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ABSTRACT: To expand the chemical diversity of secondary ™ o

metabolites produced by two marine-derived enterocin- and IW o o on

wailupemycin-producing Streptomyces strains, OUCMDZ-3434 | O ® X S
3 JEAY o ooy S0

and OUCMDZ-2599, precursor feeding and solid fermentation
strategies were used. Two new compounds, wailupemycins Q (1)
and R (2), were isolated from the extracts of liquid and solid
fermentation of OUCMDZ-3434. Furthermore, during the
fermentation of OUCMDZ-3434, p-fluorobenzoic acid was added
as the key biosynthetic precursor, which resulted in the isolation of
eight new fluorinated enterocin and wailupemycin derivatives (3—
10) and 10 previously reported analogues (11—20). From the solid
fermentation extract of OUCMDZ-2599, a new sulfur-containing
compound thiotetromycin B (21) and its known analogue thiotetromycin (22) were identified. Moreover, the solid fermentation
strategy effectively activated the biosynthesis of siderophores (23—25) of strain OUCMDZ-2599. Compound 3 showed moderate
antibacterial activity against Staphylococcus aureus and methicillin-resistant Staphylococcus aureus subsp. aureus with MIC values of 4
ug/mL. Compounds 23—25 were significantly capable of binding Fe(III).

5
OH OH HO.,

:/o.
23 R=OH,n=1

s,
%m
Streptomyces sp. HO o o N/\/\/\N N uR OH,n=2

OUCMDZ-2599 oy “Hn=3

OH O

OH O

,&

B [ (S
Streptomyces sp.
OUCMDZ-3434

o
OO "
OH
10 F

H INTRODUCTION

Microbial natural products have always been an important
source for the discovery of lead compounds." In the past two
decades, there has been increasing research on natural
products of marine-derived actinomycetes.” Over that period,
a lot of spectacular compounds represented by salinospor-
amide A were reported.” However, like the terrestrial microbial
natural product research, today, the research on natural
products of marine microorganisms also encountered the
problems of repeated isolation of common compounds and
low utilization rate of microbial strains. To address these
issues, some new effective strategies have been developed and
widely applied, such as genome mining and heterologous
expression.” In the meantime, the traditional approaches, such
as fermentation optimization and biosynthetic precursor
feeding, are still widely used to obtain new secondary
metabolites from the existing strains on hand, which has
been proven to be highly effective.” In recent years, we have
been committed to utilizing various methods to dlscover new
compounds from marine-derived actinomycetes.” During the
process, by altering the fermentation conditions, we expanded
the chemical diversity of wailupemycins produced by the
marine algae-derived Streptomyces sp. OUCMDZ-3434 (Figure
S1).” Meanwhile, it was found that the solid fermentation
condition could stimulate the metabolic potential of this strain
to produce hydroxamate siderophores.” Our previous studies

showed that the main secondary metabolites of strain
OUCMDZ-3434 are enterocins and wailupemycins, two
groups of polyketides produced by the genus Streptomyces.
These compounds have been reported to have diverse
structures and various bioactivities, which have attracted
great attention.”

B RESULTS AND DISCUSSION

In this work, we have continued to explore the remaining
extracts of OUCMDZ-3434. Two new compounds, wailupe-
mycins Q (1) and R (2), were isolated from the extracts of
liquid and solid fermentation of OUCMDZ-3434, respectively
(Figure 1). It is understood that benzoic acid is the key
biosynthetic precursor of the enterocin and wailupemycin
polyketides, and p-fluorobenzoic acid has been reported as a
precursor, which can be integrated into the biosynthesis
processes.” Thus, we also attempted to utilize the precursor-
directed biosynthesis strategy to expand the chemical diversity
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Figure 1. Chemical structures of the compounds isolated from OUCMDZ-3434.

of the enterocin and wailupemycin polyketides of OUCMDZ-
3434. Eight new fluorinated enterocin and wailupemycin
derivatives, wailupemycin S (3), 17-fluorowailupemycin O (4),
wailupemycin T (5), 19-fluoro-5-deoxyenterocin (6), 19-
fluorowailupemycin D (7), 19-fluorowailupemycin E (8), 19-
fluoro-3-O-methylwailupemycin G (9), and wailupemycin U
(10), and three known ones, 19-fluoroenterocin (12), 19-
fluorowailupemycin G (17), and 19-fluorowailupemycin F
(19), together with seven previously reported nonfluorinated
enterocin and wailupemycin analogues (11, 13—16, 18, and
20) were obtained (Figure 1 and Figure S2). While continuing
to explore the metabolic potential of OUCMDZ-3434, we have
also searched for other enterocin- and wailupemycin-producing
bacteria. As a result, the marine-derived Streptomyces strain
OUCMDZ-2599 was found out, which can produce a large
amount of enterocin (Figure S2). Different fermentation
conditions for OUCMDZ-2599 were investigated, and the
differential natural products were observed (Figure S2). A new
sulfur-containing compound thiotetromycin B (21), its known
analogue thiotetromycin (22),' three hydroxamate side-
rophores (desferrioxamine X,,'' 23; desmethylenylnocard-
amine,'” 24; terragine E,"> 25) as well as R- and S-
wailupemycin K (26 and 27)”" were isolated from the solid
fermentation extract of OUCMDZ-2599 (Figure 2 and Figure
S2). Likewise, the solid fermentation strategy effectively
activated the biosynthesis of siderophores of strain
OUCMDZ-2599.

Wailupemycin Q (1) was obtained as a yellow amorphous
powder. Its molecular formula was assigned as C,,H,3O4 based
on the HRESIMS analysis, being one CH, more than
wailupemycin D (14). Its "H and *C NMR data (Table 1)
showed similarities to those of wailupemycin D (Figure 1),
except that 3-OH was replaced by 3-OCHj; (8¢ 56.3/3.74)."
The methoxyl group was confirmed by the HMBC correlation
of 3-OCHj; to C-3 (Figure 3). The structure of compound 1
was further determined by the key COSY correlations of H-8/
H-9/H-10 and H-17/H-18/H-19/H-20/H-21, together with
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Figure 2. Chemical structures of the compounds isolated from
OUCMDZ-2599.

the key HMBC correlations of H-2 to C-1/C-3/C-4, H-4 to C-
5, H-6 to C-5/C-7/C-8/C-12/C-14/C-15/C-16, H-8 to C-12,
H-9 to C-7/C-11, H-10 to C-12, and H,-14 to C-13/C-15
(Figure 3). The relative configuration of compound 1 was
established by the key NOESY correlations between H-6 and
H-17/21, between H-14a and H-17/21, between 15-OH and
3-OCH;, and between 15-OH and H-14b (Figure 4). To
determine its absolute configuration, the predicted ECD
spectrum was obtained by the TDDFT [B3LYP/6-31G(d)]
method.”” The measured ECD spectrum of compound 1
matches well with the calculated ECD curve of (6R, 15S)-1
(Figure S). Interestingly, compound 1 is not very stable. After
15 days in methanol, it turned into five compounds, including
3-O-methylwailupemycin G (16) and four stereoisomers, (6S,
155)-1 (1a), (6S, 15R)-1 (1b), (6R, 15R)-1 (1c), and (6R,
155)-1 (1). These compounds were separated by a Chiral MD
column (Figure S3a), and their absolute configurations were

https://doi.org/10.1021/acsomega.3c04199
ACS Omega 2023, 8, 28886—28897


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. 'H and *C NMR Data for Compounds 1 and 7—9 in DMSO-d,

la 7b Sc 9d
Oy, mult.
no. Sc Sy mult. (J in Hz) Sc Sy, mult. (J in Hz) Sc Sy mult. (J in Hz) 8¢ (J in Hz)
1632, C 163.5, C 162.8, C 163.5, C
2 88.0, 5.49,d (2.3) 89.3, CH 5.18,d (2.1) 88.8, CH 5.06, d (2.0) 88.2, CH 5.62,d (2.3)
CH
3 1704, C 169.8, C 169.9, C 170.5, C
4 103.7, 6.14, d (2.3) 104.0, CH 6.09, d (2.1) 102.7, CH 5.73,d (2.1) 105.7, CH 6.06, d (2.2)
CH
5 162.6, C 163.4, C 1629, C 160.8, C
6 54.1, 476, s 54.3, CH 473, s 55.3, CH 438, d (1.4) 1193, C
CH
142.0, C 142.1, C 1414, C 1349, C
8 119.3, 6.60, d (7.6) 119.3, CH 6.59, d (7.6) 120.6, CH 6.88, d (7.4) 116.1, CH 7.10, dd (8.6,
CH 0.9)
9 137.1, 7.49, t (8.0) 137.1, CH 7.51, t (7.9) 137.0, CH 7.54, t (7.9) 128.9, CH 7.39, t (8.1)
CH
10 116.2, 6.89, d (8.4) 116.2, CH 6.90, d (8.4) 116.4, CH 692, d (8.3) 109.3, CH 6.85, dd (7.7,
CH 0.9)
11 161.5, C 161.5, C 1614, C 154.5, C
12 1162, C 1162, C 116.0, C 1134, C
13 203.5, C 203.4, C 204.0, C 156.0, C
14 50.8, 3.64,d (17.2); 3.04, 51.0, CH, 3.69, d (17.2); 3.00, 45.8, CH, 3.94,dd (17.3); 2.94,dd 109.8, CH 6.75, s
CH, d (17.2) d (17.2) (17.3, 1.5)
15 754, C 75.3, C 74.3, C 140.2, C
16 144.9, C 141.1, C, d 1407, C, d 1365, C, d
(2.8) (3.0) (2.9)
17 125.5, 748, d (7.1) 1276, CH,d  7.51, dd (8.8, 5.5) 127.5, CH,d  7.47,dd (8.7, 5.5) 130.5, CH,d  7.34, dd (8.,
CH (82) (8.3) (8.1) 5.6)
18 128.0, 731, t (7.3) 1147, CH,d  7.15,t (8.9) 1148, CH,d  7.17,t (8.8) 1152, CH,d  7.23,t (8.9)
CH (21.1) (21.0) (21.2)
19 127.3, 7.22,t (7.2) 1612, C, d 161.5,C, d 161.6, C, d
CH (242.3) (242.3) (243.3)
20 128.0, 731, t (7.3) 1147,CH,d  7.15,t (8.9) 1148, CH,d  7.17,t (8.8) 1152, CH,d  7.23,t (8.9)
CH (21.1) (21.0) (21.2)
21 125.5, 7.48,d (7.1) 127.6, CH,d  7.51, dd (8.8, S.5) 127.5,CH,d  7.47,dd (8.7, 5.5) 130.5, CH,d  7.34, dd (8.8,
CH (8.2) (8.3) (8.1) 5.6)
3-OH 11.64, brs 11.67, brs
3- 56.3, 3.74, s 56.4, CH, 3.77, s
OCH; CH,
11-OH 12.37, brs 1238, s 12.31, s 11.37, brs
13-OH 11.37, brs
15-OH 6.06, brs 6.12, brs 6.15, brs

“Spectra were recorded at 400 MHz for 'H and 150 MHz for *C. Spectra were recorded at 500 MHz for 'H and 125 MHz for *C. “Spectra were
recorded at 400 MHz for 'H and 100 MHz for "*C. dSpectra were recorded at 500 MHz for 'H and 150 MHz for "*C.

determined by comparison of the calculated ECD curves with
their measured ECD spectra (Figure S3c). We speculated that
compound 1 underwent dehydration and enolization to
generate compound 16, which was then hydrated to produce
four possible stereoisomers (Figure S3b). The results indicated
that this type of natural products with different configurations
might be formed through nonenzymatic reactions.

Wailupemycin R (2) was obtained as a yellow amorphous
powder. Its molecular formula was determined as C;sH,,0, by
HRESIMS, which is an isomer of wailupemycin P.”* Analysis of
its 1D NMR data (Table 2) revealed that compound 2 also
contains a 1,2,3-trisubstituted benzene unit and a monosub-
stituted phenyl group. The COSY and HMBC correlations
(Figure 3) indicated that compound 2 has a similar structure
to wailupemycin P, except that the 4-methoxy-2-pyrone unit
was replaced by the 2-methoxy-4-pyrone unit. This could be
confirmed by the key HMBC correlations of H-2 to C-1/C-3/
C-4, H-4 to C-5/C-6, and 1-OCHj; to C-1 (Figure 3).

Wailupemycin S (3) was obtained as a light purple powder.
The HRESIMS analysis defined its molecular formula as
CsH305F. The "F NMR spectrum displayed a signal at &
—117.10. It is understood that carbon signals can be split by
fluorine atoms. In the C NMR spectrum, four carbon signals
split into doublets by a fluorine were observed at 6 161.0 (J =
240.8 Hz), 113.2 (J = 21.1 Hz), 131.1 (J = 7.8 Hz) and 137.1
(J = 3.1 Hz). Thus, the presence of a p-fluorophenyl group was
suggested. Two exchangeable protons (6y 9.37 and 10.21)
could be assigned to two phenolic hydroxyl groups. Further
comparison of its 'H and C NMR data with those of
wailupemycin G'° revealed that compound 3 contains the
same 1,8-dihydroxynaphthalene moiety. This could be
confirmed by the COSY and HMBC correlations (Figure 3).
In addition, the 3-acetyl group (8¢, 32.5/2.08, 5c 203.9)
could be indicated by the HMBC correlations of H;-1 to C-2/
C-3 (Figure 3). The HMBC correlations of H-14/H-18 to C-
12 revealed that the p-fluorophenyl group was attached to C-
12 (Figure 3).
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Figure 3. Key 2D NMR correlations for the structural assignment of

compounds 1—10 and 21.
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Figure 4. Key NOESY correlations of compounds 1, 6, 7, 8, and 21.

17-Fluorowailupemycin O (4) was obtained as a yellow
amorphous powder. Its molecular formula was determined as
C,0HsOsF based on the HRESIMS analysis. Comparison of
itt NMR data (Table 2) with those of wailupemycin O’
revealed that H-17 in wailupemycin O was replaced by a

fluorine atom (S —107.15) in compound 4. Thus, compound
4 was established as 17-fluorowailupemycin O, which was
further confirmed by the 2D NMR correlations (Figure 3).
Wailupemycin T (5) was isolated as a white amorphous
powder. Its molecular formula was assigned as C;,H,OsF
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Figure S. Experimental and calculated ECD curves of compounds 1, 7, 8, 10, and 19-21.

according to the HRESIMS data. Comparison of its 1D NMR
data (Table 2) with those of 6-phenyl-4-methoxy-2H-pyran-2-
one'” revealed that their structures were very similar, with the
exception that the monosubstituted benzene was replaced by a
para-disubstituted benzene unit in compound S. Further
analysis of its NMR spectra suggested that a fluorine atom
(85 —109.24) was introduced into the 4-position of the phenyl
group. This was confirmed by the COSY correlation of H-7/H-
8 and the HMBC correlations of H-7/H-8 to C-9 (Figure 3).
Thus, the structure of compound 5 was determined as 6-(4-
fluorophenyl)-4-methoxy-2H-pyran-2-one.
19-Fluoro-S-deoxyenterocin (6) was obtained as a white
amorphous powder. The molecular formula was determined as
Cy,H 9OgF on the basis of its HRESIMS spectrum. It was

28890

thought to be an analogue of 5-deoxyenterocin (11)'® due to
the similar UV absorptions as well as their molecular formulas.
Analysis of its *C NMR data (Table 3) together with the key
COSY and HMBC correlations (Figure 3) suggested the
presence of a p-fluorophenyl group. This was supported by the
fluorine signal at S —106.78 in the '"F NMR spectrum.
Comparison of its NMR data (Table 3) with those of 5-
deoxyenterocin (11) indicated that H-19 in compound 11 was
replaced by a fluorine atom. The relative configuration of
compound 6 consistent with S-deoxyenterocin (11) was
determined by the key NOESY correlations of H-3/H-Sa, H-
Sb/H-7b, H-7b/H-11, H-9/2-OH, and H-9/4-OH (Figure 4).
The almost identical ECD curves of compounds 6 and 11
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ACS Omega 2023, 8, 28886—28897


https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04199?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. 'H and *C NMR Data for Compounds 2—5

28 3t 4 3
Oy, mult. Oy, mult. Oy, mult. Oy, mult.
no. Sc (J in Hz) Sc (J in Hz) Sc (J in Hz) Sc (J in Hz)
1 170.3, C 32.5, CH, 2.08, s 167.1, C 1627, C
2 90.8, CH 5.52, d (1.9) 2039, C 88.2, CH 528, d (2.3) 88.4, CH 571, d (2.1)
3 184.4, C 1332, C 1732, C 1712, C
4 117.7,CH 6.19, d (2.0) 1343, C 103.6, CH 5.67,d (2.2) 98.0, CH 691, d (2.1)
s 161.1, C 117.3, CH 7.15, dd (82, 164.0, C 1582, C
1.8)
6 118.8, C 127.4, CH 7.17, t (7.2) 37.9, CH, 371, s 1274, C, d (3.1)
7 1574, C 107.6, CH 6.48, dd (7.0, 1353, C 128.1, CH, d 7.95, dd (8.8,
1.8) (8.8) 5.4)
8 1160, CH 6.96, dd (8.6, 155.1, C 1232, CH 692, dd (7.7, 116.1, CH, d 7.36, t (8.8)
1.1) 0.9) (22.0)
9 132.9, CH 7.39,t (8.0) 116.7, C 131.9, CH 7.31, t (7.9) 163.6, C, d
(248.1)
10 1223, CH 6.93, dd (7.6, 150.2, C 115.9, CH 6.85, dd (8.3, 116.1, CH, d 7.36, t (8.8)
11) 1.0) (22.0)
11 1447, C 109.2, CH 7.13, s 1562, C 128.1, CH, d 7.95, dd (8.8,
(8.8) 5.4)
12 1421, C 136.5, C 1284, C
13 129.5, CH 7.26,)dd (7.7, 137.1, C, d (3.1) 198.1, C
1.8
14 129.5, CH 7.34,t (7.5) 131.1, CH, d, 7.18, dd (8.8, 1356, C, d (2.2)
(7.8) 5.8)
15 1285, CH 731, t (6.8) 1132, CH, d 7.08, t (8.8) 133.3, CH, d 7.78, dd (8.9,
(21.1) (93) 5.5)
16 1295, CH 7.34,t (7.5) 161.0, C, d 116.5, CH, d 7.14, t (8.8)
(240.8) (222)
17 129.5, CH 7.26, dd (7.7, 1132, CH, d 7.08, t (8.8) 167.4, C, d
1.8) (21.1) (252.7)
18 131.1, CH, d, 7.18, dd (8.8, 116.5, CH, d 7.14, t (8.8)
(7.8) 5.8) (222)
19 133.3, CH, d 7.78, dd (8.9,
(9.3) 5.5)
1-OCH; 57.1, CH; 3.69, s
3-OCH, 56.8, CH, 3.69, s 56.6, CH, 387, s
8-OH 9.37, brs
10-OH 10.21, brs

“Spectra were recorded in methanol-d, at 400 MHz for 'H and 150 MHz for *C. bSpectra were recorded in DMSO-dg at 400 MHz for 'H and 150
MHz for 3C. “Spectra were recorded in methanol-d, at 500 MHz for 'H and 150 MHz for *C. “Spectra were recorded in DMSO-dj at 400 MHz

for 'H and 150 MHz for *C.

(Figure S4) revealed the same absolute configurations. Thus,
compound 6 was established as 19-fluoro-5-deoxyenterocin.
19-Fluorowailupemycin D (7) was isolated as a yellow
amorphous powder. The HRESIMS analysis defined its
molecular formula as C,;H sOGF. Its 'H and *C NMR data
(Table 1) showed similarities to those of wailupemycin D
(14)."* Analysis and comparison of NMR data with those of
wailupemycin D (14) indicated that H-19 in compound 14
was replaced by a fluorine atom (8 —115.60) in compound 7.
The relative configuration was established by the key NOESY
correlations of H-6/H-14a, H-6/H-17, and H-14a/H-17
(Figure 4). Considering the instability and changing process
of compound 1 (Figure S3), we speculated that compound 7
may contain a pair of enantiomers. To confirm this deduction,
compound 7 was analyzed on a chiral column, and two peaks
were observed (Figure SS). They were further separated into
two optically pure enantiomers, 7a and 7b, through a chiral
HPLC separation. To determine their absolute configurations,
the predicted ECD spectra were obtained by the TDDFT
[B3LYP/6-31G(d)] method."> The measured ECD spectrum
of compound 7a matches well with the calculated ECD curve
of (6S, 15SR)-7 (Figure S). Thus, the absolute configurations of
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7a and 7b were unambiguously established as (6S, 1SR) and
(6R, 15S), respectively.

The molecular formula of 19-fluorowailupemycin E (8) was
also determined to be C,H;;O¢F by HRESIMS, which is an
isomer of compound 7. Comparison of its 'H and *C NMR
data (Table 1) with those of compound 7 suggested that these
compounds may be stereoisomers at C-6 and C-15. The
NOESY correlations of H-14a/15-OH, H-14b/H-17, and H-4/
H-17 (Figure 4) revealed the same relative configuration as
wailupemycin E (15).'° Thus, the structure of compound 8
was determined as 19-fluorowailupemycin E. Like compound
7, 19-fluorowailupemycin E (8) also contained a pair of
enantiomers, 8a and 8b, which were separated on a chiral
column (Figure SS). Their absolute configurations were
determined as (6S, 15S) and (6R, 1SR), respectively, by
comparison of the measured ECD spectra with the calculated
ECD curves (Figure S).

Our research showed that wailupemycins D (14) and E (15)
also contained the corresponding enantiomers, (6S, 15R)-14
(14a)/(6R, 15S)-14 (14b) and (6S, 155)-15 (15a)/(6R,
1SR)-15 (15b), respectively, which were observed and
separated by the chiral HPLC (Figure SS). Their absolute
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ACS Omega 2023, 8, 28886—28897


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04199/suppl_file/ao3c04199_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. 'H (400 MHz) and *C NMR (150 MHz) Data for Compounds 6, 10, and 21 in DMSO-d;

6 10 21
no. Sc Sy, mult. (J in Hz) 8¢ Sy, mult. (J in Hz) 8¢ Sy, mult. (J in Hz)
174.0, C 196.5, C 203.3, C
2 79.7, C 49.7, CH, 2.82,dd (15.7, 3.8); 2.58,dd 859, C
(159, 8.2)
3 60.8, CH 4.02, s 64.8, CH 4.17, m 99.1, C
4 77.1, C 40.4, CH, 3.13, dd (164, 3.9); 2.88,dd  56.8, C
(162, 7.4)
5 36.7, CH, 2.22, dd (142, 3.2); 1.63, dd 1082, CH 9.03, d (2.6) 127.3,CH 596, s
(14.2,22)
6 72.6, CH 4.84, ddd (4.5, 2.4, 2.1) 157.0, C 1323, C
7 40.1, CH, 2.66, dd (15.0, 4.3); 2.08, dd 119.8, CH 6.68, d (2.6) 1350,CH 6.34, dd (18.0, 11.1)
(15.0, 2.2)
8 75.8, C 139.9, C 114.5, 5.19, d (18.0); 5.13, d
CH, (11.1)
9 54.3, CH 4.59, s 159.8, C 27.7, CH, 1.88, m; 1.81, m
10 1619, C 108.3, CH 6.38, s 7.1, CHy  0.87,t (7.4)
11 104.6, CH 6.27,d (22) 147.3, C 29.6, CH, 2.09, m; 1.88, m
12 170.7, C 117.5, C 9.6, CH;  1.04,t (7.4)
13 87.9, CH 5.62,d (22) 136.7, C 574, CH, 4.35,dd (15.8, 1.9); 429, d
(15.7)
14 163.5, C 115.6, C
15 193.7, C 141.0,C, d (2.1)
16 1362, C, d (2.1) 130.1, CH, d 7.25,dd (8.3, 5.5)
(7.8)
17 131.0, CH, d 7.87, dd (8.7, 5.6) 113.5, CH, d 7.13, t (8.8)
(9.8) (21.1)
18 1155, CH, d 7.35,t (8.8) 1609, C, d
(21.6) (239.8)
19 164.7, C, d 113.5, CH, d 7.13, t (8.8)
(249.8) (21.1)
20 115.5, CH, d 7.35,t (8.8) 130.1, CH, d 7.25, dd (8.3, 5.5)
(21.6) (7.8)
21 131.0, CH, d 7.87, dd (8.7, 5.6)
(9:8)
12- 56.3, CH, 3.83, s
OCH,
2-OH 5.87, s 5.26, d (1.9)
3-OH 5.12,d (3.8) 6.96, s
4-OH 592, s
6-OH 9.99, s
8-OH 5.50, s
9-OH 10.56, brs

configurations were determined by comparison of the
measured ECD spectra with those of compounds 7 and 8
(Figure S4). The production of these stereoisomers may be
caused by the nonenzymatic spontaneous reactions, like
compound 1.

19-Fluoro-3-0O-methylwailupemycin G (9) was obtained as a
yellow amorphous powder. Its molecular formula was assigned
as C,,H,;OF by HRESIMS. Comparison of its 'H and *C
NMR data (Table 1) with those of 3-O-methylwailupemycin G
(16)”" revealed that compound 9 contains the same 3-
methoxy-a-pyrone and 1,8-dihydroxynaphthalene moieties as
compound 16. Further analysis of the NMR data of compound
9 indicated that H-19 in compound 16 was replaced by a
fluorine atom (6 —114.73).

Wailupemycin U (10) was isolated as a yellow amorphous
powder. Its molecular formula was determined to be
C,0H,sO4F by HRESIMS, indicating 13 degrees of unsatura-
tion. Two sp3 methylene, one sp3 oxygenated methine, seven
sp> methines, and ten sp* nonprotonated carbons were
displayed in the *C and HSQC NMR spectra. Comparison
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of its '"H NMR data (Table 3) and molecular formula with
those of wailupemycin J”° revealed that the monosubstituted
phenyl group of wailupemycin J was replaced by a p-
fluorophenyl group. Further analysis of the NMR data of
compound 10 and wailupemycin J indicated that C-1 in
compound 10 was connected to the para-position of C-9
instead of the ortho-position. This assignment was confirmed
by the key HMBC correlations of H-10 to C-4/C-9, H-S to C-
12, and H,-4 to C-11/C-12, together with the COSY
correlations of H,-2/H-3/H,-4 (Figure 3). The S configuration
of compound 10 was determined by ECD calculations (Figure
S).

Two fluorinated compounds, 19-fluorowailupemycin G (17)
and 19-fluorowailupemycin F (19), have been reported in
other papers. However, they were only detected by LC—MS,
and no materials were isolated.®™’ Here, we report the Iy, 3C,
and '’F NMR data for the first time. The structures of other
known compounds (11,"* 12," 13,"*" 14,"* 15,'° 16,”" 18,
and 20'°) were determined by comparison of their NMR and
specific rotation data with those reported.
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Thiotetromycin B (21) was obtained as a white powder. Its
molecular formula was assigned to be C;;H,30,S based on the
HRESIMS data. Comparison of its 'H and *C NMR spectra
with those of thiotetromycin (22)"'*" suggested that compound
21 also contains a y-thiolactone ring, with an evident difference
that two sp” nonprotonated carbons of compound 22 were
replaced by two sp® nonprotonated carbons. The signals of the
two ethyl groups attached to C-2 and C-4, respectively, one
oxygenated sp’ methylene, two sp® methines, one sp
methylene, and one sp” nonprotonated carbon were also
observed in the 1D and 2D NMR spectra of 21 (Table 3 and
Figure 3). The methyl group linked to C-6 in compound 22
were replaced by the oxygenated methylene group (¢, 57.4/
4.35&4.29). The HMBC correlations of H,-13 to C-3/C-6/C-
7 and H-5 to C-3/C-4/C-7/C-13 demonstrated the presence
of a pyran ring (Figure 3). The signals of two hydroxy groups
(84 5.26, 6.96) could be assigned by the HMBC correlations of
2-OH to C-9 and 3-OH to C-3/C-4 (Figure 3). The relative
configuration of compound 21 was established by the key
NOESY correlations of 3-OH/H,-9, 3-OH/H,-11, 3-OH/Hj;-
12, and H,-9/H,-11 (Figure 4). To determine its absolute
configurations, the predicted ECD spectrum was obtained by
the TDDFT [B3LYP/6-31G(d)] method. The measured ECD
spectrum of compound 21 matches well with the calculated
ECD curve of (25, 3R, 4R)-21 (Figure 5).

The antimicrobial activity of compounds 1-27 was
evaluated against Pseudomonas aeruginosa ATCC 10145,
Escherichia coli ATCC 117785, Bacillus subtilis ATCC 6051,
Staphylococcus aureus ATCC 6538, methicillin-resistant Staph-
ylococcus aureus subsp. aureus ATCC 43300, Candida albicans
ATCC 10231, and Candida glabrata ATCC 2001. Compounds
3, 26, and 27 exhibited antibacterial activity against Staph-
ylococcus aureus ATCC 6538, methicillin-resistant Staph-
ylococcus aureus subsp. aureus ATCC 43300, and Bacillus
subtilis ATCC 6051 with MIC values of 4—32 pg/mL (Table
4).

Table 4. Antibacterial Activity of Compounds 3, 26, and 27
(MIC and MBC Values, pg/mL)

B. subtilis ATCC S. aureus ATCC MRSA ATCC
6051 6538 43300
compounds MiC MBC MiC MBC MIC MBC
3 16 32 4 32 4 >32
26 16 >32 32 >32 32 >32
27 16 >32 32 >32 32 >32
ciprofloxacin 0.063 0.25 0.125 0.25 1 4
vancomycin 0.25 0.5 1 2 2 8

The Fe(IlI)-binding properties of compounds 23—25 were
assessed by the chrome azurol S (CAS) assay.””'” The results
suggested that all the three compounds can form an Fe(III)
complex (Figure 6). Compound 24 showed stronger binding
activity than the positive control, deferoxamine B mesylate
(DFB) (Figure 6).

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations
were recorded with a JASCO P-1020 digital polarimeter. UV
spectra were recorded on a Thermofisher NanoDrop OneC
microvolume UV—Vis spectrophotometer. ECD spectra were
measured on a JASCO J-815 spectrometer. IR spectra were
obtained on a Nicolet Nexus 470 spectrophotometer in KBr

discs. NMR spectroscopic data were recorded on an Agilent
DD2 500, Bruker AVENCE NEO 400, or JEOL JNM-ECP
600 spectrometer, and chemical shifts were referenced to the
corresponding residual solvent signals (8y,c 3.31/49.00 for
methanol-d, and &y, 2.50/39.52 for DMSO-ds). High-
resolution ESI-TOF mass spectra were recorded using a Q-
TOF ULTIMA GLOBAL GAA076 LC mass spectrometer.
Low-resolution LC/ESI-MS data were measured using a
Waters ACQUITY SQD 2 UPLC/MS system (diode array
detector, full wavelength scanned from 200 to S00 nm) with a
reversed-phase C4 column (ACQUITY UPLC BEH Cjg, 2.1 X
50 mm, 1.7 ym) at a flow rate of 0.4 mL/min. Semipreparative
HPLC was performed using an ODS column (YMC-pack
ODS-A, 10 X 250 mm, S ym), a C;5-PFP column (ACE C4-
PFP, 10 X 250 mm, S ym), or a phenyl column (YMC-pack
Ph, 10 X 250 mm, 5 gm). Chiral separation was carried out on
a Chiral MD column (4.6 X 250 mm, 5 ym) or a Chiral INC
column (4.6 X 250 mm, S ym). TLC was performed on plates
precoated with silica gel GF254 (10—40 ym, Marine Chemical
Factory of Qingdao). Silica gel (200—300 or 100—200 mesh,
Marine Chemical Factory of Qingdao) was used for vacuum-
liquid chromatography (VLC). RP-18 silica gel (YMC ODS-A,
50 pm), Toyopearl HW-40F (TOSOH Corporation), and
Sephadex LH-20 (Amersham Biosciences) were used for
column chromatography (CC). Natural seawater was collected
from Huanghai Sea in the Jiaozhou Bay (Qingdao, China)
without treatment. All solvents and reagents were purchased
from Tianjin Kemiou Chemical Reagent Co. Ltd., Sinopharm
Chemical Reagent Co. Ltd., J&K Scientific, Energy Chemical,
and Aladdin.

Collection and Phylogenetic Analysis of Strains
OUCMDZ-3434 and OUCMDZ-2599. The actinomycete
Streptomyces sp. OUCMDZ-3434 was isolated and identified as
previously described.”* The actinomycete Streptomyces sp.
OUCMDZ-2599 was isolated from a soil sample collected
from the Yellow River Delta Natural Reserve (N 37°45.539', E
119°10.046"), Shandong Province of China. The sample (2 g)
was dried over 24 h in an incubator at 35 °C, and the dried soil
was added to 10 mL of sterile natural seawater. The soil
suspension (100 L) was then deposited on an agar plate that
was prepared from soluble starch (20 g), KNO; (1 g),
K,HPO,-3H,0 (0.5 g), MgSO,-7H,0 (0.5 g), NaCl (0.5 g),
FeSO,-7H,0 (0.01 g), agar (20 g), and 1 L of natural seawater
and incubated at 28 °C for 8 days. Bacterial colonies were
selected and streaked to purity using the same agar media. It
was identified by the 16S rRNA gene sequence (GenBank
accession no. 0Q318184).

Cultivation and Extraction of OUCMDZ-3434 and
OUCMDZ-2599. Details of the method to yield the extracts of
OUCMDZ-3434 grown on a liquid and solid medium were
reported previously (extract A, 34.0 g; extract B, 30.0 g).”

To obtain new fluorinated enterocin and wailupemycin
analogues, p-fluorobenzoic acid was used as a precursor in the
fermentation. The microbial strain OUCMDZ-3434 was
cultured in 500 mL Erlenmeyer flasks containing 150 mL of
liquid medium prepared by dissolving 20 g of soluble starch, 1
g of KNO;, 0.5 g of K;HPO,-3H,0, 0.5 g of MgSO,-7H,0, 0.5
g of NaCl, and 0.01 g of FeSO,-7H,0 in 1 L of seawater and
shaken for 4 days at 28 °C and 180 rpm: this was used as a
seed culture. The seed culture (5 mL) was transferred to an
Erlenmeyer flask (500 mL) containing 150 mL of the culture
medium prepared by dissolving 20 g of glucose, 10 g of soluble
starch, 10 g of yeast extract, 10 g of peptone, 0.5 g of KH,PO,,
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Figure 6. CAS assay results for compounds 23—25 and desferrioxamine B mesylate (DFB, positive control). (a) Concentration-dependent CAS
liquid well-plate assay. (b) Dose—response curves for the iron binding activity. (c) ECs, values and 95% confidence intervals.

0.5 g of MgSO,, 3 g of beef extract, 2 g of CaCO;, and 0.133 g
of p-fluorobenzoic acid in 1 L of seawater. The culture was
shaken for 8 days at 28 °C and 180 rpm. Cultivation of 20 L
was performed and extracted with equal volumes of EtOAc
three times to give the extract (extract C, 12.7 g).

To accumulate the unstable metabolites detected in extract
C, a repeated fermentation of 6 L according to the above
conditions was conducted, and another crude extract was
obtained (extract D, 3.6 g).

The microbial strain OUCMDZ-2599 was cultured on a
solid medium. The seed broth was cultured in 500 mL
Erlenmeyer flasks, each flask containing 150 mL of medium
that was prepared by dissolving soluble starch (20 g), KNO; (1
g), K,HPO,-3H,0 (0.5 g), MgSO,-7H,0 (0.5 g), NaCl (0.5
g), and FeSO,-7H,0 (0.01 g) in 1 L of seawater and shaken
for 4 days at 28 °C and 180 rpm. The seed culture (10 mL)
was transferred to an Erlenmeyer flask (1 L) containing 100 g
of dried rice and 80 mL of ISP2 liquid medium (4 g of glucose,
4 g of yeast extract, and 10 g of malt extract powder, S00 mL of
seawater, 500 mL of tap water, pH 7.3). A total of 100
Erlenmeyer flasks were used in this fermentation. The culture
was incubated at room temperature for S5 days. After
incubation in static cultivation, the whole culture was extracted
with equal volumes of EtOAc three times. The extract was
dried in vacuo to yield the extract (extract E, 41.7 g).

Purification. The extract A (34.0 g) was subjected to a
silica gel VLC column (70 X 160 mm) using step gradient
elution with CH,Cl,—petroleum ether (30—100%) and then
with MeOH—CH,Cl, (0—50%) to give nine fractions (Fr.1—
Fr.9). Fr.3 (619.4 mg) was fractionated into eight fractions
(Fr.3.1-Fr.3.8) by an RP-silica gel column (18 X 130 mm)
eluting with a stepwise gradient of MeOH—H,O (10—100%).
Fr.3.5 (56.7 mg) was subjected to a Sephadex LH-20 column
eluting with MeOH, and further purified by semipreparative
HPLC on an ODS column (YMC-pack ODS-A, 10 X 250 mm,
3.0 mL/min) eluting with 38% MeCN to afford compound 1
(3.4 mg, t = 28.0 min).

The extract B (30.0 g) was separated into eight fractions
(Fr.1—Fr.8) on a silica gel VLC column (70 X 150 mm) using
step gradient elution with CH,Cl,—petroleum ether (0—
100%) and then with MeOH—CH,Cl, (0—50%). Fr.4 (2.6 g)
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was subjected to an RP-silica gel column (25 X 130 mm)
eluting with a stepwise gradient of MeOH—H,0 (10—100%)
to yield nine fractions (Fr.4.1-Fr.4.9). Fr.4.8 (47.2 mg) was
subjected to a Sephadex LH-20 column eluting with MeOH—
CH,Cl, (50%) and further purified by semipreparative HPLC
on an ODS column (YMC-pack ODS-A, 10 X 250 mm, 3.0
mL/min) eluting with S0% MeCN to yield compound 2 (1.4
mg, tx = 9.8 min).

The extract C (12.7 g) was subjected to a silica gel VLC
column (50 X 140 mm) and eluted with a step gradient of
CH,Cl,—petroleum ether (0—100%) and then MeOH-—
CH,Cl, (0—50%), and seven fractions (Fr.1—Fr.7) were
obtained. Fr.3 (493.4 mg) was fractionated by a silica gel
column (20 X 80 mm) using step gradient elution with
EtOAc—petroleum ether (5—100%) to give six fractions
(Fr.3.1-Fr.3.6). Fr.3.3 (9.6 mg) was separated by a Sephadex
LH-20 column eluting with MeOH—CH,Cl, (50%) and
further purified by semipreparative HPLC on an ODS column
(YMC-pack ODS-A, 10 X 250 mm, 3.0 mL/min) eluting with
41% MeCN to yield compound 3 (2.0 mg, t = 26.2 min). Fr.4
(1.4 g) was fractionated into seven fractions by an RP-silica gel
column (25 X 130 mm) eluting with a stepwise gradient of
MeOH-H,0 (10—100%). Fr.4.2 (128.0 mg) was subjected to
a Sephadex LH-20 column eluting with MeOH and further
purified by semipreparative HPLC on a phenyl column (YMC-
pack Ph, 10 X 250 mm, 3.0 mL/min) eluting with 38% MeCN
to yield compounds S (1.0 mg, t; = 21.0 min) and 4 (10.0 mg,
tp = 23.7 min). Fr.4.4 (66.4 mg) was subjected to a Sephadex
LH-20 column eluting with MeOH—CH,Cl, (50%) and
further purified by HPLC on a C,4-PFP column (ACE C,-
PFP, 10 X 250 mm, 3.0 mL/min) eluting with 40% MeCN
(0.5%0 TFA) to yield compounds 16 (1.9 mg, t; = 35.5 min)
and 9 (3.6 mg, g = 39.3 min). Fr.5 (846.5 mg) was separated
into nine fractions (Fr.5.1—Fr.5.9) by an RP-silica gel column
(18 X 130 mm) eluting with a stepwise gradient of MeOH—
H,0 (10-100%). Fr.5.4 (356.1 mg) was subjected to a
Sephadex LH-20 column eluting with MeOH and further
purified by semipreparative HPLC on a C,3-PFP column (ACE
C,5-PFP, 10 X 250 mm, 3.0 mL/min) eluting with 30% MeCN
to yield compounds 11 (7.6 mg, t; = 10.3 min) and 6 (9.4 mg,
tp = 12.7 min). Fr.6 (1.7 g) was separated into four fractions
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(Fr.6.1-Fr.6.4) on an RP-silica gel column (25 X 130 mm)
eluting with a stepwise gradient of MeOH—H,O (10—100%).
Fr.6.1 (404.0 mg) was applied to a Toyopear]l HW-40F column
eluting with MeOH to give five fractions (Fr.6.1.1—Fr.6.1.5).
Fr.6.1.3 (65.2 mg) was further purified by HPLC on a C,4-PFP
column (ACE C,4-PFP, 10 X 250 mm, 3.0 mL/min) eluting
with 34% MeCN (0.5%¢TFA) to yield compounds 15 (6.2 mg,
tp = 15.5 min) and 8 (8.4 mg, tx = 19.3 min). Fr.6.2 (664.1
mg) was fractionated into five fractions (Fr.6.2.1 — Fr.6.2.5)
on a Sephadex LH-20 eluting with MeOH. Fr.6.2.2 (92.7 mg)
was further purified by semipreparative HPLC on a C,3-PFP
column (ACE Cg-PFP, 10 X 250 mm, 3.0 mL/min) eluting
with 36% MeCN (0.5%0 TFA) to yield compounds 14 (7.3
mg, t = 20.2 min) and 7 (9.1 mg, t; = 24.7 min). Fr.7 (5.9 g)
was separated on an RP-silica gel column (25 X 130 mm)
eluting with a stepwise gradient of MeOH—H,0O (10—100%)
to give five fractions (Fr.7.1-Fr.7.5). Fr.7.3 (1.1 g) was
subjected to a Sephadex LH-20 column eluting with MeOH to
give four fractions (Fr.7.3.1-Fr.7.3.4). Fr.7.3.2 (200.0 mg) was
purified by HPLC on a C,3-PFP column (ACE C,4-PFP, 10 X
250 mm, 3.0 mL/min) eluting with 28% MeCN to afford
compounds 13 (48.0 mg, t; = 8.1 min) and 12 (34.0 mg, tg =
9.7 min). Fr.7.5 (14 g) was separated into 10 fractions
(Fr.7.5.1 — Fr.7.5.10) on a Sephadex LH-20 column eluting
with MeOH—CH,Cl, (50%). Fr.7.5.8 (48.2 mg) was further
separated by semipreparative HPLC on a C3-PFP column
(ACE C4-PFP, 10 X 250 mm, 3.0 mL/min) eluting with 45%
MeCN (0.5%0 TFA) to give compounds 18 (2.4 mg, t; = 13.1
min) and 17 (3.2 mg, tg = 14.9 min). Fr.7.5.10 (27.0 mg) was
purified on a phenyl column (YMC-pack Ph, 10 X 250 mm,
3.0 mL/min) eluting with 40% MeCN (0.5%c TFA) to yield
compound 10 (2.1 mg, tx = 14.0 min).

The extract D (3.6 g) was separated into 10 fractions (Fr.1—
Fr.10) on a silica gel VLC column (25 X 180 mm) using step
gradient elution with CH,Cl,—petroleum ether (0—100%) and
then MeOH-CH,Cl, (0—10%). Fr.8 (448.6 mg) was
subjected to a Sephadex LH-20 column eluting with MeOH
to give five fractions (Fr.8.1-Fr.8.5). Fr.8.3 (11.5 mg) was
further purified by HPLC on an ODS column (YMC-pack
ODS-A, 10 X 250 mm, 2.5 mL/min) eluting with 45% MeCN
(0.5%0 TFA) to yield compounds 20 (3.1 mg, t; = 11.9 min)
and 19 (3.5 mg, t; = 13.0 min).

The extract E (41.7 g) was subjected to a silica gel VLC
column (70 X 160 mm) using step gradient elution with
CH,Cl,—petroleum ether (0—100%) and then with MeOH—
CH,Cl, (0—50%) to give five fractions (Fr.1—Fr.5). Fr.3 (2.8
g) was fractionated into 11 fractions (Fr.3.1-Fr.3.11) by an
RP-silica gel column (25 X 130 mm) eluting with a stepwise
gradient of MeOH—H,0 (10—100%). Fr.3.10 (181.2 mg) was
subjected to a Sephadex LH-20 column eluting with MeOH—
CH,Cl, (50%) and further purified by HPLC on an ODS
column (YMC-pack ODS-A, 10 X 250 mm, 3.0 mL/min)
eluting with 52% MeCN to afford compounds 21 (2.0 mg, t =
15.0 min), 22 (11.0 mg, t; = 20.0 min), and the racemic 26/27
(6.5 mg, tx = 17.9 min). Compounds 26/27 were further
separated by a Chiral INC column (4.6 X 250 mm, S ym, 0.8
mL/min) eluting with i-PrOH—n-hexane (10%) to give the
optically pure compounds 27 (1.2 mg, t; = 22.5 min) and 26
(1.4 mg, tg = 23.7 min). Fr.5 (4.2 g) was subjected to an RP-
silica gel column (25 X 130 mm) eluting with a stepwise
gradient of MeOH—H,O (10—100%) to yield seven fractions
(Fr.5.1-Fr.5.7). Fr52 (2.5 g) was fractionated into 10
fractions (Fr.5.2.1—Fr.5.2.10) by another RP-silica gel column

(25 X 130 mm) eluting with a stepwise gradient of MeOH—
H,0 (10—100%). Fr.5.2.4 (150.3 mg) was subjected to a
Sephadex LH-20 column eluting with MeOH and further
purified by HPLC on an ODS column (YMC-pack ODS-A, 10
X 250 mm, 3.0 mL/min) eluting with 16% MeCN to yield
compound 23 (2.4 mg, t = 16.0 min). Fr.5.2.5 (364.1 mg) was
separated into six fractions (Fr.5.2.5.1—Fr.5.2.5.6) on a
Sephadex LH-20 column eluting with MeOH. Fr.5.2.5.3
(89.0 mg) was further purified by semipreparative HPLC on
an ODS column (YMC-pack ODS-A, 10 X 250 mm, 3.0 mL/
min) eluting with 16% MeCN to afford compounds 24 (10.3
mg, tp = 19.5 min) and 25 (8.3 mg, tz = 22.2 min).

Wailupemycin Q (1). Yellow amorphous powder; [a]p
—173.5 (¢ 0.1, MeOH); UV (MeOH) 4,,,, (log €) 206 (4.39),
262 (3.78), 332 (3.41) nm; ECD (0.66 mM, MeOH) 4.
(Ae) 219 (+6.71), 236 (—1.31), 255 (+6.09), 280 (—13.00),
344 (+1.59) nm; IR (KBr disk) v, 3335, 2929, 1690, 1643,
1565, 1252 cm™; 'H and '3C NMR, see Table 1; HRESIMS
m/z 379.1169 [M + H]* (caled for C,,H,40q, 379.1176).

Wailupemycin R (2). Yellow amorphous powder; UV
(MeOH) A, (log &) 221 (4.12), 243 (4.00) nm; IR (KBr
disk) v, 3406, 2926, 1653, 1565, 1254, 703 cm™; 'H and
3C NMR, see Table 2; HRESIMS m/z 295.0961 [M + H]*
(caled for C,gH,0,, 295.0965).

Wailupemycin S (3). Light purple powder; UV (MeOH)
Amax (log €) 220 (4.16), 256 (3.90), 345 (3.17) nm; IR (KBr
disk) v, 3444, 2921, 1652, 1510, 1354, 1222, 1162, 1024
em™}; 'H and 3C NMR, see Table 2; '°’F NMR (376 MHz,
DMSO-dg) 6 —117.10; HRESIMS m/z 297.0924 (M + H]*
(calced for C;gH,,04F, 297.0921).

17-Fluorowailupemycin O (4). Yellow amorphous powder;
UV (MeOH) A, (log €) 212 (4.14), 257 (3.85) nm; IR (KBr
disk) v, 3300, 3192, 2929, 2856, 1698, 1564, 1251, 701
cm™; 'H and 3C NMR, see Table 2; ’F NMR (376 MHz,
methanol-d,) 5 —107.15; HRESIMS m/z 355.0972 [M + H]*
(caled for C,oH,4O:F, 355.0976).

Wailupemycin T (5). White amorphous powder; UV
(MeOH) A, (log €) 220 (3.85), 315 (3.74) nm; IR (KBr
disk) v, 3441, 2926, 1725, 1642, 1563, 1510, 1455, 1221,
1010 cm™%; 'H and *C NMR, see Table 2; F NMR (376
MHz, DMSO-d) 5 —109.24; HRESIMS m/z 221.0606 [M +
H]* (caled for C,H,,O5F, 221.0608).

19-Fluoro-5-deoxyenterocin (6). White amorphous pow-
der; [a]p®® —36.5 (c 0.1, MeOH); UV (MeOH) A, (log €)
205 (4.40), 252 (4.04) nm; ECD (1.12 mM, MeOH) A,
(Ag) 208 (+9.94), 247 (—4.59), 278 (+0.96), 325 (—1.31)
nm; IR (KBr disk) v, 3460, 3327, 1744, 1693, 1642, 1563,
1462, 1336, 1220, 1135, 1086, 1005 cm™!; 'H and *C NMR,
see Table 3; '°F NMR (376 MHz, DMSO-d,) 5 —106.78;
HRESIMS m/z 447.1077 [M + H]* (caled for C,,H,,O0F,
447.1086).

19-Fluorowailupemycin D (7). Yellow amorphous powder;
UV (MeOH) A, (log £) 210 (4.30), 262 (3.82), 335 (3.43)
nm; IR (KBr disk) v, 3385, 3076, 1699, 1640, 1570, 1257,
1026, 996 cm™; 'H and 3C NMR, see Table 1; "F NMR
(376 MHz, DMSO-d,) 5 —115.60; HRESIMS m/z 383.0922
[M + H]* (caled for C,,H,O4F, 383.0925). 7a: [a]p?” +112.0
(¢ 0.1, MeOH); ECD (1.31 mM, MeOH) 4, (Ae) 215
(—3.54), 245 (+0.24), 266 (—1.33), 286 (+5.34), 344 (—0.64)
nm. 7b: [a]p” —118.4 (¢ 0.1, MeOH); ECD (1.31 mM,
MeOH) A, (Ae) 217 (+2.59), 248 (—0.20), 266 (+1.21),
286 (—4.41), 341 (+0.41) nm.
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19-Fluorowailupemycin E (8). Yellow amorphous powder;
UV (MeOH) A, (log €) 212 (4.36), 260 (3.92), 292 (3.67),
331 (3.57) nm; IR (KBr disk) v,.,, 3417, 3078, 1697, 1640,
1569, 1240, 1026, 997 cm™; 'H and '*C NMR, see Table 1;
F NMR (376 MHz, DMSO-d;) § —115.06; HRESIMS m/z
405.0752 [M + Na]* (caled for C,;H;sO¢FNa, 405.0745). 8a:
[a]lp?” +427.4 (¢ 0.1, MeOH); ECD (1.31 mM, MeOH) /..
(Ag) 229 (+18.76), 256 (—11.20), 284 (+24.57), 329 (—3.17)
nm. 8b: [a]p” —441.5 (c 0.1, MeOH); ECD (1.31 mM,
MeOH) A, (Ae) 229 (—16.75), 256 (+10.94), 284
(—23.02), 329 (+3.08) nm.

19-Fluoro-3-O-methylwailupemycin G (9). Yellow amor-
phous powder; UV (MeOH) 4, (log &) 209 (4.33), 247
(4.28), 340 (3.83) nm; IR (KBr disk) v,,,, 3384, 2932, 1683,
1562, 1409, 1212, 1023, 760, 670 cm™'; 'H and *C NMR, see
Table 1; F NMR (376 MHz, DMSO-d;) 6 —114.73;
HRESIMS m/z 379.0977 [M + H]* (caled for C,,H,4O;F,
379.0976).

Wailupemycin U (10). Yellow amorphous powder; [a]p
+22.5 (¢ 0.05, MeOH); UV (MeOH) A, (log €) 249 (3.64),
332 (3.12), 363 (3.26) nm; ECD (1.48 mM, MeOH) A,
(A€) 266 (+0.58), 338 (—0.04) nm; IR (KBr disk) v, 3415,
2929, 1681, 1604, 1382, 1210, 1028 cm™'; 'H and *C NMR,
see Table 3; F NMR (376 MHz, DMSO-d,) 6 —117.59;
HRESIMS m/z 339.1026 [M + H]* (caled for C,oH,;4O,F,
339.1027).

Wailupemycin D (14). Yellow amorphous powder. 14a:
[a]p* +123.4 (¢ 0.1, MeOH); ECD (1.37 mM, MeOH) 4,
(Ae) 222 (—2.04), 240 (+0.20), 257 (—1.61), 284 (+3.70),
346 (—0.45) nm. 14b: [a]p?” —142.5 (¢ 0.1, MeOH); ECD
(1.37 mM, MeOH) A, (A¢e) 219 (+2.30), 239 (—0.42), 257
(+2.20), 284 (—4.82), 344 (+0.55) nm.

Wailupemycin E (15). Yellow amorphous powder. 1Sa:
[a]p?” +374.0 (¢ 0.1, MeOH); ECD (1.37 mM, MeOH) /..
(Ag) 230 (+13.39), 257 (—8.37), 284 (+19.73), 328 (—2.76)
nm. 15b: [a]p” —379.6 (¢ 0.1, MeOH); ECD (1.37 mM,
MeOH) A, (Ag) 230 (—14.01), 256 (+9.20), 284 (—21.20),
328 (+2.97) nm.

19-Fluorowailupemycin G (17). Yellow amorphous pow-
der; UV (MeOH) A, (log €) 207 (4.32), 248 (4.26), 339
(3.75) nm; IR (KBr disk) v,,,, 3398, 2922, 1683, 1564, 1386,
1203, 1025, 843, 761 cm™*; 'H NMR (400 MHz, DMSO-dy) 6
11.59 (brs, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.33 (dd, ] = 8.5, 5.6
Hz, 2H), 7.23 (t, ] = 8.8 Hz, 2H), 7.07 (d, ] = 8.5 Hz, 1H),
6.83 (d, ] = 7.6 Hz, 1H), 6.73 (s, 1H), 5.88 (d, ] = 2.1 Hz,
1H), 5.30 (d, J = 2.1 Hz, 1H); *C NMR (125 MHz, DMSO-
dg) 6169.9, 163.8, 161.6 (d, ] = 243.2 Hz), 160.9, 156.3, 154.7,
140.1, 136.7 (d, J = 2.5 Hz), 134.9, 130.5 (d, ] = 8.2 Hz),
128.8,119.3,115.9, 115.2 (d, J = 21.3 Hz), 113.6, 109.7, 109.2,
105.9, 89.3; YF NMR (376 MHz, DMSO-ds) 6 —114.84;
HRESIMS m/z 365.0828 [M + H]* (caled for C,;H,,O:F,
365.0820).

19-Fluorowailupemycin F (19). Yellow amorphous powder;
[a]lp” —4.1 (c 0.1, MeOH); UV (MeOH) 4, (log €) 205
(4.08), 283 (3.80) nm; ECD (1.31 mM, MeOH) 4, (Ae)
207 (+3.65), 238 (—2.45), 272 (+0.51), 303 (—0.63) nm; IR
(KBr disk) v,,,, 3424, 2946, 2830, 1684, 1641, 1565, 1206, 723
cm™’; 'TH NMR (400 MHz, DMSO-d,) 6 12.74 (s, 1H), 11.82
(s, 1H), 7.31 (dd, ] = 8.6, 5.5 Hz, 2H), 7.24 (t, ] = 8.8 Hz,
2H), 6.87 (s, 1H), 5.88 (d, ] = 2.1 Hz, 1H), 5.28 (brs, 1H),
527 (d, J = 2.1 Hz, 1H), 429 (m, 1H), 3.08 (dd, ] = 16.8, 3.4
Hz, 1H), 3.01 (dd, J = 16.8, 3.3 Hz, 1H), 2.82 (dd, ] = 16.8,
6.0 Hz, 1H), 2.73 (dd, ] = 16.8, 6.5 Hz, 1H); *C NMR (150

MHz, DMSO-dg) § 204.8, 169.7, 163.4, 162.1, 162.0 (d, ] =
244.0 Hz), 159.5, 148.3, 142.9, 135.6 (d, ] = 3.0 Hz), 130.3 (d,
J=8.4Hz), 123.1, 116.3, 115.6, 115.4 (d, J = 21.0 Hz), 105.6,
89.4, 64.3, 46.3, 35.8; ’F NMR (376 MHz, DMSO-d;) &
—113.77; HRESIMS m/z 383.0931 [M + H]* (calcd for
C, H,sO6F, 383.0925).

Wailupemycin F (20). Yellow amorphous powder; [a]p
—5.5 (¢ 0.1, MeOH); ECD (1.37 mM, MeOH) 4,,., (A¢e) 207
(+4.64), 239 (—2.82), 276 (+0.53), 298 (—0.90) nm.

Thiotetromycin B (21). White powder; [a]p*® +34.7 (¢ 0.1,
MeOH); UV (MeOH) A, (log €) 231 (3.90), 249 (3.86)
nm; ECD (1.85 mM, MeOH) 4. (Ae) 222 (—7.95), 251
(+14.38), 282 (—0.99) nm; IR (KBr disk) v,,,, 3396, 2976,
2935, 2880, 2851, 1702, 1460, 1383, 1185, 1076, 974, 909
em™; 'H and BC NMR, see Table 3; HRESIMS m/z
269.0849 [M — H]~ (calcd for C;3H;,0,S, 269.0853).
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