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Biocatalytic Synthesis of Quercetin 3-O-Glucoside-7-O-
Rhamnoside by Metabolic Engineering of Escherichia coli

Jonathon Roepke and Gale G. Bozzo*™

Flavonol glycosides, like quercetin 3-O-glucoside (1) and the
bisglycoside quercetin-3-O-glucoside-7-O-rhamnoside (2) are
plant natural products exhibiting numerous biological activi-
ties."? Compound 2 is rare, but has been described for Capsi-
cum species and Arabidopsis thaliana, and is often found in
complex mixtures with other flavonols.">*! Hence, purification
from plants is not practical. Here, we report the regioselective
synthesis and purification of 2 from an Escherichia coli expres-
sion strain harbouring a rhamnose synthase and a flavonol 7-
O-rhamnosyltransferase from Arabidopsis thaliana.

Approximately 350 quercetin derivatives exist, they all come
from plants.” In nature, quercetin occurs as glycosides with
pentoses or hexoses (e.g., rhamnose) conjugated to any of five
available hydroxy groups.”® Glycosylation of flavonols increas-
es their aqueous solubility relative to their aglycones,” hence
enhancing the absorption of quercetin from the small intestine
in humans."” In A. thaliana, 11 quercetin glycosides are known,
including 2 and others distinguished by the regiospecific at-
tachment of one or two sugar moieties at the 3-O and/or 7-O
positions.®! Flavonol bisglycoside production is catalysed by ur-
idine diphosphate (UDP)-dependent glycosyltransferase (UGT).
In Arabidopsis, 2 is derived from 1 by a UDP-rhamnose-depen-
dent flavonol 7-O-rhamnosyltransferase (AtUGT89C1).”"" UDP-
rhamnose is derived from UDP-glucose by the activity of
rhamnose synthase (RHM). Ablation of AtRHM1 culminates in a
marked reduction in flavonol 3-O-glucoside-7-O-rhamnoside
levels in Arabidopsis leaves and flowers,” thus pointing to a se-
quence of steps in the regioselective synthesis of 2 in plants.

Bacteria are rich in nucleotide sugars and UGTs,"? but lack
flavonols. Moreover, bacteria contain UDP-glucose and thy-
mine diphosphate rhamnose (TDP-rhamnose);™® however,
UDP-rhamnose is absent. Quercetin fed to E. coli expressing
AtUGT89C1 together with a flavonol 3-O-glucosyltransferase
(AtUGT78D2) yields a complex mixture consisting of com-
pounds 1 and 2 together with quercetin 3-O-glucoside-7-O-
glucoside, quercetin 3-O-(N-acetyl)glucosamine and quercetin
3-O-(N-acetyl)glucosamine-7-O-rhamnoside."™ In the absence
of UDP-rhamnose, the aforementioned transformants use
U(T)DP-glucose and UDP-N-acetylglucosamine in addition to
TDP-rhamnose to modify 1 leading to by-products." Alterna-
tively, dual expression of plant UGT and RHM genes in E. coli
generates rhamnosylated quercetin,">"¥ but this has not been
attempted for the rare bisglycoside 2.
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To limit the number of by-products produced during bioca-
talysis the synthesis of 2 may be facilitated by feeding -gluco-
side 1 to metabolically engineered E. coli. f-Glucosides are ac-
tively absorbed by E. coli,"® but are not metabolised by wild-
type strains;"” this eliminates any possibility of their hydrolysis
in a biocatalytic reaction. We examined the feasibility of feed-
ing 1 to an E. coli expression strain containing two plasmids,
one of which carried AtUGT89CT and the other AtRHM1
(Scheme 1). Moreover, we describe a simple chromatography
procedure for purifying this bisglycoside.

To determine whether regioselective synthesis of 2 was pos-
sible, pET41b and pET32b expression vectors harbouring
AtUGT89CT1 and AtRHM1, respectively, were co-transformed into
E. coli BL21(DE3). Compound 1 (1 mg per 50 mL culture) was
added to culture media of E. coli dually expressing AtUGT89C1
and AtRHM1, E. coli harbouring one of these plant genes to-
gether with an empty plasmid, or cells transformed with two
empty plasmids. At the end of the biocatalysis reaction, quer-
cetin conjugates from the spent culture media and cell lysates
of AtRHM1/AtUGT89C1 transformants were extracted and ana-
lysed. As much as 40% of 1 was recovered from cell lysates, re-
gardless of whether a product was detected (Figure 1A); how-
ever, it is possible that part of the absorbed compound 1 was
refluxed to the medium, as previous studies have shown that
60-80% of flavonol aglycone and monoglycoside are secreted
during biocatalysis."® HPLC-DAD (DAD =diode array detector)
revealed a single product with a retention time (t;=6.1 min)
distinct from that of 1 (t;=28.0 min; Figure 1). The product’s ab-
sorption maxima (256, 354 nm, in 20% acetonitrile containing
0.1% formic acid; Supporting Information) were comparable to
those of compound 2 isolated from whole-plant Arabidopsis.””
Reaction product levels were 1.5 times greater in E. coli
AtRHM1/AtUGT89C1 transformants than in cells expressing
only AtUGT89C1 (Supporting Information). A product in E. coli
expressing only AtUGT89C1 (Supporting Information) suggests
rhamnosylation of compound 1 is supplemented by endoge-
nous TDP-rhamnose.” As expected, no product was formed
in cells expressing only AtRHM1 or those harbouring two
empty plasmids (Supporting Information), thus pointing to a
lack of natural flavonol bisglycoside biosynthesis in bacteria.
The majority of the reaction product (80%) was present in
cells, with the remainder in the spent culture medium (Fig-
ure 1B). Although the proportion of 2 recovered in the spent
cell culture medium was lower than in the cellular fraction, this
phenomenon is consistent with the partial secretion of querce-
tin conjugates from E. coli flavonol UGT transformants.'® A
previous report found 2 localised primarily to the E. coli culture
medium;™ this might be a consequence of a longer incuba-
tion period and/or cultivation at 70% higher cell density under
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Scheme 1. Biocatalytic synthesis of quercetin 3-O-glucoside-7-O-rhamnoside (2) in E. coli. NADPH: reduced nicotinamide adenine dinucleotide phosphate,
NADP*: oxidised nicotinamide adenine dinucleotide phosphate, *: endogenous TDP-glucose may substitute for UDP-glucose in the AtRHM1 reaction to yield

TDP-rhamnose (**), an alternate nucleotide sugar for AtUGT89C1.M"

O,-limiting conditions relative our study. In response to anaero-
bia, there is an increased incidence of metabolite secretion
from E. coli cultured at a higher cell density."

To purify as much of the reaction product as possible, spent
culture medium was pooled with methanol cell extracts from
a 500 mL culture of AtUGT89C1/AtRHM1 transformants. This
culture volume is within the range (5 to 2000 mL) of previous
experiments.*'>1820  After  acidification, the sample was
passed through an Amberlite XAD-2 column; this adsorbent
purifies quercetin glycosides away from most interfering phe-
nolics and cellular debris.”® HPLC-DAD revealed that 95% of
the biocatalytic product was recovered in the XAD-2 eluate
(Table 1). The XAD-2 eluate was dried under vacuum, resus-

Table 1. Purification of compound 2 from E. coli culture (500 mL) ex-
pressing AtUGT89C1 and AtRHMT.

Biocatalysis [mg] XAD-2 LH-20
Oh 24 h [mg] [mg]
compound 19 20 nd. nd. nd.
compound 2® 0 10 9.5 34
yield [%] 50 475 17

[a] Quantity used for biocatalysis. [b] Calculated as mg of 2 on the basis
of a molecular mass of 610.2. n.d.: not determined.

pended in 20% methanol and passed through a Sephadex LH-
20 column. This size-exclusion chromatography is ideal for
quercetin glycoside purification from complex matrices such as
plant-tissue extracts.?” The chromatographic strategy outlined
here is a standard approach for purifying flavonol glycosides
to homogeneity, and is cost effective as it does not require
preparative HPLC.?*?" HPLC-DAD analysis revealed that some
fractions of the Sephadex LH-20 eluate contained a contami-
nant-free molecule with a t; of 6.1 min (Figure 2B), which is
similar to that of the biocatalysis product. Preceding fractions
from the LH-20 step were dominated by non-flavonol mole-
cules, and fractions 27-31 consisted mostly of compound 1
(Figure 2 A).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fractions 21-26 of the LH-20 step were pooled and subject-
ed to structural analysis. The molecular mass of the product
was 610.2, which is 146 more than that of compound 1, thus
indicating the presence of a rhamnose moiety (Figure 2C). Col-
lision-induced dissociation spectra of the parent ion gave rise
to [M—H]~ fragments of 463.2, 446.2 and 301.1, which corre-
sponded to the loss of a rhamnose, a glucose and both sugars
respectively (Figure 2C); all indicating that a quercetin bisgly-
coside was produced from 1. The structure of the biocatalysis
product was investigated by NMR spectroscopy and confirmed
to be C,;H;,0,6 (Figure 3). HMBC spectra determined a correla-
tion between the C-1"" anomeric carbon of rhamnose and
quercetin H8. Moreover, heteronuclear interactions between
the C-7 of quercetin with the H6 and H8 aromatic protons of
the quercetin A ring and the anomeric proton (H1"”) of rham-
nose were apparent. This is consistent with structural data for
2 from Arabidopsis seeds.”” Together, the structural data con-
firmed that the biocatalysis product was indeed quercetin bis-
glycoside 2.

Previously, it was shown that 20 kg of Arabidopsis yields
4.2 mg of pure compound 2. The disadvantages of this ap-
proach include the lengthy plant cultivation period relative to
that of bacteria, and the use of large volumes (186 L) of organ-
ic solvents for the extraction and purification of the target me-
tabolite from Arabidopsis. Our biocatalysis approach pro-
duced higher amounts (Table 1) of this commercially unavaila-
ble compound within 24 h and generated only 0.4 L of organic
waste, thus it is a cost-effective alternative to extraction from
Arabidopsis tissues. In addition, prior to purification, our regio-
selective synthesis produced a single product, whereas querce-
tin feeding yields multiple quercetin glycosides.!'>'* 182023
Moreover, 50% of 1 was converted to 2 within 24 h of feeding;
this approximates biocatalysis rates described elsewhere.!*'®
As kaempferol 3-O-glycosides are rhamnosylated efficiently by
AtUGT89C1," our regioselective synthesis approach could be
used to produce their bisglycosides. Biocatalytic synthesis of
compound 2 could be improved by controlling the pH and O,
saturation by biofermentation,”¥ metabolic engineering of
E. coli for increased absorption/minimal secretion of 1, or trans-
forming E. coli with a flavonol 7-O-rhamnosylransferase that
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Figure 2. Purification and structural properties of compound 2. A) Elution
profile. After biocatalysis and XAD-2 chromatography, metabolites were ap-
plied to a Sephadex LH-20 column. The A, of each elution fraction (10 mL)
is shown. B) HPLC-DAD of pooled elution fractions 21-26 (compound 2). A
similar analysis of fractions 27 to 31 revealed a metabolite that co-eluted
with an authentic compound 1 standard. HPLC-DAD analysis of all other
fractions revealed metabolites with retention times distinct from those of
compounds 1 or 2. C) Quadrupole TOF-MS/MS of the pooled reaction prod-
uct (LH-20 fractions 21-26) performed in the negative-ion mode implies

a molecular mass of 610.2.

Figure 1. A) HPLC analysis of quercetin glycosides in cells and spent culture
media of Escherichia coli AtRHM1/AtUGT89C1 transformants. In all cases,
controls included E. coli transformed with AtRHM1/AtUGT89CT1, cells har-
bouring either AtRHM1/pET41b or AtUGT89C1/pET32b and cells containing
two empty plasmids. The control HPLC profiles are provided in the Support-
ing Information. The standard profile represents authentic compound 1

(1 nmol). B) Total amount of product in cells and spent culture media ex-
pressed as equivalents of compound 1. Data represent the mean + SE of
three biological replicates; *p <0.05 (Student’s t-test).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

has increased specificity for compound 1. To date, no evidence
exists to support these alternative strategies.

Compound 2 displays antioxidant and anti-radical activities.”

Linden inflorescence extracts containing compound 2 can de-
press the central nervous system activity and these also act as
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Figure 3. A) 'H,"*C HMBC spectral map used for demonstrating the interaction between the rhamnose unit and quercetin backbone of compound 2. B) Struc-

tural representation of key HMBC interactions (denoted by arrows).

tranquillisers.” The biocatalysis procedure described here has
the potential to produce the milligram quantities of 2 required
to test its biological/pharmacological activities.

Experimental Section

Cloning: AtRHM1 cDNA (GenBank accession no. AY081471) was ob-
tained from the Arabidopsis Biological Resource Center, amplified
with forward (5'-GGATC CAATG GCTTC GTACA CTCCC AAGAA
CATT-3') and reverse (5-CTCGA GTCAG GTTIT CTTGT TTGGC
CCGTA TGCAT A-3') primers and cloned into pGEMT TA by using
standard techniques.”® The pGEMT TA-AtRHM1 construct was di-
gested with Ncol/Sacl and ligated into the corresponding sites of
PET32b (includes N-terminal Hisy tag) and verified by sequencing.
AtUGT89CT (GenBank accession no. AY093133) cDNA cloned into a
pET41b expression vector (includes N-terminal GST and His, tags)
was provided by the Riken Plant Science Center."!

Biocatalysis: E. coli BL21(DE3) harbouring both AtRHM1 and
AtUGT89C1 were grown in fresh lysogeny broth (50 mL) containing
ampicillin and kanamycin (50 mgL™" each) at 37°C until the Agy
reached mid-logarithmic growth phase. For controls, E. coli har-
bouring either AtRHM1 or AtUGT89C1 was co-transformed with an
empty pET41b or pET32b expression vectors, respectively, and
E. coli harbouring both empty pET vectors was cultured as de-
scribed above. Isopropyl-f-p-thiogalactopyranoside (IPTG, 0.1 mm)
was added, and the cultures were shaken at 20°C for 6 h. Querce-
tin 3-O-glucoside (1; Extrasynthese, Genay, France) and glucose
were added axenically to final concentrations of 20 mgL™' and
4 gL, respectively, and the mixture was cultured for 24 h, as de-
scribed above. Cell pellets were extracted with methanol (10 mL),
centrifuged at 5000g for 10 min and dried under vacuum. Spent
culture medium was partitioned against an equal volume of water-
saturated n-butanol (3x),"® and dried under vacuum. In either
case, residues were resuspended in solvent A (10% acetonitrile
containing 0.1% formic acid, 200 uL) and passed through
a 0.45 pm syringe filter prior to HPLC-DAD analysis.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Purification of quercetin 3-O-glucoside-7-O-rhamnoside: A cul-
ture of E. coli (500 mL) dually transformed with AtRHM1 and
AtUGT89C1 was cultured as described above. A preliminary experi-
ment displayed no difference in the conversion of 1 at various con-
centrations (data not shown), hence cultures were supplemented
with 1 (40 mgL™"). Methanolic cell extracts were combined with
the spent culture media, and the mixture was adjusted to pH 2
and loaded at 6 mLmin' onto a column (2.5x15cm, id.xh) of
Amberlite XAD-2 resin. The column was washed with HCI (500 mL,
10 mm, pH 2), followed by HCI (73 mL, 6 um, pH 5). Quercetin gly-
cosides were eluted (6 mLmin™") with methanol (220 mL), dried
under vacuum and re-dissolved in methanol (1 mL, 20% v/v in
Milli-Q water). The concentrated XAD-2 eluate was passed through
a Sephadex LH-20 resin column (2.6 x 11 cm, i.d.xh; GE Healthcare)
connected to an AKTA FPLC system that was pre-equilibrated with
20% methanol at a flow rate of 0.85 mLmin~". Substrate and reac-
tion product were eluted initially with a linear gradient of 20-35%
methanol over 100 min, followed by a linear gradient of 35-80%
methanol over 200 min, collecting 10 mL fractions. Fractions were
dried under vacuum, dissolved in solvent A (200 uL) and analysed
by HPLC.

HPLC-DAD analysis: Metabolites (5 pL injections) were analysed
with an Agilent 1200 HPLC coupled to a diode array detector and
a fraction collector (Agilent) and separated on a Kinetex penta-
fluorophenyl column (100x4.6 mm, 2.6 um Phenomenex, Torrence,
CA). Compound 1 and the reaction product were eluted with a gra-
dient of solvent B (acetonitrile/formic acid 100:0.1) in solvent A of
10-20%, 0-5 min; 20%, 5-10 min, 20-100%, 10-14 min; 100%,
14-17 min at a flow rate of 0.8 mLmin~'. HPLC-DAD of quercetin
conjugates was performed at 360 nm, and absorption spectra were
analysed over the range 230-600 nm. Peak areas (tz=6.1 and
8.0 min) were compared to known amounts of an authentic com-
pound 1 standard. No authentic standard for 2 is commercially
available.

Structural analyses of the biocatalysis reaction product: The re-
action product was analysed by direct infusion on a Waters Q-TOF
Ultima Global mass spectrometer (MS; Waters). MS/MS was per-
formed in negative-ion [M—H]~ mode with a cone voltage of 35V

ChemBioChem 2013, 14, 2418 -2422 2421
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and a source block temperature of 80°C. An authentic compound
1 standard fragmented in the range 80-700 m/z was used for MS
calibration. The product [M—H]~ at 609.2 was subjected to colli-
sion-induced dissociation at 30 eV for 15 min. The scan time was
2 s with an interscan delay of 0.1 s. Data were processed with the
Masslynx v.4 software provided with the instrument.

To determine the structure of the reaction product, 1D and 2D
NMR spectra were taken on a Bruker Avance 600 MHz NMR spec-
trometer equipped with a 5 mm TCl cryoprobe at 295 K. The reac-
tion product in [Dg]DMSO (800 uL) was transferred to a 5 mm NMR
tube. For the 'H NMR experiments, 16 transients were acquired
with 2 s relaxation delay with 64 K data points. The 90° pulse dura-
tion was 9.0 us with a spectral width of 8417.5 Hz. *C NMR experi-
ments were acquired with 755 transients and a 4 s delay for the J-
modulated spin echo (JMOD) analysis. The 90° pulse duration was
11's with a spectral width of 32051.3 Hz, and 64 K data points
were used. All 2D experiments ("H COSY, "*C HSQC, HMBC) were
acquired with 2048 data points for t2 increments and 256 for t1
increments. NMR spectroscopy data was processed with Topspin
v. 2.1.
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