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In a cell extract of Streptomyces virginiae, virginiamycin M, was inactivated in the presence of NADPH, while
virginiamycin S remained intact. The inactivated product of virginiamycin M, was isolated, and structure
analysis revealed that the inactivation involves reduction of a C-16 carbonyl group leading to the formation of
16-dihydrovirginiamycin M,. Acetonide and benzylidene acetal derivatives were synthesized from the two
hydroxyl groups on C-14 and C-16, and the C-16 stereochemistry was determined by '*C nuclear magnetic
resonance spectroscopy. Two methyl groups of the acetonide derivative gave **C signals of 20.1 and 30.1 ppm,
indicating that the relative stereochemistry of the C-14 and C-16 hydroxy groups is syn. Furthermore, irradi-
ation of the benzylidene methine proton gave clear nuclear Overhauser effect enhancement of the C-14 or C-16
methine protons, indicating that H-14 and H-16 were in an axial configuration. From the (14S) absolute
configuration of natural virginiamycin M, and the syn relative configuration for the C-14 and C-16 hydroxyl groups
of the inactivated product, the C-16 absolute configuration of the inactivated product was thus identified as R.

Studies of the inactivation of antibiotics by the microorgan-
isms that produce them are important for understanding the
self-defense mechanism against antibiotics and providing clues
for locating the gene clusters necessary for antibiotic biosyn-
thesis. The antibiotic virginiamycin M; (VM,) is a member of
the virginiamycin family (alternatively designated strepto-
gramins, synergimycins, or pristinamycins). The virginiamycin
family, which has been known for more than 30 years (3), has
been used successfully as a performance promoter in animal
husbandry (1). The family constitutes a unique class of antibi-
otics consisting of two groups of compounds: type A, exempli-
fied by VM, (Fig. 1), and type B, exemplified by virginiamycin
S. Although the two types have quite different structures, they
act synergistically to provide greatly enhanced levels of anti-

Virginiamycin M,

FIG. 1. Structures of VM, and virginiamycin S. Me, methyl.
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bacterial activity (2). However, very few studies concerning the
inactivation of antibiotics in the virginiamycin family have been
reported. Mikamycin B, a type B virginiamycin compound, is
hydrolyzed to mikamycin B seco acid by its producer strain,
Streptomyces mitakaensis (6, 7). VM, is inactivated by acetyla-
tion of the C-14 hydroxyl group by a resistant strain of Staph-
ylococcus aureus (4, 11). However, despite the long history of
virginiamycin production by Streptomyces virginiae, no study of
the inactivation of VM, by S. virginiae has been reported.
Here, we report the results of recent investigations into VM,
inactivation, which have revealed that S. virginiae stereospecif-
ically reduces the C-16 keto group of VM,, converting it into
an inactive derivative.
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TABLE 1. Assignments of "H and '*C NMR spectra of natural epimer 1, epimer 1 acetonide, epimer 2, and epimer 2 acetonide”

ANTIMICROB. AGENTS CHEMOTHER.

Position and

Spectrum for:

Natural epimer 1 Epimer 1 acetonide Epimer 2 Epimer 2 acetonide
structure
IH 13C IH 13C ]H ]3C IH ]3C

1 =0 167.3 166.9 167.4 166.5
3 CH 4.91 (dd, 2, 10) 81.2  4.90 (dd, 3, 10) 81.4 4.91 (dd, 3, 10) 81.1 4.92 (dd, 2, 10) 80.6
4 CH 2.70 (m) 375 2.75 (m) 342 275 (m) 37.3 2.80 (m) 37.3
5 CH= 6.57 (dd, 6, 16) 143.8 6.67 (dd, 3, 16) 149.9 6.51 (dd, 5, 16) 143.4 6.56 (dd, 5, 16) 140.0
6 CH= 5.93 (dd, 2, 16) 1239 599 (d, 16) 123.9 5.88 (dd, 2, 16) 1232 5.84(dd, 2, 16) 123.9
7 =0 160.6 160.2 159.8 160.3
8 NH= 6.79 (ddt, 1, 3, 6) 6.35 (m) 6.40 (m) 5.62 (m)
9 CH, 4.07 (m) 441 3.90 (m) 40.6 4.49 (m) 42.4 4.41 (m) 41.0

3.95 (m) 3.61 (m) 4.47 (m) 4.39 (ddt, 4, 6, 10)
10 CH= 5.62 (ddd, 4, 7, 16) 133.0  5.59(ddd, 4, 6, 16) 132.6 5.56 (ddd, 4, 10, 16) 133.1 5.66 (m) 133.6
11 CH= 5.97 (d, 16) 124.8 6.06 (d, 16) 124.3 6.08 (d, 16) 124.9 6.21 (d, 16) 124.5
12 C= 134.3 136.0 133.7 134.2
13 CH= 5.07 (dd, 1, 9) 1346  5.37(d, 10) 134.9 5.60 (d, 9) 136.0 5.98 (d, 8) 136.1
14 HO—CH 4.67 (dt, 4, 9) 67.0 4.67(dt, 4,9) 65.1 4.93 (m) 66.8 4.91 (m) 66.9
15 CH, 1.90 (dt, 4, 9) 40.6 1.96 (m) 37.9 1.99 (m) 41.6 2.30 (m) 33.6

1.95 (dt, 4, 9) 1.97 (m) 1.96 (m) 1.96 (d, 15)
16 HO—CH 3.98 (m) 67.6  4.27 (m) 65.3 4.46 (m) 67.6 4.38 (m) 64.4
17 CH, 3.00 (dd, 5, 15) 36.6  3.08 (dd, 6, 15) 332  3.1(dd, 4, 16) 35.6 3.12 (dd, 3, 16) 36.8

2.91 (dd, 8, 15) 2.97 (dd, 5, 15) 2.87 (dd, 10, 16) 2.80 (dd, 11, 16)
18 C= 160.9 160.3 161.2 160.6
20 CH= 7.94 (s) 143.9 8.16 (s) 145.5 8.07 (s) 143.8 8.12 (s) 144.1
21 C= 136.2 136.5 136.2 136.7
22 C=0 161.5 160.7 161.6 160.7
24 CH, 4.26 (ddd, 7, 10, 12) 50.8 4.42 (q, 10) 51.0 4.23 (ddd, 8, 10, 12) 50.4 4.21 (ddt, 2, 3, 10) 514

4.17 (ddd, 7, 10, 12) 4.30 (m) 4.15 (ddd, 6, 10, 12) 4.08 (dd, 10, 20)
25 CH, 2.74 (m) 29.8 2.84 (m) 29.6 2.72 (ddt, 2, 5, 3, 8) 29.8 2.74 (m) 29.3

2.74 (m) 2.69 (m) 2.66 (m) 2.52 (m)
26 CH= 6.14 (t, 3) 125.0 6.22 (t, 3) 124.7 6.06 (d, 3) 125.7 6.14 (d, 3) 125.2
27 C= 137.4 137.3 137.4 137.4
29 CH 1.98 (m) 30.0 1.96 (m) 30.0  2.05(m) 30.0 2.01 (m) 30.0
30 CH;4 0.96 (d, 3) 19.5 0.99 (d, 6) 19.6 0.99 (d, 7) 19.6 1.02 (d, 6) 19.4
31 CH; 0.95 (d, 2) 189  0.97(d, 6) 18.9 0.97 (d, 7) 18.8 0.99 (d, 6) 18.9
32 CH;4 1.11 (d, 7) 13.4 1.14 (d, 7) 13.2 1.11 (d, 7) 13.0 1.15 (d, 6) 13.0
33 CH;4 1.74 (d, 1) 12.1 1.70 (s) 12.8 1.67 (d, 1) 11.3 1.73 (s) 11.1
34 C 98.6 100.0
35 CH; 1.50 (s) 30.1 1.49 (s) 28.7
36 CH; 1.37 (s) 20.1 1.47 (s) 27.2

“ Chemical shifts are expressed as parts per million, and values in parentheses are the coupling constants measured in hertz. Splitting patterns are expressed as
multiplets (m), quartets (q), triplets (t), doublets (d), and singlets (s). Carbon atoms 34, 35, and 36 correspond to a quaternary C and two methyl carbons of acetonide

derivatives.
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FIG. 2. Loss of VM, during incubation with cell extract of S. virginiae. The experimental conditions are described in Materials and Methods. The loss of VM,
incubated with 0.05 M MOPS-KOH buffer (pH 7.45) alone (@) or with cell extract of S. virginiae (A) and the amount of natural epimer 1 produced in the presence

of cell extract (w) are shown. At the indicated times, a sample (50 wl) was withdrawn, mixed with a fourfold volume of ethanol, and centrifuged (11,000 X g, 5 min,
room temperature). Fifty microliters of the supernatant was analyzed by HPLC.
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FIG. 3. 'H NMR (600 MHz) spectra of VM, (A) and natural epimer 1 (B).

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. virginiae MAFF 10-06014 (Nation-
al Food Research Institute, Ministry of Agriculture, Forestry and Fisheries,
Tsukuba, Japan) was used throughout this study. It was grown at 28°C for 32 h
as previously described (8).

Preparation of cell extract and reaction with virginiamycin. Cells (1 g [wet
weight]) were suspended in 5 ml of 0.05 M 3-(N-morpholino)propanesulfonic
acid (MOPS)-KOH buffer (pH 7.45) and disrupted by sonication (three times, 1
min each) at 4°C. After centrifugation (24,000 X g, 15 min, 4°C), the supernatant
was dialyzed twice at 4°C with a 100-fold volume of the buffer, divided into
aliquots, and either stored at —80°C or used immediately.

The inactivation reaction was initiated by the addition of 4 pl of purified VM,
or virginiamycin S (10 mg/ml in ethanol) to the cell extract (400 wl) containing
1.1 mM NADPH, and incubation was carried out at 28°C with shaking at 40
strokes per min. At appropriate times, the remaining virginiamycins were mea-
sured either by bioassay against Bacillus subtilis PCI219 (16) or by C,g reverse-
phase high-performance liquid chromatography (HPLC) (column: Cosmosil
5C18, 4.6 by 100 mm [Nacalai Tesque Co., Ltd., Kyoto, Japan]; detection at 210
nm; flow rate, 0.75 ml/min; gradient elution with CH;CN from 0 to 80% in water
for 20 min) using VM, (Sigma Chemical Co., St. Louis, Mo.) and purified
virginiamycin S as standards.

Chemicals. Authentic VM, was purchased from Sigma Chemical Co. VM, and
virginiamycin S were extracted from STAFAC 500 (Smith Kline-RIT, Rixensart,
Belgium) with CH;CN by incubation for 16 h at 120 rpm and 30°C, evaporation
of the extract to dryness, and separation of the antibiotics by C,g reverse-phase
HPLC (Cosmosil 5C18, 10 by 250 mm; Nacalai Tesque Co.) with 50% CH;CN
in water as the mobile phase at 40°C at a flow rate of 3 ml/min with detection at
305 nm. VM, and virginiamycin S were eluted at 7.6 and 13.1 min, respectively.
Their identities were confirmed by mass spectrometry (MS) and 600-MHz 'H
nuclear magnetic resonance (NMR) spectrometry (9). VM, (75 mg/10 ml of
ethanol) was chemically reduced with intermittent addition of NaBH, (1.2 eq)
for 45 min at 4°C. The reaction mixture was acidified with 1 N acetic acid,
evaporated, and redissolved in ethanol. Insoluble material was removed by fil-
tration, and the two epimers of 16-dihydrovirginiamycin M, (epimers 1 and 2) in
the filtrate were purified by C, 5 reverse-phase HPLC (Cosmosil 5C18, 10 by 250
mm [Nacalai Tesque Co.]) using 35% CH;CN in water as the mobile phase at a

flow rate of 3 ml/min, yielding epimers 1 (23.8 mg) and 2 (13.9 mg). The retention
times of epimers 1 and 2 were 15.6 and 17.6 min, respectively.

Acetonide and benzylidene acetal derivatives of epimers 1 and 2 were synthe-
sized with dimethoxypropane (10) and benzaldehyde dimethylacetal (15), respec-
tively. Acetonide derivatives were purified by silica gel HPLC (Nucleosile 100-10,
10.7 by 300 mm [Wako Pure Chemicals Co., Ltd., Osaka, Japan]) using ethyl
acetate as the mobile phase at a flow rate of 3 ml/min. Epimer 1 acetonide and
epimer 2 acetonide were eluted at 12.3 and 16.4 min, respectively. Benzylidene
derivatives were purified by C,g reverse-phase HPLC (Cosmosil 5C18, 10 by 250
mm [Nacalai Tesque Co.]) using 60% CH;CN in water as the mobile phase at a
flow rate of 3 ml/min. Benzylidene derivative of epimer 1 was eluted at 14.0 min.

'H and '*C NMR assignments are given in Table 1. Physicochemical proper-
ties: VM, fast atom bombardment-MS (FAB-MS) m/z 548 (M + Na)™*, 526 (M
+ H)*, 508 (M — H,O + H)"; Fourier-transform-infrared (FT-IR) (film)
(em™1) 3,317, 2,970, 1,728, 1,720, 1,667, 1,612, 1,580, 1,550; UV absorption
(CH;CN) Aoy (nm) 228 (g, 3.23 X 10%); natural epimer 1, FAB-MS m/z 550 (M
+ Na)*, 528 (M + H)™, 510 (M-H,O + H)*; FT-IR (film) (cm™") 3,357, 2,930,
1,725, 1,669, 1,620, 1,580, 1,542; UV absorption (CH3CN) A, (nm) 235 (g, 3.07
X 10%); synthetic epimer 1, identical with natural epimer 1; epimer 2, FAB-MS
m/z 550 (M + Na)*, 528 (M + H)*, 510 (M-H,O + H)*; FT-IR (film) (cm ')
3,352, 2,920, 1,732, 1,666, 1,622, 1,587, 1,548; UV absorption (CH;CN) A,
(nm) 235 (g, 2.73 X 10%); epimer 1 acetonide, FAB-MS m/z 568 (M + H)*;
FT-IR (film) (cm™Y) 2,934, 1,726, 1,677, 1,641, 1,583, 1,550, 1,529, 1,514; UV
absorption (CH3CN) A, (nm) 236 (g, 3.67 X 10%); epimer 2 acetonide,
FAB-MS m/z 568 (M + H)*; FT-IR (film) (cm™ ') 3,379, 3,318, 2,963, 1,725,
1,666, 1,621, 1,586, 1,550; UV absorption (CH;CN) A, (nm) 236 (g, 3.03 X
10%); epimer 1 benzylidene, FAB-MS m/z 616 (M + Na)*; FT-IR (film) (cm ™)
3,309, 2,963, 1,729, 1,665, 1,632, 1,580, 1,549.

Analytical methods. IR spectra were determined as films on a JEOL JIR-
AQS20M spectrometer. NMR spectra were obtained at 600 and 150 MHz for 'H
and '3C, respectively, on a Bruker AM-600 spectrometer in CDCl; using CHCly
3H 7.27 for 'H and CHCl; 3C 77.2 for 13C as the internal standard. FAB-MS
were obtained with a JEOL JMS-DX 303HF spectrometer using m-nitrobenzoic
acid as matrix. UV spectra were recorded with a Hitachi U 3000 spectropho-
tometer.
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FIG. 3—Continued.

RESULTS AND DISCUSSION

To determine whether S. virginiae has the ability to modify
virginiamycins as a potential self-resistance pathway, we incu-
bated VM, or virginiamycin S with a cell extract of S. virginiae
for 24 h at 28°C and analyzed the remaining antibiotic activity
by bioassay using B. subtilis as a test organism. While no loss of
antibiotic activity was observed for virginiamycin S, VM, was
inactivated (data not shown). HPLC analyses confirmed that
all of the virginiamycin S remained intact after the incubation
(data not shown), while the amount of VM, decreased gradu-
ally (Fig. 2); the optimum pH was 7.5 (data not shown). Heat
(20 min at 90°C) or pronase treatment (0.1 mg/ml, 30 min,
28°C) of the cell extract removed its inactivating capacity, sug-
gesting an enzyme-catalyzed inactivation process. Further-
more, dialysis of the extract prevented the inactivation of VM,
while the addition of NADPH, but not NADH, restored the
inactivation ability. Concomitant with the inactivation was the
appearance of a new compound eluting earlier than VM,. This
finding and the fact that addition of ATP, acetyl coenzyme A,
or S-adenosylmethionine (each 2 mM) had no effect suggest
the participation of some kind of NADPH-dependent reduc-
tase in the VM, inactivation. Intact mycelia of S. virginiae
showed no reducing activity of VM, in the absence and pres-
ence of NADPH or NADH, suggesting the intracellular local-
ization of the reducing enzyme(s).

To further clarify the inactivation pathway, the inactivated

product was purified on a preparative scale. From 20 mg of
VM, 4.9 mg of the compound was purified by reverse-phase
C,5 HPLC (see Materials and Methods). A comparison of its
physicochemical properties with those of VM, indicated that
the inactivation product was 2 mass units larger (see Materials
and Methods), suggesting the reduction of a double bond or a
carbonyl group. The '"H NMR spectra of VM, and the inacti-
vation product were also compared (Fig. 3), revealing that the
product possessed the same olefinic protons on C-5, -6, -10,
-11, -13, -20, and -26 but differed significantly with respect to
signals arising from the methylene protons at C-15 and C-17,
thus indicating that a carbonyl group on C-16 was possibly
reduced to give a hydroxyl group. To confirm this, the homo-
nuclear J-correlated (H-H COSY) spectrum of the inactivation
product was measured (Fig. 4). Starting from a signal (4.67
ppm) for the C-14 methine proton, clear coupling connections
were observed for the C-15 methylene protons (1.90 and 1.95
ppm), the C-16 methine proton (3.98 ppm), and the C-17
methylene protons (2.91 and 3.0 ppm). Thus, a new carbinol
methine signal (3.98 ppm) appeared in the inactivation prod-
uct. On the basis of these results, the structure of the com-
pound was assigned as 16-dihydrovirginiamycin M, (epimer 1)
(Fig. 5).

The MIC of natural epimer 1 for S. virginiae was determined
to be >1 mg/ml, which is 20-fold higher than that for VM,
(MIC = 0.05 mg/ml), indicating that the reduction of a C-16
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FIG. 4. H-H COSY spectrum of natural epimer 1.
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carbonyl group resulted in the loss of antibiotic activity. Using
synthetic epimer 1 (see below) as a substrate, we observed no
reoxidation into VM, by cell extract or intact mycelia in the
presence and absence of 1 mM NAD or NADP. Furthermore,
epimer 1 is unstable in aqueous solution: it is rapidly degraded
nonenzymatically into more-fragmented compounds. There-
fore, the reduction process can be concluded to be an irrevers-
ible process of inactivation of VM,.

Since the amount of natural epimer 1 was too small to
determine the stereochemistry at C-16, we chemically reduced
VM, with NaBH,, which led, as expected, to the formation of
two compounds (synthetic epimers 1 and 2) for the two possi-
ble epimers (Fig. 6). Synthetic epimer 1 showed the same
retention on C, g reverse-phase HPLC as natural epimer 1 as
well as the same 'H NMR signals (data not shown). Therefore,
epimer 1 was concluded to be identical with natural epimer 1,
and epimer 2 was concluded to be the C-16 epimer of epimer
1. To determine the relative stereochemistry of the two hy-
droxyl groups on C-14 and C-16, we prepared acetonide de-
rivatives and determined the '*C chemical shifts of the ace-
tonide methyl groups. The acetonide from a syn-1,3-diol adopts
a chair conformation, so the equatorial methyl group appears at
30 ppm and the axial one appears at 20 ppm (5, 13, 14). In
contrast, the acetonide from an anti-1,3-diol adopts a twist-
boat conformation, so the two acetonide methyl groups are in
a steric environment midway between axial and equatorial,

leading to the appearance of similar '*C signals of the two
acetonide methyl groups at between 20 and 30 ppm. As shown
in Table 1, the acetonide methyl groups of epimer 1 acetonide
appeared at 20.1 and 30.1 ppm, while those of epimer 2 ap-
peared at 27.1 and 28.7 ppm, which strongly suggests that the
C-14 and C-16 alcohols in epimer 1 are syn and that those in
epimer 2 are anti. Irradiation of H-13 enabled the coupling
constants between H-14 and H-15 (/4 ;5 = 12 and 3 Hz) to be
measured, and the result indicated that the acetonide ring of
epimer 1 acetonide existed in the chair form shown in Fig. 7.

FIG. 5. Structure of 16-dihydrovirginiamycin M, (epimer 1).
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FIG. 6. HPLC profiles of natural epimer 1 (a) and its chemically prepared
counterparts (synthetic epimers 1 and 2) (b) on a Cg reverse-phase column.
CH;CN (50%) in water was used as the mobile phase. The retention time of
VM, was 9.6 min.

To confirm this structure, we prepared a benzylidene acetal
derivative of epimer 1 and measured the NOE between the
benzylidene methine proton and H-14 or H-16. NOE enhance-
ment (8.9 and 8.7%, respectively) for H-14 and H-16 by irra-
diation of the benzylidene methine proton clearly supported
the syn-1,3-diol structure in epimer 1. Because natural VM,
has been determined to have a (14S) absolute configuration
(12), epimer 1 is considered to have a (14S,16R) absolute
configuration.

Me

Me

13C=20.1ppm

1 Acetonide

B3C=30.1ppm
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It can be concluded that S. virginiae has a stereospecific
reduction pathway for VM, leading to the formation of
(14S,16R)-16-dihydrovirginiamycin M,. The product lost its
antibiotic activity against S. virginiae, and the reduction may
constitute part of the self-defense pathway.
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