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Baker’s yeast (Saccharomyces cerevisiae) whole-cell bioconversions of naringenin 7-O-f3-glucoside revealed
considerable B-glucosidase activity, which impairs any strategy to generate or modify flavonoid glucosides in
yeast transformants. Up to 10 putative glycoside hydrolases annotated in the S. cerevisiae genome database
were overexpressed with His tags in yeast cells. Examination of these recombinant, partially purified polypep-
tides for hydrolytic activity with synthetic chromogenic a- or B-glucosides identified three efficient 3-gluco-
sidases (EXG1, SPR1, and YIR007W), which were further assayed with natural flavonoid 3-glucoside sub-
strates and product verification by thin-layer chromatography (TLC) or high-performance liquid
chromatography (HPLC). Preferential hydrolysis of 7- or 4'-O-glucosides of isoflavones, flavonols, flavones,
and flavanones was observed in vitro with all three glucosidases, while anthocyanins were also accepted as
substrates. The glucosidase activities of EXG1 and SPR1 were completely abolished by Val168Tyr mutation,
which confirmed the relevance of this residue, as reported for other glucosidases. Most importantly, biotrans-
formation experiments with knockout yeast strains revealed that only EXG1 knockout strains lost the capa-

bility to hydrolyze flavonoid glucosides.

Glycoside hydrolases, in particular glucosidases (EC 3.2.1.-),
are widespread in pro- and eukaryotic organisms and play a
pivotal role in many biological processes, such as the metabo-
lism of oligosaccharides or the degradation of endogenous and
exogenous glycosides. Beta-glucosidases (B-GHs) are among
the oldest classes of enzymes, and microbial 3-GHs have been
identified often as molecular factors indispensable for growth;
for example, they enable phytopathogenic fungi to colonize
host plant tissues by hydrolyzing plant fungitoxic glucosides to
less toxic or less soluble aglyca (5). They are also important for
cleaving cellulose and fulfill essential functions in the sporula-
tion of yeast cells (27, 38). In plants, B-GHs are involved in
crucial growth processes, such as the degradation of en-
dosperm cell walls during germination or the formation of
intermediates in cell wall lignification, as well as in the activa-
tion of defense compounds and the formation of phytohor-
mones (references 49 and 58 and references therein). More-
over, plant B-GHs are essential for turnover of flavonoid
glucosides, which are exclusively found in B configuration, as
had been reported for malonylglucosides of the isoflavones
genistein and daidzein in soybean (21) or isoflavone 7-O-B-
glucosides in chickpea (20). Even the endophytic bacterium
Pseudomonas strain ZD-8 (61), as well as cell-associated
B-GHs (bglH and yckE) from Bacillus subtilis natto, used for
fermentation of soy products (28), were shown to metabolize
apigenin 7-O-B-glucoside or glucosides and malonylglucosides
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of genistein and daidzein. The capacity of multiple Bifidobac-
terium strains of human origin to digest isoflavonoid glucosides
(32, 41) is particularly noteworthy because of their relevance
for the uptake of dietary isoflavones.

B-GHs utilize B-linked oligosaccharides or B-O-glucosides
of alkyl and aryl compounds as substrates (37). Most of these
enzymes show fairly high stability and are widely used by the
food and beverage industries for biotechnological production
processes, including the hydrolysis of bitter compounds (narin-
gin) in citrus juice and the liberation of flavor from grape juice
(monoterpenols) (3). Glucosidases hydrolyze their substrates
in aqueous solution but are also capable of catalyzing the
reverse reaction under appropriate reaction conditions. Ac-
cordingly, B-GHs are also used in the pharmaceutical, cosmet-
ics, and detergent industries to synthesize alkyl- and arylglu-
cosides from natural polysaccharides or their derivatives (11).

In recent years, flavonoids have come into focus as valuable
nutritional factors due to their antioxidant potential, the ability
to induce or inhibit enzymes of xenobiotic metabolism, and
other health-promoting features (33, 56). Flavonoids are found
ubiquitously in spermatophytic plants, mostly in the form of
their B-glucosides, and play a pivotal role in plant UV protec-
tion, as well as flower coloration and defense. More than
10,000 flavonoid structures have been reported from natural
sources (53). Flavonoid glycosylation enhances solubility and
increases overall stability in planta compared to the corre-
sponding aglyca. Both the scientific and commercial interests
call for an efficient source of flavonoids, including their glu-
cosides. However, the low flavonoid contents of plants, partic-
ularly rare flavonoids, limit the yield from tissue extraction
(26). An alternative biotechnological approach using plant cell
cultures is feasible (9, 15, 17, 19, 26) but has been shown to be
inefficient and/or too expensive. The fact that all genes of
flavonoid biosynthesis have been cloned, however, paved the
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way for the production of flavonoids and flavonoid glucosides
by white biotechnology (57). Yan et al. (60), for example,
described Escherichia coli transformants able to synthesize var-
ious anthocyanidin 3-O-B-glucosides from intermediates of the
natural pathway. Nevertheless, several steps of flavonoid bio-
synthesis are catalyzed by membrane-bound cytochrome P450-
dependent monooxygenases (Cyt P450), which are insuffi-
ciently expressed in bacteria. On the other hand eukaryotic
systems, such as baker’s yeast (Saccharomyces cerevisiae), likely
hold more promise (42). Yeast cells were recently transformed
with flavone synthase I (FNSI) from parsley (Petroselinum
crispum, Apiaceae) and used in suspension for the biotrans-
formation of several flavanones to the respective flavones (13,
14, 35). However, in a parallel study, we found that natural
flavanone glucosides, which do not serve as substrates for FNSI
(7), were converted under these conditions to their aglyca and
the corresponding flavones (S. Martens, unpublished data).
This indicates that suspension-cultured yeast cells express fla-
vonoid O-B-glucoside hydrolase (GH) activity, excluding wild-
type S. cerevisiae as a host from the production of flavonoid
B-glucosides.

The present work aimed at the development of a yeast-based
biotechnological platform for the synthesis of glucosylated fla-
vonoids. The project was based on the hypothesis that knock-
out of the glycosidase(s) responsible for the hydrolysis of fla-
vonoid glucosides in yeast should enable the recombinant
generation of a eukaryotic host suitable for the efficient pro-
duction of glycosylated flavonoids. As a first step, we identified
and characterized in vitro the yeast glucohydrolases responsible
for this activity and similarly tested knockout yeasts in whole-
cell bioconversion experiments. The proposed system allows
the catabolic activity of yeast 3-GHs to be overcome and holds
promise for the synthesis of glucosylated flavonoids.

MATERIALS AND METHODS

Materials and strains. The yeast strain INV Scl (Invitrogen, Groningen,
Netherlands) was used for RNA extraction and expression. Cells were grown in
YPD medium (1% yeast extract, 1% peptone, 2% glucose) at 30°C, and cell
growth was monitored by measuring the absorbance at 600 nm. The knockout
strains EXG1, SPR1, and YIR007W and the respective wild-type strain BY4741
were purchased from Euroscarf (Frankfurt, Germany) (see Table S1 in the
supplemental material).

Chemicals. Chemicals were purchased from Roth (Karlsruhe, Germany) or
Sigma-Aldrich (Deisenhofen, Germany); the biochemicals used were from MBI
Fermentas (St. Leon-Rot, Germany).

All natural compounds and substrates were purchased from TransMIT Fla-
vonoidforschung (Giessen/Marburg, Germany) or Extrasynthese (Genay,
France) or were from our laboratory collection.

Cloning of glucoside hydrolase genes. Putative GH genes annotated, e.g., with
“unknown function” or as “involved in drug resistance” were identified by mining
of the S. cerevisiae genome. Genes were amplified by reverse transcription (RT)-
PCR according to the procedure generally used in our laboratory. RNA extrac-
tion was carried out with the GenElute Yeast Total RNA Purification Kit
(Sigma-Aldrich) according to the manufacturer’s instructions. cDNA synthesis
was done with RevertAid H Minus M-MuLV-Reverse Transcriptase (MBI Fer-
mentas) according to the supplier’s instructions. First-strand cDNA products
were PCR amplified in a reaction mixture containing 2.5 U Tag DNA polymerase
(MBI Fermentas), 25 pmol each of the primers (see Table S2 in the supplemen-
tal material) (synthesized by Eurofins MWG GmbH, Martinsried, Germany).
Forty cycles of PCR amplification were carried out, each cycle consisting of
denaturation at 95°C for 1 min, appropriate annealing (see Table S2 in the
supplemental material) for 1 min, and 72°C extension for 2 min using a Robo-
cycler Gradient 96 (Stratagene, Amsterdam, Netherlands). The PCR amplifica-
tion was completed with a final extension at 72°C for 10 min. PCR products were
separated by electrophoresis on 1.5% agarose—Tris-acetate-EDTA (TAE) gels at
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120 V for 20 min, stained with ethidium bromide, and visualized under UV
irradiation. The amplified genes were finally cloned into the T/A yeast expression
vector pYES 2.1 (Invitrogen).

Mutagenesis. Mutagenesis was accomplished with the QuikChange Site-Di-
rected Mutagenesis Kit (Stratagene, Heidelberg, Germany) used according to
the manufacturer’s instructions. The following primer sets were used to intro-
duce single-amino-acid changes (underlined): mEXG1f, AACAGCTTGAAAT
ATTGGGTTGATTTGCATGG, and mEXG1r, CCATGCAAATCAACCCAA
TATTTCAAGCTGTT for EXG1; mSPR1f, TATGGTTTGAAATATTGGAT
TGATCTTCATGG, and mSPR1r, CCATGAAGATCAATCCAATATTTCAA
ACCATA, for SPR1.

Yeast transformation and purification of expressed protein. Introduction of
plasmids harboring GH genes into different competent S. cerevisiae strains was
achieved with the ScEasyComp Transformation Kit (Invitrogen), following the
instructions in the manual. Transformants showing complementation of uracil
auxotrophy were selected. Expression, cell disruption, and protein isolation were
done as described previously (35). Recombinant His-tagged proteins were puri-
fied by immobilized metal affinity chromatography (IMAC column; Bio-Rad,
Munich, Germany). Protein purification was done according to the manufactur-
er’s instructions, and the proteins were used for activity assays and SDS-PAGE.
Expression of the fusion proteins (fused to the C-terminal V5 epitope) was
examined by Western blotting using alkaline phosphatase (AP)-conjugated anti-
V5/AP monoclonal antibody from Invitrogen.

Protein concentrations were determined by the method of Bradford (6) using
bovine serum albumin as a standard.

Glucosidase assays. For measurement of GH activity, p-nitrophenyl-a- or
-B-p-glucopyranoside (pNPG) was used. Assays of a-GH activity were conducted
for 20 min at 37°C in 100 mM potassium phosphate buffer, pH 6.8 (450 pl), with
the addition of 20 pl of 3 mM glutathione (reduced), 50 pl 10 mM a-pNPG, and
20 ul of enzyme solution (approximately 50 ug total protein) in a total volume
of 200 wl. The solution was diluted with 100 mM Na,COj; (800 pl), and the
amount of p-nitrophenol released was determined by photometry at 400 nm. The
B-GH activity was measured for 20 min at 45°C in 100 mM potassium phosphate
buffer, pH 5.8 (450 pl), with the addition of 50 wl 10 mM B-pNPG and 100 .l of
enzyme solution (approximately 250 wg total protein). The incubation mixture
was diluted with 100 mM potassium phosphate buffer, pH 5.8 (500 pl), and the
p-nitrophenol released was quantified by measuring the absorbance at 420 nm.

Analytical methods. Incubations of B-GH assay mixtures with crude or puri-
fied enzyme were carried out for 30 min at 30°C in 100 mM potassium phosphate
buffer at pH 5.8, and the products were subsequently extracted with ethyl acetate
or isoamyl alcohol. The identities of products from B-GH activity assays with
various natural glucoside substrates were verified by thin-layer chromatography
(TLC) and high-performance liquid chromatography (HPLC). Flavonoid prod-
ucts were routinely analyzed by TLC on cellulose or silica plates (Merck, Darm-
stadt, Germany). All solvent systems are summarized in Table S3 in the supple-
mental material. HPLC analysis (Merck-Hitachi, Darmstadt, Germany) was
carried out with a Nucleosil 100-10 C,g column (Macherey Nagel, Diiren, Ger-
many) according to the method of Isayenkova et al. (23) and using various UV
detector and diode array detector (DAD) equipment. Analyses of biotransfor-
mation experiments with knockout strains were done according to the method of
Romani et al. (45).

Whole-cell bioconversion. Suspension cultures of yeast transformants (250 ml)
expressing the cDNA of either GH or parsley FNSI and flavanone 3-B-hydrox-
ylase (FHT) (34) were used for bioconversion studies. The cultures were incu-
bated for 17 h at 30°C in the presence of the substrate and subsequently extracted
with 1 volume of ethyl acetate. Product formation was monitored by cellulose
TLC and HPLC as described above.

RESULTS

Cloning and functional characterization of putative yeast
GHs. In silico mining of the yeast genome database (http:
/www.yeastgenome.org/) revealed a number of likely GH
genes. Initially, 10 putative candidates and/or annotations, des-
ignated BGL2, CWH41, DSE2, EXGI, SPRI, SUC2,
YGR287C, YIL172C, YIROO7W, and YJL216C (Table 1), were
selected. The coding regions of these genes were amplified by
RT-PCR, using yeast poly(A)" RNA as a template; ligated
into the expression vector pYES 2.1; and overexpressed in INV
Scl yeast cells. The expression of recombinant proteins in
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TABLE 1. Putative glucoside hydrolases retrieved by in silico mining of a yeast genome database

ORF* Molecular

Gene Chromosome location Putative function Reference (bp) mass (kDa)
BGL2 VII: 1058731 to 1057790 Endo-B-1,3-glucanase; abundant in the yeast cell wall 25 942 33
EXG1 XII: 728957 to 730303 Exo-1,3-B-glucanase of the cell wall; involved in cell wall 29 1,347 51

B-glucan assembly
SPR1 XV: 690696 to 692033 Sporulation-specific exo-1,3-B-glucanase; contributes to 38 1,338 52
ascospore thermoresistance
YIR007W  IX: 370701 to 372995 Putative protein with unknown function 22 2,295 87
suC2 IX: 37385 to 38983 Invertase; hydrolysis of sucrose and raffinose 12 1,599 61
YGR287C  VII: 1068998 to 1067229  Unknown function; similarity to a-D-glucosidase 50 1,770 69
YJL216C X: 26086 to 24341 Unknown function; similarity to a-D-glucosidase 55 1,746 68
YIL172C IX: 18553 to 16784 Unknown function, similarity to glucosidases 22 1,770 69
DSE2 VIII: 385513 to 386490 Daughter cell-specific secreted protein; similarity to glucanases 8 978 33
CWH41 VII: 446148 to 443647 Integral membrane encoding protein of the ER”, removing the 51 2,502 97

terminal glucose from core oligosaccharides

“ ORF, open reading frame.
® ER, endoplasmic reticulum.

these transformants was monitored by Western blotting (data
not shown). Initial screenings for a- or B-GH activity were
carried out with crude cell extracts and using the chromogenic
substrates «- and B-pNPG, respectively. Three proteins
were unambiguously determined to possess a-GH activity
(YGR287C, YIL172C, and YJL216C) and another three were
determined to exhibit B-GH activity (EXG1, SPRI1, and
YIR007W). For simplicity, these proteins are referred to as
a-GH and B-GH, respectively. The four remaining putative
GHs (BGL2, CWH41, DSE2, and SUC2) could not be clearly
assigned to one or the other category of enzymes (Table 2).
The B-GHs EXG1, SPR1, and YIR007W are grouped in
GH family 5 based on a unique sequence signature recognized
by the Internet portal http://www.expasy.ch/prosite. This se-
quence element contains a conserved glutamic acid residue
that is potentially involved in the catalytic mechanism (18).
Both EXG1 and SPR1 carry a putative N-terminal secretory
signal peptide of 20 amino acids, identified with SignalP (http:
//www.cbs.dtu.dk/services/SignalP/) and suggesting an extracel-
lular location for these proteins, whereas YIR007W lacks such
a signal peptide and is likely localized in the cytosol.
Catalytic properties of yeast GHs. A more detailed charac-
terization of the provisionally annotated - and B-GHs (Table

TABLE 2. Glucosidase activities of recombinant GHs in
comparison to INV Scl cells using
o/B-pNPG as a substrate

Activity”
GH
a-Glucosidase B-Glucosidase
ScINV? 100 100
YJL216C 670 160
EXGI1 180 720
SPR1 110 580
YIR007W 160 630
DSE 2 180 210
CWHA41 160 230
sucC2 200 160
YGR287C 530 170
YIL172C 410 90
BGL2 90 120

¢ Activity is indicated as units/ml enzyme.
> Nontransformed INV Sc1 cells served as a control; activity was set as 100.

1) was conducted with His-tagged affinity-purified proteins.
The sizes of the protein bands on SDS-PAGE separation (Fig.
1) were fully compatible with the molecular masses (in kDa)
calculated for the translated polypeptides (Table 1). p-Glu-
cono-d-lactone, which is produced by wine-degrading fungi
(i.e., Botrytis cinerea), and glucose at high concentration are
known as natural competitive inhibitors of B-GHs (4, 54),
although glucose-tolerant B-GHs, which are of prime interest
for wine and fruit processing, have also been described, for
example, from Aspergillus oryzae (44). Individual incubations of
the yeast GHs with pNPG substrate in the presence of increas-
ing concentrations of the inhibitor p-glucono-8-lactone (1.25,
2.5, and 3.75 mM) revealed 50% inhibitory concentrations
(ICsps) for B-GHs of 1.7 mM (EXG1), 1.5 mM (SPR1), and 0.6
mM (YIR007W), while the yeast a-GHs were not affected
(data not shown). Glucose at up to 100 mM inhibited neither
a- nor B-GH activity. Naringenin 7-O-B-glucopyranoside
(NAR 7-gluc) was used as a substrate in standard assays of
B-GH activity. All three B-GHs (EXG1, SPR1, and YIR007W)
clearly released the flavanone naringenin (NAR) from NAR
7-gluc and were investigated further. Several O-B-glucosides of
other flavanones, as well as of flavones, flavonols, isoflavones,
and anthocyanidins (see Table S4 in the supplemental mate-
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20 —

FIG. 1. SDS-PAGE of recombinant proteins after His tag purifica-
tion. Lanes: 1, EXG1; 2, SPR1; 3, YIR007W; 4, YIL172C; 5, YJL216C;
6, YGR287C; M, marker.
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FIG. 2. Enzyme assays with NAR 7-gluc as a substrate. Lanes: 1,
EXG1; 2, SPR1; 3, YIR007W; 4, YIL172C; 5, YJL216C; 6, YGR287C;
7, negative control with boiled protein; Ref, references (NAR 7-gluc
and NAR).

rial), were tested as potential substrates, and the product iden-
tities were confirmed by TLC on cellulose (see Table S3 in the
supplemental material) and HPLC (see Materials and Meth-
ods). These B-GH assays documented a clear preference for
7-O-B-glucosides and 4'-O-B-glucosides (see Table S4 in the
supplemental material). The assays were complemented by
control incubations employing the annotated affinity-purified
yeast a-GHs (YGR287C, YIL172C, and YJL216C) or boiled
B-GH solutions. Neither the a-GHs (Fig. 2) nor the boiled
B-GH samples showed flavonoid B-GH activity. The regio-
specificities of yeast B-GHs were further substantiated by ki-
netic comparison of incubations with luteolin 7-O-B-glucoside
(Lu 7-gluc) or luteolin 4'-O-B-glucoside (Lu 4’-gluc) as a sub-
strate. All three B-GHs preferred Lu 7-gluc but differed in
their relative turnover rates (Fig. 3). Additionally, various 3-O-
B-glucosides and 3, 5-O-di-B-glucosides of anthocyanidins
were tested. Significant hydrolysis of anthocyanidin 3-O-glu-
cosides was observed only with EXG1 and SPR1, whereas
YIR007W appeared inactive under the conditions of the assays
(see Table S4 in the supplemental material). Flavonoid
glycosides composed of sugars other than p-glucose, e.g.,
kaempferol 7-O-B-neohesperoside and delphinidin 3-O-B-
rhamnoside, or flavonoid glycosyls (C ligated), such as vitexin,
isovitexin, and homoorientin, were not hydrolyzed by any of
the yeast GHs (see Table S4 in the supplemental material).

conversion rate

(%)
100 -
90 -
80 -
70 -
60 -
50 -
40 4
30 -
20
10 |
0 N

B EXG1

= SPR1

O YIROO7W
O BLANK

Lut-7-O-gluc Lut-4"-O-gluc

FIG. 3. Comparison of conversion rates of luteolin 7-O-glucoside
and luteolin 4'-O-glucoside as substrates. The error bars indicate stan-
dard deviations.
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EXG1 DDPYVSGLQESYLDQAIGWARNNSLK-—-VW 171
SPR1 HDPYVTAEQEYFLDRAIDWARKYGLK——-VW 172
hCBG FDKYAQFCEFSTFGDRVKQWITINEAN---VL 169

* % * * . *

FIG. 4. Alignment of EXG1 and SPR1 with hCBG. The conserved
Val is in boldface. Colon indicates similar amino acids; asterisks indi-
cate identical amino acids.

Identification of active-site valine. A cytosolic B-GH (hu-
man cytosolic B-glucosidase [hCBG]) from human liver as-
signed to family 1 of GHs (accession no. AF317840) has been
reported to hydrolyze a number of flavonoid glucosides. Site-
specific Vall68Tyr mutation drastically decreased the catalytic
activity of this enzyme (1, 2). Alignments of the yeast 3-GH
polypeptides with hCBG revealed that valine was conserved in
equivalent positions in both EXG1 and SPR1 (Fig. 4). Point
mutations analogous to those described by Berrin et al. (1, 2)
were therefore introduced into EXG1 (Vall70Tyr) and SPR1
(Vall71Tyr), and the recombinant His-tagged mutant proteins
were successfully expressed in yeast as monitored by Western
blotting (data not shown). Subsequent activity assays with
NAR 7-gluc as a substrate documented the complete loss of
function of both mutant proteins (Fig. SA and B), underlining
the relevance of the conserved valine residue for EXG1 and
SPR1, as well.

Bioconversion in 3-GH knockout yeast strains. Knockout of
the single B-GH EXG1, SPR1, or YIR007W in yeast has al-
ready been reported, and the respective strains, Y05210,
Y02446, and Y02343 (see Table S1 in the supplemental mate-
rial), are available. The suitability of these strains for whole-
cell bioconversions of flavonoid glucosides was therefore
examined by incubation of each single strain for 17 h in yeast-
peptone-glucose-ethanol (YPGE) broth supplemented with up
to 20 mg liter NAR 7-gluc™'. All three strains grew vigorously
in the presence of the flavanone glucoside, reaching cell den-
sities similar to those of the nonsupplemented control (data
not shown). The proportions of NAR 7-gluc and NAR were
subsequently examined in extracts of the yeast suspensions by
TLC or HPLC and compared to those of controls employing
wild-type strains Y00000 and INV Scl (see Table S1 in the
supplemental material). Considerable hydrolysis of NAR
7-gluc was observed in incubations employing wild-type yeast
cells and knockout strains that lacked either SPR1 or
YIR007W (Fig. 6A). However, no hydrolysis was observed in
cultures of EXG1 knockout strains (Fig. 6B). Additional ex-
pression of parsley flavone synthase I, which oxidizes (25)-
NAR, but not its glucoside, to apigenin in the knockout strains
corroborated these results. In fact, both NAR and apigenin
were recovered from the bioconversions of NAR 7-gluc in the
Y02446 and Y02342 transformants (Fig. 6C), whereas the
knockout of EXGI1 in the transformed strain Y05210 almost
completely suppressed the formation of the products (Fig. 6D).
Analogous transformation of the B-GH knockout strains with
parsley flavanone 3-B-hydroxylase, which hydroxylates (25)-
NAR to dihydrokaempferol, confirmed the significance of
EXG1 for the turnover of flavonoid glucosides in yeast. Also,
in this case, SPR1 and YIR007W knockout strains metabolized
NAR 7-gluc to NAR and further to dihydrokaempferol,
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FIG. 5. (A) TLC analysis of mutated EXG1 and SPR1 proteins in comparison to SPR1 with NAR 7-gluc as a substrate. Lanes: 1, nEXG1; 2,
mSPR1; 3, SPR1 (positive control); 4, without protein; 5, reference NAR 7-gluc; 6, reference NAR. (B) HPLC chromatograms from an enzyme
assay with mutated EXG1. Shown are NAR 7-gluc as a substrate with mutated EXG1 (left) and native EXGT1 (right) proteins. Peaks: 1, NAR

7-gluc; 2, NAR. Abs, absorption; AU, arbitrary units.

whereas the EXG1 knockout strain lacked such activity (data
not shown).

DISCUSSION

The use of yeasts as hosts for the biotechnological produc-
tion of flavonoids is generally hampered by the metabolic ac-
tivity of the yeasts’ B-glucosidases, which hydrolyze the fla-
vonoid B-glucosides. With few specific exceptions, the majority
of the studies using yeasts in this field have highlighted this
problem. Some of our bioconversion experiments have re-
vealed clear-cut evidence for the rapid hydrolysis of flavonoid
B-glucosides in suspension-cultured yeast cells (Martens, un-
published); several of our attempts at overexpressing flavonoid
glycosyltransferase (FGT) from various plant species in wild-
type yeasts have failed, probably for this reason (S. Schmidt
and S. Witte, unpublished data). A recent work describing the
expression in S. cerevisiae of an FGT from Dianthus that in vitro
glucosylated NAR to NAR 7-glc (59) reported the effect of
endogenous yeast glucosidase activity during whole-cell bioca-
talysis, which was responsible for greatly diminished product
yield. Surprisingly, however, in this instance, the residual prod-
ucts (7- and 4'-O-glucosides of NAR) were exclusively recov-
ered from the culture broth, and constitutive expression of the
transferase was superior to the galactose-inducible expression.
In this case the turnover rates of glucosyltransferase versus
flavonoid B-GH and the time of bioconversion determined the
amounts of products. Other plant glucosyltransferases were
more successfully overexpressed in S. cerevisiae, thus providing
the recombinant enzyme or the yeast transformant as a bio-
catalyst for glucosylation of natural products. For example, a
single solanidine glucosyltransferase cDNA was isolated from

a potato cDNA expression library in yeast cells (36), taking
advantage of the toxicity of the alkaloid solanidine. A similar
approach was followed by Poppenberger et al. (40) to isolate a
zearalenone (ZON) 4-O-glucosyltransferase from Arabidopsis
thaliana. The mycotoxin ZON is a metabolite of Fusarium spp.
thriving on grain and causes some health concern because of its
estrogenic effect. Out of six Arabidopsis glucosyltransferases
overexpressed in yeast, one recombinant enzyme was capable
of ligating ZON to ZON-4-Glu. This yeast transformant was
propagated in suspensions containing ZON and converted up
to 90% of the toxin to ZON-4-Glu. In both of these studies the
glucosides were not deglucosylated, probably due to the lim-
ited substrate preferences of yeast endogenous GHs.

In this work, we have identified three efficient yeast B-GHs:
EXGI1, SPR1, and YIR007W, that play relevant roles in fla-
vonoid production in yeasts. Both EXG1 and SPR1 were
annotated as exo-1,3-B-glucanases, while the function of
YIR007W has not been classified yet. All three GHs efficiently
hydrolyzed 7-O-B-glucosides or 4'-O-B-glucosides of fla-
vanones, such as NAR 7-gluc, flavones, flavonols, and isofla-
vones, whereas 3-O-B-glucosides of flavonols or anthocya-
nidins were not accepted (see Table S4 in the supplemental
material). This regioselectivity is reminiscent of hCBG, which
split NAR 7-gluc, eriodictyol 7-O-B-glucoside, Lu 4'-gluc,
genistin, and daidzin (see Table S4 in the supplemental mate-
rial) but failed on kaempferol 3-O-B-glucoside and isorham-
netin 3-O-B-glucoside (1, 2).

Yeast B-GHs and hCBG were assigned to different GH
families (family 5 versus family 1) but group together in clan
GH-A, and the active site of hCBG had been identified by
crystallization, homology modeling, and point mutations of
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FIG. 6. Bioconversion with yeast knockout strains. (A) representative chromatograms after incubation of 20 mg NAR 7-gluc with knockout
strains 2343 and 2446 and wild-type strain Y0000. (B) Chromatogram of strain 5210 after incubation. (C) Coexpression of parsley FNSI in the
knockout strains 2343 and 2446 and wild-type strain Y0000 and formation of NAR and Ap. (D) Coexpression of parsley FNSI in the knockout

strain 5210. Peaks: 1, NAR 7-gluc; 2, NAR; 3, apigenin (Ap).

Vall68Tyr, Phe225Ser, and Tyr308Ala or Tyr308Phe (2). Each
single mutation significantly reduced the turnover of flavonoid
glucosides or pNPG. The residues Vall68, Phe225, and Tyr308
form a hydrophobic cluster assumed to line the aglycon bind-
ing site, with Val168 being most important for affinity (2). Our
results on EXG1 and SPR1 support this assumption, because
replacement of the conserved Val residue (Vall70 and Vall71,
respectively) completely abolished the glucosidase activity of
NAR 7-gluc. The in vitro studies suggested that the activities of
EXG1, SPR1, and/or YIR0O07W may interfere with the gener-
ation or modification of flavonoid glucosides in transformed
yeast cells. Fortunately, the respective knockout strains are
commercially available and were examined for whole-cell bio-
conversion of NAR 7-gluc. EXG1 was identified in situ as the
B-GH relevant for flavonoid glucoside degradation. In yeast,
EXG1 and SPRI1 catalyze reactions in remodeling of the glu-
can network of the yeast cell wall, which consist of trimming
and branching of the glucan molecule (30). Accordingly, over-
expression of EXG1 caused a reduction of 3-1,6-glucan in the
cell wall (24). EXG1 encodes a constitutive exo-B-glucanase
(Exglp) that is initially secreted into the periplasmic space and
then released into the growth medium (43, 48). Considering
the extracellular accumulation of the enzyme, Exglp conceiv-
ably metabolizes flavonoid glucosides in the culture broth.
Overall, the data demonstrated that the activity of EXG1
interferes with the biotechnological use of yeast cells to pro-
duce or modify flavonoid glucosides. Thus, EXG1 knockout
strains are proposed as an option to develop a platform for

expression of the pathway to flavonoid glucosides in yeast
transformants.
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