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Abstract
Incubation of quercetin with Streptomyces rimosus subsp. rimosus ATCC 10970 yielded an
unusual glycosylated derivative. The structure of the product was determined to be quercetin-7-O-
β-4″-deoxy-hex-4″-enopyranosiduronic acid based on the spectral data. Quercetin was
completely converted into the glycoside in 72 h.
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Quercetin (Fig. 1A) is a natural antioxidant flavonoid widely distributed in many plants,
such as green tea, fruits and leaf vegetables. It has displayed a variety of biological
activities, including anticancer (1), anti-inflammatory (2), antiviral (3), and antihypertensive
(4) properties. Due to its interesting biological activities, structural modification of quercetin
has been conducted using different organisms including plant and microbial cells to prepare
new derivatives (5, 6). Streptomyces rimosus subsp. rimosus (hereafter abbreviated as S.
rimosus) ATCC 10970 is a strain of Streptomycetaceae isolated from the soil, and is known
to produce the well-known antibiotic oxytetracycline and a polyene antifungal antibiotic
rimocidin (7). Both compounds belong to an important family of natural products called
polyketides. Oxytetracycline is synthesized through a type II polyketide biosynthetic
pathway and we have recently investigated the involved biosynthetic enzymes (8, 9).
Rimocidin was found to be assembled by a type I polyketide synthase (PKS) and further
modified by tailoring enzymes such as a glycosyltransferase (10). We have previously
reported that quercetin can be converted into quercetin-4′-O-methyl-7-O-β-D-
glucopyranoside and quercetin-3-O-β-D-glucopyranoside by the filamentous fungi
Beauveria bassiana ATCC 7159 and Cunninghamella elegans ATCC 9245, respectively (11,
12). Since S. rimosus contains abundant natural product biosynthetic enzymes, we proposed
that some of its endogenous enzymes may be able to accept quercetin as a substrate to
generate new hybrid compounds that contain structure characteristics from both plants and
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bacteria. Herein, we report the bioconversion of quercetin by S. rimosus ATCC 10970 into
an unusual quercetin glycoside, namely, quercetin-7-O-β-4″-deoxy-hex-4″-
enopyranosiduronic acid (Figs. 1A and 1B).

To test the ability of S. rimosus ATCC 10970 to biotransform quercetin, this bacterium was
grown in 50 mL of yeast extract –malt extract (YM) medium and incubated on a rotary
shaker at 250 rpm and 28°C for 3 days. 2 mg of quercetin was dissolved in 200 μL of
dimethyl sulfoxide (DMSO) and was then added into the culture, which was maintained
under the same conditions for an additional 4 days. The culture was harvested by
centrifugation, and the supernatant was extracted twice with 50 mL of ethyl acetate. After
evaporation of solvent, the residue was dissolved in 300 μL of methanol. The sample was
analyzed by HPLC on an Agilent Eclipse Plus C18 column (5 μm, 4.6 × 150 mm) at 365 nm,
eluted with a linear gradient of 5–95% acetonitrile-water (containing 0.1% trifluoroacetic
acid) over 20 min at a flow rate of 1 mL/min. The HPLC trace revealed that a more polar
metabolite was synthesized while the substrate disappeared (Fig. 2). The UV absorption
pattern of the product was similar to that of quercetin, suggesting that it is a derivative of the
substrate.

To isolate the biotransformation product for structure elucidation, S. rimosus ATCC 10970
was cultivated in four 2-L Erlenmeyer flasks, each containing 500 mL of YM medium, to
biotransform 200 mg of quercetin. After 4 days, the supernatant was extracted with ethyl
acetate to yield 0.92 g residue. The extract was then subjected to Diaion HP-20 resin column
chromatography, successively eluted with 20%, 40%, 60%, and 80% aqueous methanol (v/
v) to give 4 fractions. The 60% aqueous methanol fraction was further separated by
reversed-phase preparative HPLC (SOPELCO C18 column, 5 μm, 10 ×250 mm), eluted with
40% aqueous acetonitrile containing 0.1% trifluoroacetic acid (v/v) to yield the product (110
mg).

NMR spectra were acquired on a JEOL instrument (300 MHz) and high resolution mass
spectra were recorded on an Agilent 6210 LC-MS instrument. The biotransformation

product was obtained as a yellow powder,  −6.50° (c 0.1, MeOH). Its molecular
formula was determined to be C21H16O12 on the basis of the [M+H]+ peak at m/z 461.0711
(calcd. 461.0715) in the HRESIMS. In the 1H NMR spectrum (DMSO-d6) of the product
(Table 1), there are four phenolic hydroxyl signals (δ 12.52, 9.67, 9.56, and 9.32) and a
series of sugar signals including one anomeric proton (δ 5.81), indicating that it is a
glycosylation product. This was further confirmed by the 21 carbon signals in the 13C NMR
spectrum, among which 15 carbons are from the aglycon, and 6 carbons from the sugar
moiety. A complete comparison of the 1H NMR spectrum of the product with that of the
substrate revealed that the product lacks the signal of 7-OH, suggesting that the sugar moiety
was introduced at C-7, which was further confirmed by the chemical shift of C-7 (δ 162.8 in
the product vs. δ 164.6 in quercetin) and the HMBC correlation of the anomeric proton
H-1″ to C-7 (Fig. 1B). After a careful check of the NMR data of the sugar unit of the
product, and a comparison of its NMR data with those sugar units of alginate
oligosaccharides reported previously (13, 14), the sugar part of the product was speculated
as an unusual glucuronic acid derivative, containing a double bond between C-4″ and C-5′.
The signals of four protons and six carbons of the sugar moiety were assigned based on
the 1H-1H COSY, HMQC and HMBC corrections. The 1H-1H COSY correlations revealed a
spin system consisting of CH-1″-CH-2″-CH-3″-CH-4″ in the sugar moiety, and the HMBC
corrections were observed between H-1″ and C-5″, H-2″ and C-4″, H-3″ and C-1″, as
well as H-4″ and C-5″ (Fig. 1B). The ROSEY correlations of H-1″ to H-2″ and H-3″
indicated that these protons are on the same side. Since the coupling constant of H-1″ is
5.81 Hz, the glycosidic bond should be in the β configuration. Hence, the structure of the
product was established as quercetin-7-O-β-4″-deoxy-hex-4″-enopyranosiduronic acid.
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In order to further understand the bioconversion process, a time course analysis was
conducted. S. rimosus ATCC 10970 was grown in a 250-mL Erlenmeyer flask containing 50
mL of YM medium. A total of 2 mg of quercetin was added into the broth after 3 days. A
fraction (1 mL) of the fermentation broth was taken every day after the substrate addition.
As shown in Fig. 2, quercetin was efficiently metabolized by the strain. After 24 h, the ratio
of the product to the substrate reached 1:1. After 48 h, the ratio became approximately 3:1.
After 72 h, quercetin was completely converted into quercetin-7-O-β-4″-deoxy-hex-4″-
enopyranosiduronic acid by S. rimosus ATCC 10970.

Interactions of flavonoids with S. rimosus have been previously studied. The addition of
rutin to the culture of the bacterium resulted in a 28% higher yield in antibiotic production
than the controls. S. rimosus was found to decompose quercetin within hours into
hydroxybenzoic acid and dihydroxyphenylacetic acid (15). However, in our work, we did
not observe obvious degradation of quercetin, but instead found a direct enzymatic
conversion of the substrate into a novel glycoside. Recently, many studies have been
reported on alginate-degrading enzymes that catalyze the degradation of alginate
polysaccharides, which were isolated from many sources including brown algae, mollusks,
and marine bacteria. It is known that many lyases catalyze the degradation of alginate
polysaccharide by a β-elimination mechanism, in which a double bond is formed between
the C-4 and C-5 at the nonreducing terminal (16). However, the novel sugar moiety of the
biotransformation product has never been found in natural products except polysaccharides,
and thus may represent a useful structural/functional component in bioactive agents. There is
no report of 4″-deoxy-hex-4″-enopyranosiduronic acid in the host, which may be
biosynthesized from its precursor, glucuronic acid by a β-elimination mechanism. In
addition, the relative stereochemistry of the C-2 and C-3 of the sugar moiety is different
from that of glucuronic acid, which might be catalyzed by a hydroxyl isomerase or other
endogenous enzymes.

Microbial whole-cell biotransformation has attracted more attention in recent years for the
production of pharmaceutical derivatives. One of its advantages is to eliminate the need to
isolate, purify and stabilize enzymes (17). New molecules can be prepared with high stereo-
and regio-selectivity under mild conditions (18). Moreover, this technique can be used for
the creation of molecular diversity. Flavonoids are polyphenolic metabolites of plants and
have been proposed to exert a wide range of beneficial effects in human health, preventing
chronic and degenerative diseases such as cardiovascular, cerebrovascular, Parkinson’s and
Alzheimer’s diseases (19). Some evidences suggest that flavonoids exercise cellular effects,
many of which are linked to their interactions with specific proteins pathways (20).
Although S. rimosus ATCC 10970 is a well-known producer of the pharmaceutically
important antibiotic oxytetracycline, in this work, we have identified it as a useful and
efficient biocatalytic tool to convert quercetin into a novel glycoside. This whole-cell
biocatalyst may be further used to modify other similar flavonoids to yield new biologically
active molecules.
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FIG. 1.
Bioconversion of quercetin into a novel glycosylated derivative by S. rimosus ATCC 10970.
(A) Microbial glycosylation of quercetin. (2) 1H-1H COSY and key HMBC correlations of
quercetin-7-O-β-4″-deoxy-hex-4″-enopyranosiduronic acid.
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FIG. 2.
Time course analysis of the bioconversion process of quercetin by S. rimosus ATCC 10970.
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TABLE 1

1H (300 MHz) and 13C (75 Hz) NMR data of quercetin-7-O-β-4″-deoxy-hex-4″-enopyranosiduronic acid in
DMSO-d6

Position δC δH (J in Hz)

2 147.6

3 136.2

4 176.0

5 161.7

6 99.0 6.50 (1H, d, 2.1)

7 162.8

8 94.4 6.88 (1H, d, 2.1)

9 155.6

10 105.0

1′ 121.8

2′ 115.2 7.72 (1H, d, 2.1)

3′ 145.1

4′ 148.0

5′ 115.6 6.89 (1H, d, 8.2)

6′ 120.1 7.69 (1H, dd, 8.2, 2.1)

1″ 97.9 5.81 (1H, d, 6.2)

2″ 70.1 3.72 (1H, m)

3″ 66.6 4.13 1H, (m)

4″ 113.7 5.97 (1H, d, 3.0)

5″ 140.0

6″ 160.4

3-OH 9.56 (1H, s)

5-OH 12.52 (1H, s)

3′-OH 9.67 (1H, s)

4′-OH 9.32 (1H, s)

2″-OH 5.76 (1H, d, 4.8)

3″-OH 5.28 (1H, d, 5.8)
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