as amexanthomycin J.
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The structures of amexanthomycins A-J (1-10) fea-
ture a xanthone-containing pentangular polyphenol core.
The xanthone derivatives have been reported to function
as DNA topoisomerase II inhibitors (Woo et al. 2007;
Woo et al. 2010). Thus, we assessed the topoisomerases
IIoe (Topo Ilx) inhibitory activities of 1-10 using Topo-
mediated supercoiled DNA relaxation assay (Zhang et al.
2017). Compounds 1-3 exhibited Topo Il inhibitory
activity at 500 uM, while 4-10 showed no activities
(Fig. 3a). The dose-dependent assays showed that 1
and 2 had stronger Topo Ile inhibitory activity than 3
(Fig. 3b). These results indicated that the number and
type of deoxysugar substitutions in amexanthomycins
had impact on the topoisomerase inhibitory activities,
which provided valuable information regarding struc-
ture—activity relationships for the development of new
topoisomerase inhibitors.

Discussion

It has been more than half a century since rifamycins
were isolated from Amycolatopsis mediterranei S699
(Sensi et al. 1959). The semisynthetic derivatives of
rifamycin B have been used against Mycobacterium
tuberculosis (Woodley and Kilburn 1982). Thus,
A. mediterranei S699 has been the focus for researchers
to explore the biosynthesis of rifamycins, making it one
of the most thoroughly studied strains (August et al.
1998; Tang et al. 2012; Verma et al. 2011; Xu et al.
2005; Yu et al. 2001). However, as of today, no other
types of secondary metabolites isolated from
A. mediterranei S699 were reported. In our continuing
studies on A. mediterranei S699, ten new pentangular
polyphenols, namely amexanthomycins A-J (1-10) were
obtained from the mutant strain S699ArifA constructed by
deleting the polyketide synthase genes responsible for the
biosynthesis of rifamycins (Fig. S83). It is possible that
the production of amexanthomycins was inhibited by the
main products rifamycins in the wild strain S699; never-
theless, the gene cluster of amexanthomycins was activat-
ed after inactivation of rifamycins in the mutant strain
S699ArifA. Another possibility is that the minor compo-
nents of amexanthomycins were difficult to be detected
with the background of rifamycins in S699, while in
S699ArifA, amexanthomycins turned to be the main prod-
ucts and were easier to be detected without the influence
of rifamycins. It is most possible that S699ArifA was
cultured on agar plates, while S699 was usually studied
in shake flask culture (Ma et al. 2008; Xu et al. 2003),
and the change of cultivation condition led to the produc-
tion of amexanthomycins. It needs to be further studied

how amexanthomycins were activated or detected in
S699ArifA.

The amexanthomycins shared the similar aglycone moiety
of xanthone-containing pentangular polyphenol with
arixanthomycin A (Kang and Brady 2014a) or
calixanthomycin A (Kang and Brady 2014b), except for the
absence of an oxazolidine or lactone ring at C-1 and C-24.
And the substituted positions of hydroxyl or methoxyl group
in amexanthomycins were different from the two reported
compounds. Furthermore, the oligosaccharide chains were
linked to C-13 and C-22, respectively, and there were eight
deoxysugar substitutions in amexanthomycin J, which were
first reported in this literature.

In silico genome analyses with the antibiotics and
Secondary Metabolite Analysis Shell (antiSMASH) al-
gorithm revealed that the gene cluster of GC22 in
Amycolatopsis mediterranei S699 was involved in the
biosynthesis of amexanthomycins (Table S13) (Verma
et al. 2011), which was further confirmed by the dele-
tion of the minimal polyketide synthase (min-PKS) of
GC22 to obtain the mutant strain S699ArifAAPKS with-
out the production of amexanthomycins (Fig. 4). Thus,
the gene cluster responsible for amexanthomycins was
identified, which provides strong support for exploring
the biosynthesis of amexanthomycins. The min-PKS
consists of two ketosynthase units (KS, and KSg, or
chain length factor (CLF)) and an acyl carrier protein
(ACP), which catalyzes the iterative condensation of
malonyl-CoA into polyketide chains ranging from 16
to 30 carbons to form structurally diverse aromatic
polyketides of secondary metabolites (Hertweck 2009;
Hertweck et al. 2007). Accordingly, we proposed the
biosynthetic pathway of amexanthomycins (Fig. 5).
The pentacyclic xanthone core was predicted to be gen-
erated by min-PKS synthase, cyclase, and oxidoreduc-
tase using an acetyl-CoA starter unit and 11 malonyl-
CoA extender units, which was followed by an oxida-
tive rearrangement catalyzed by the predicted Bayer-
Villiger oxidase (BVO). Finally, this aglycone was gly-
cosylated by the glycosyl transferases, completing the
biosynthesis of compounds 1-10.
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Table4 '>CNMR spectroscopic data (151 MHz, CsDsN) for amexanthomycins F-J (6-10)

Aglycone 6 7 8 9 10 Sugar 6 7 8 9 10
moiety moieties
1 172.4s 1724s 172.3s 1724s 1724s W1 (-oli (-oli (-oli (G-oli G-oli
2 125.2s 125.7s 125.0s 1259s 125.5s 1’ 102.0d 102.0d 102.0d 101.8d 101.8d
3 154.0s 153.0s 1539s 153.0s 1533s 2’ 37.8t 37.8t 37.7t 37.5t 37.5t
4 118.9s 118.8s 119.1s 118.7s 118.8s 3’ 80.1d 80.1d 79.8d 80.1d 79.9d
5 116.2s 116.0s 116.4s 1159s 116.0s 4 75.2d 75.0d 75.1d 75.0d 74.9d
6 153.2s 151.3s 153.4s 152.8s 153.1s 5’ 73.4d 73.4d 73.4d 73.3d 73.3d
7 108.9s 108.7s 109.1s 109.0s 108.7s 6’ 17.9q 17.9q 17.9q 17.9q 17.9q
8 181.7s 181.9s 181.5s 182.0s 181.8s W2 -ami (-ami (-ole 2,3-0-diMe 2,3-0-diMe
G-qui (G-qui
9 122.2s 122.0s 122.3s 121.9s 120.0s 1’ 101.0d 101.0d 98.7d 101.9d 101.8d
10 118.7d 118.6d 118.7d 118.6d 118.6d 2’ 31.3t 31.3t 37.4t 84.2d 84.1d
11 124.4d 124.4d 1243d 124.5d 1244d 3’ 30.7t 30.7t 79.1d 84.9d 84.8d
12 120.9d 121.0d 120.8d 121.0d 120.8d 4’ 80.0d 80.1d 82.5d 82.3d 82.3d
13 146.6s 146.6s 146.6s 146.6s 146.6s 5’ 75.1d 75.2d 71.9d 71.5d 71.5d
14 146.3s 146.4s 146.3s 146.4s 146.3s 6’ 18.3q 18.3q 18.5q 18.2d 18.2d
16 148.9s 148.9s 149.0s 148.8s 148.9s 2’-OMe 60.63q 60.64q
17 139.0s 139.1s 139.0s 139.1s 139.0s 3’-OMe 57.4q 60.61q 60.61q
18 140.6s 140.7s 140.5s 140.7s 140.6s W3 (-ole (-ole (-ole (-ole (-ole
19 30.8t  30.8t 30.8t 30.8t 30.8t I’ 101.6d 101.6d 100.3d 100.6d 100.6d
20 60.7d 60.7d 60.7d 60.7d 60.7d 2’ 37.2t 37.2t 37.3t 37.4t 37.4t
21 136.4s 136.3s 136.5s 136.3s 136.4s 3’ 81.5d 81.5d 81.6d 81.6d 81.5d
22 145.2s 145.4s 1452s 1453s 1452s 4 76.3d 76.3d 76.3d 76.3d 76.2d
23 131.1s 130.8s 130.3s 130.8s 131.0s 5’ 72.9d 72.9d 73.0d 73.1d 73.1d
24 152q 15.1q 152q 15.0q 15.1q 6 18.8d 18.8d 18.8d 18.7q 18.7q
17-OMe 61.8q 61.8q 61.7q 61.8q 61.8q 3-OMe 57.1q 57.1q 57.1q 57.1q 57.1q
El 2-O-Me 2-O-Me 2-O-Me 2-O-Me -qui  2-O-Me [-qui
G-qui G-qui G-qui
I 101.9d 101.9d 101.9d 102.0d 101.9d
2’ 83.3d 83.3d 83.3d 83.3d 83.3d
3 86.6d 86.9d 86.8d 86.6d 86.8d
4 74.3d 74.3d 74.3d 74.3d 74.3d
5 72.8d 72.8d 72.8d 72.8d 72.8d
6 18.4q 18.4q 18.3q 18.2q 17.5q
2-OMe 61.6q 61.6q 61.6q 61.6q 61.6q
E2 [(-ole [(-ole [(-ole [(-ole [(-ole
I 102.2d 102.3d 102.3d 102.3d 102.3d
2’ 32.7t 32.7t 32.7t 327t 32.7t
3 79.6d 79.5d 79.5d 79.5d 79.5d
4 71.8d 71.8d 71.8d 71.8d 71.8d
5 71.5d 71.4d 71.4d 71.4d 71.4d
6 17.6q 17.6q 17.6q 17.6q 17.6q
3-OMe 55.3q 56.3q 56.3q 56.3q 56.3q
E3 (-ami (-ami (-ami (-ami (-ami
1 102.3d 102.1d 102.1d 102.1d 102.1d
2’ 31.8t 31.4t 31.4t 31.4t 31.4t
3 32.3t 30.9t 30.9t 30.9t 30.9t
4 71.4d 80.0d 80.1d 80.1d 80.1d
5’ 77.0d 75.1d 75.0d 75.0d 75.0d
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Table 4 (continued)

Aglycone 6 7 8 9 10 Sugar 6 7 8 9 10
moiety moieties
6’ 19.0q 18.6q 18.6q 18.6q 18.6q
E4 [-ami [-ami (-ami -ami
I 103.5d 103.5d 103.5d 103.3d
2 31.9t 31.9t 31.9t 31.6t
3 32.3t 32.3t 32.3t 311t
4 71.3d 71.3d 71.3d 80.7d
5 76.9d 76.9d 76.9d 75.2d
6’ 19.0q 19.0q 19.0q 18.9q
ES [-qui
I 106.7d
2 72.3d
3 75.3d
4 72.7d
5 71.3d
6’ 18.7q
= 500 uM
2 %1 2 3 4 5 6 7 8 9 10
Topolla +  + + + + + + o+ o+ o+ o+

NOC/R
—SC
b g
= 1(uM) 2 (uM) 3 (uM) VP16 (M)
2
2 888 g 888 g 888 g g 8 g
< N -~ wn < N -~ wn < ~N - wn N - w N
Topolla + + + + o+ 4+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+
— NOC/IR
—SsC
Fig. 3 Topoisomerase Il inhibitory activities of amexanthomycins A—J containing nicked open circular or relaxed DNA (NOC/R) were
(1-10) isolated from Amycolatopsis mediterranei S699 ArifA. a The indicated. Etoposide (VP16) was known inhibitors of topoisomerase 11
effects of amexanthomycins A—J (1-10) on the DNA relaxation activity and used as positive controls. b Compounds 1-3 inhibited Topo Il

by Topo Ilx. Supercoiled pBR322 DNA (SC) was relaxed by Topo Il mediated DNA relaxation in a dose-dependent manner
alone or with 500 M of compounds 1-10. Relaxation reaction products
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22PKS-outR  22PKS-inF 22PKS-inR  22PKS-outF
\
558 bp 1575bp 01260
ﬂ Double Crossover
22PKS-outR  22PKS-outF
$699 ArifA Amin-PKS
b CK- CK* MT
123 12 3M123
130085
p 1001 bp

M: DL 2000 (up to bottom : 2000 bp, 1000 bp, 750 bp, 500 bp)

Primer Templament

1: 22PKS-outF , 22PKS-inR CK- : S699 ArifA gDNA
2:22PKS-inF , 22PKS-outR CK*: pOJ260-22PKSLR
3:22PKS-outF , 22PKS-outR MT: double crossover

mutant strain gDNA

Sig = 254 nm, S699AfA *
mAU Kook * ** *
2000 e * ot *
1000
0

S699ArifAAPKS
mAU
100
0

6 8 10 12 14 16 18 20 min

Fig. 4 Disruption of PKS genes. a Scheme of the gene inactivation of
PKS genes. b PCR amplification using check primers confirmed the
genotype of double crossover mutants. ¢ Comparison of the HPLC
profiles between the extracts of Amycolatopsis mediterranei S699ArifA
and Amycolatopsis mediterranei S699ArifAAPKS
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b
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OH OH

(0]
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HO orf62, 63
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