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Abstract Flavonoids glycosylated with UDP-glucuronic
acid and UDP-xylose are spatially distributed in nature. To
produce these glycosides, E. coli was engineered to over-
express biosynthetic gene clusters of UDP-sugars (ga/U
from E. coli K12, UDP-glucose dehydrogenase (calSS8),
and UDP-glucuronic acid decarboxylase (calS9) from Micro-
monospora echinospora spp. calichensis). Flavonoids were
glycosylated by overexpression of the glycosyltransferase
gene (atGt-5) from Arabidopsis thaliana. Finally, meta-
bolically engineered host E. coli (US89Gt-5) was gene-
rated. Production of flavonoid glycosides was observed in
a biotransformation system consisting of flavonoids (nar-
ingenin and quercetin) exogenously fed to host cells. The
glycosylated derivatives 7-O-glucuronyl naringenin (m/z"
449), 7-O-xylosyl naringenin (m/z" 405), and 7-O-glucu-
ronyl quercetin (m/z" 479) were detected and confirmed by
ESI-MS/MS, ESI-MS/MS and LC/MS-MS analysis, respec-
tively.

Keywords: E. coli (US89Gt-5), metabolic engineering,
UDP-sugars, 7-O-glucuronyl naringenin, 7-O-xylosyl narin-
genin, 7-O-glucuronyl quercetin efc.

1. Introduction
Flavonoids are natural compounds with diverse biological

functions that are commonly used as pigments or cosmetic
additives. Flavonoids possess immunodeficiency, antioxi-
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dant, and antimicrobial activities [1], whereas in plants
they are known as UV protectants, activators of nodulation,
and anti-microbial agents. Use of flavonoids as pharma-
ceutical agents has been hindered due to their low water
solubility, a problem which can overcome by modification
with sugar molecules [2]. In addition, intensive research
has focused on the creation of glycoside libraries of secon-
dary metabolites using several enzymes obtained from
microorganisms [3].

Glycosylation is important for the biological activities of
several antibiotics as well as numerous anti-cancer, anti-
parasitic, and anti-fungal agents [4,5]. Sugar residues added
via glycosylation play crucial biological roles in many
natural products, and thus their removal often results in
loss of biological activity [5,6]. Altering and/or exchanging
the structures of these sugars or the points of aglycone
attachment in natural products can enhance physiological
properties. In this manner, the deoxysugar biosynthetic
pathways of a producing bacterial strain can be altered
using gene disruption and/or heterologous gene expression
methods in order to reroute sugar biosynthetic intermedi-
ates to produce new products [7,8]. Alternatively, new
biosynthetic pathways can be activated in hosts that do not
normally produce glycosylated natural products. Further-
more, such genetically-engineered bacteria can be fed non-
native aglycone or transformed with additional plasmids to
produce novel compounds in combinatorial fashion [9].

Family 1 glycosyltransferase (UGTs) enzymes are charac-
terized by utilization of UDP-sugar moieties as donor mole-
cules, and they contain a conserved UGT-defining sequence
motif near their C-termini [10,11]. This UGT-defining motif
is often the only significant region of similarity regarding
sequence alignments within and across phyla. Glycosyla-
tion reactions serve to convert reactive and toxic aglycones
into more stable and non-reactive forms of storage. In
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addition, attachment of a hydrophilic glucose moiety to
hydrophobic aglycones increases water solubility. Whereas
UDP-glucose and UDP-glucuronic acid are considered the
most typical donor molecules for family 1 glycosyltransfer-
ases, examples of UDP-rhamnose, UDP-xylose, and UDP-
galactose also exist [12]. UDP-glucose is the starting point
of the synthesis of other UDP-sugars (such as UDP-glu-
curonic acid and UDP-xylose) [13]. The synthesis of UDP-
glucuronic acid (UDP-GIcA) can be obtained by oxidation
of UDP-glucose, which is catalyzed by NAD-dependent
UDP-glucose dehydrogenase and synthesis of UDP-xylose
(UDP-Xyl) obtained from decarboxylation of UDP-GIcA
[13].

Production of glycosylated flavonoids from metaboli-
cally-engineered E. coli is very challenging due to the
unavailability of UDP-sugars. To circumvent this bottle-
neck, E. coli was metabolically engineered with the UDP-
sugar pathway for synthesis of UDP-sugars and the glycos-
yltransferase gene from Arabidopsis thaliana, resulting in
glycosylation of the substrate. As non-native aglycones,
naringenin and quercetin were used as starting materials
for biosynthesis of more complicated flavonoids with high
biological impact. The metabolically-engineered system of
E. coli was expected to produce 7-O-glucunoryl as well as
7-O-xylosyl flavonoids.

2. Materials and Methods
2.1. Strains, plasmids, and chemicals

Escherichia coli XL1-Blue (MRF) (Stratagene, USA) was
used as a host cell for the preparation of recombinant

Table 1. Bacterial strains, plasmids, and cDNA used in this study

plasmids and manipulation of DNA, whereas E. coli BL21
(DE3) Apgi deletion mutant was used for the biotrans-
formation of recombinant. pGEM-T easy vector (Promega,
USA), pLOI2223 (Integration vector, National Bioresource
Project NIG, Japan), pET28a+, and CDFDuet-1(Novagen,
Germany) were used as vectors for the cloning of the poly-
merase chain reaction (PCR) products, integration, and
gene expression. The strains and plasmids used are sum-
marized in detail in Table 1. All chemicals used in this
study were purchased from Sigma (St. Louis, USA).
Naringenin, quercetin, isopropyl-p-D-thiogalactopyranoside
(IPTG), ampicillin, kanamycin, and spectinomycin were
also used in the experiment. All restriction enzymes used
for the cloning process were obtained from Takara (Japan).
Other chemicals were of the highest grade commercially
available.

2.2. DNA manipulation

DNA preparation, manipulation, restriction endonuclease
digestion, and ligation were carried out according to standard
protocols. cDNA of the Arabidopsis thaliana glycosyl-
transferase (AF360262) gene was purchased from RIKEN
Bioresource Centre (http://www.brc.riken.jp/inf/en/index.
shtml). After DNA manipulation, the absence of undesired
alterations during PCR was verified by nucleotide sequen-
cing using an automated nucleotide sequencer.

2.3. Construction of pLOIGalU, pCDS89, and pAtGt-5
Recombinants were constructed for E. coli. The primers,
restriction sites, and cloned vector are summarized in detail
in Table 2. PCR products were cloned in pGEM-T easy
vector and sequenced prior to cloning into the expression

Strains and plasmids Relevant characterstics

Source or references

Strains

E. coli XL1 blue General cloning host

Stratagene PBL company

E. coli BI21DE3
E. coli BI21DE3 (Apgi)

Expression host
Expression host

Plasmids

pPGEM®-T easy vector E. coli general cloning vector, Amp"
pCDFDuet-1 Expression vector, Sm"

pLOI2223 E. coli integration vector, Amp"

pET28a+ Expression vector, Km'

pCDS89 pCDFDuet-1 containing calS8 and calS9
pLOIGalU Integration vector pLOI2223 containing galU
pAtGt-5 Expression vector pET28a+ containing argt-2
cDNA NCBI Acession Number

AtGt-5 AF360262

Stratagene PBL company
Unpublished data

Promega, USA

Novagen, Germany

NBRP (NIG, Japan): E. coli
Novagen, Germany

This work

This work

This work

Source
RIKEN Bioresource center
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Table 2. PCR primers used in amplification of genes and integration plasmids

Gene Sequence (5'-3") Portion of gene Restriction site Vectors

S8D AGCGGATCCCATCATGCCGTTCCTTCC 5' BamHI1 CDFDuet-1
AGCAAGCTTTCACCTTCCAATGCCGC 3 Hindlll

S9D AACCATATGCCCAGATCCCTGGTCACC 5 Ndel CDFDuet-1
AGTCTCGAGCTACCTGACGACCAGTCC 3 Xhol

GalU AGCGAATTCATGGCTGCCATTAATACG 5 EcoRI pLOI2223
GCAGGATCCTTACTTCTTAATGCCCAT 3 BamHI1

AtGt-5 AGCGGATCCATGGAGGAATCCAAAACA 5 BamHI1 pET28a+

GACAAGCTTTTAGTGGTTGCCATTTTG 3 Hindlll

vector. PCR was performed using a thermocylcer (Takara,
Japan) under the following conditions: 30 cycles of 30 sec
at 94°C, 1 min at 60°C, and 1 min at 72°C. The plasmid
pLOIGalU was constructed by amplification of galU from
E. coli K12, which was cloned into the integration vector
pLOI223. Plasmid pCDS89 was constructed by amplifi-
cation of calS8 and calS9 from the recombinant used in our
previous study provided by Prof. Andreas Bethold that was
cloned into pCDFDuet, and plasmid pAtGt-5 was con-
structed by amplification of Arabidopsis thaliana cDNA
that was cloned into pET28a+.

2.4, Experimental design for detection of glycosylation
The glucose-phosphate isomerase (pgi) gene was disrupted
from the E. coli BL21(DE3) chromosome using a A red
mediated Quick and Easy BAC Modification Kit (GENE
BRIDGES) to generate the host E. coli BL21(DE3) Apgi
[14]. The recombinant of integration vector pLOIGalU was
transferred into E. coli BL21 (DE3) Dpgi by heat pulse
transformation. The antibiotic-resistant transformants were
then selected and further conformed by isolation plasmid
DNA, and this was verified by PCR using respective gene
primers. In the same manner, recombinants pCDS89 and
PAtGt-5 were further transformed in a ga/U-integrated host.
Finally, engineered E. coli (US89Gt-5) was constructed for
the production of glycosylated products.

2.5. Whole cell biotransformation assay

E. coli (US89Gt-5) was used for whole cell biotransfor-
mation assay. This strain was grown on LB medium. After
the bacterial culture had reached an ODyg, of 0.7, 0.2 mM
isopropyl-1-thio-p-D-galactopyranoside (IPTG) was added,
followed by 0.2 mM Naringenin and Quercetin separately
after 30 min and then 0.25% glycerol as a carbon source.
After 60 h, the cultural broth was harvested for compound
extraction. Supernatant was extracted using ethyl acetate
and cell pellets were extracted using 80% methanol. The
extracted compounds were concentrated and dissolved in
methanol. The compounds recorded in this process were
analyzed by ESI-MS/MS and LC-MS/MS.

@ Springer

2.6. ESI, ESI-MS/MS, and LC-MS/MS Analysis
Electron spray ionization-mass spectrometry (ESI-MS)
analysis was carried out at a probe temperature of 392°C
with a source voltage of 31.2 V using a Finnigan AQA
(UK) mass spectrometer. Samples (2 pL) were injected via
a 10 pL loop and then transferred at a flow rate 1 mL/min
using methanol as a solvent. LC-MS analysis were per-
formed with a C18 column (30105-254630, Thermo, ODS
Hypersil; 4.6 x 250 mm; 5 um diameter particle) using an
isocratic gradient consisting of 70% water (0.1% trifluro-
acetic acid) and 30% acetonitrile at a flow rate of 1 mL/
min. The absorbance was recorded at 290 and 330 nm.

3. Results and Discussion

3.1. Engineering of UDP-sugars pathway

Metabolic engineering has become an effective tool for the
development of new antibiotics, and it may provide im-
portant strategies in the fight against antibiotic-resistant
pathogens [15,16]. The goal of our research was to con-
struct an E. coli strain capable of synthesizing UDP-sugars,
which would then be used to glycosylate flavonoids. As the
synthesis of UDP-glucose is a prerequisite to the produc-
tion of UDP-sugars, maximum carbon flux into UDP-
glucose seems to be a logical first step of metabolic engi-
neering [13]. Phosphoglucose isomerase (pgi) increases the
flux from glucose-6-phosphate to fructose-6-phosphate,
which indicates that deletion of pgi would be important to
partitioning the flux toward glucose-1-phosphate from
glucose-6-phosphate. Therefore, E. coli BL21 (DE3)/pgi
[14], was used as a host for further engineering of the
desired product. UDP-glucose pyrophosphorylase (GalU),
an enzyme involved in UDP-glucose synthesis, was over-
expressed in order to increase UDP-glucose synthesis. To
increase the flux towards UDP glucose, GalU was intro-
duced into the integration vector pLOI2223 under the
assumption that accumulation of UDP-glucose was suffi-
cient to direct the pathway. Further, recombinant contain-
ing CalS8 and CalS9 (pCalS89) (Fig. 1), which direct the
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Fig. 1. Recombinants constructed for engineering of metabolic pathways in E. coli: (A) Recombinant plasmid of the gal/U gene from E.
coli K12 in integration vector pLOI2223, (B) calS8 and calS9 genes were cloned into CDFDuet-1 vector, and (C) 7-O-
glycosyltransferase cloned into pET28a+ expression vector for construction of pAtGt-5.

pathway towards UDP-glucuronic acid and UDP-xylose,
was inserted into the GalU-integrated host for overexpre-
ssion. The engineered host expressing these genes was able
to synthesize UDP-sugars for the glycosylation of flavo-
noids upon expression of recombinant pAtGt-5.

3.2. Gene sequence analysis of AtGt-5

AtGt-5 (accession number AF360262) from Arabidopsis
thaliana used in this study belongs to the GI-B super-
family. This family includes Leloir pathway enzymes,
including that which attaches UDP-galactose to ceramide
during the biosynthesis of galactosylceramide [17]. AtGt-5
contained an amino acid sequence present in several plant
secondary product glycosyltransferase (PSPG box). The

protein sequence of AtGt-5 was compared to that of 7-O-
glycosyltransferase from several strains (Fig. S1). It was
found that the entire conserved region of AtGt-5 resembled
that of 7-O-glycosyltransferase from several strains, which
further assisted the prediction of glycosylation position.
The complete ORF (1,443 bp) of atGt-5 was cloned into
expression vector pET28a+ and then transferred into F.
coli BL21 (DE3) in order to verify the expression level.
The ~ 60 kDa protein resembled the expected size of the
recombinant (Fig. S2).

3.3. Feeding experiments
The main goal for the construction of a metabolically-
engineered strain was to obtain an improved system for

* 20 * 40 * 60 * 80 *
uflgt : MG-————— QLHIVLVPMIAHGHMIPMLDMARLFSSRGVETTIIATPA-———— FAEPIRRARESG---HDIGLTTTEFPPRGSSLPDNIR-——-—— : 15
At_2 : MGTPVEVSELHFLLFPFMAHGHMIPTLDMARLFATEGARSTILTTPLNARLFFERPIRSFNQDNPGLEDITIQILNFPCTELGLPDGCENTDFI : 94
ArGt-2 : =—-MEESETPHVAIIPSPGMGHLIFLVEFARRLVHLHG---LTVTFVIAGEGPFSEAQRTVLDS————-——— LPSSISSVFLPPVDLTDLSSSTR : 81
CmIFTGt @ ======= MKDTIVLYPNLGEEELVSMVELGKTTTTHHDSLSITTTTTTPPTTPSTTTTTLBCDSNAQYIATVTATTPSITFHRVPLEELPFNTP : a7
100 * 120 * 140 * 160 * 180
uf7gt : —=SLDQVTDDLLPHFFRALELLQEPVEEIMEDLEPDCLVSDMFLPWTTDSAARFGIPRLLFHGTSLFARCFAEQMSIQRPYENVSSDSEPFVLR : 167
At_2 : FSTPDLNVGDLSQEFLLAMEYFEEPLEELLVTMRPDCLVGNMFFPWSTRVAERFGVPRLVFHGTGYFSLCASHCIRLPE---NVATSSEPFVIP : 185
ArGt-2 : IES--RISLTVTRSNPELREVFDSFVEGGRLPTALVVDLFGTD-—-AFDVAVEFHVPEPYIFYPTTANVLSFFLHLPELDETVS-CEFRELTEPL : 169
GmIF7Gt FLPPHLLSLELTRHSTQNIAVALQTLAKASNLEAIVIDFMNFNDPKALTENLNNNVETYFYYTSGASTLALLLYYPTIHPTLIEKRDTDQPLQI : 181
* 200 * 220 * 240 * 260 * 280
Uf7gt : GLPHEVSFVRTQIPDYELQEGGDDAFSEMARQMRDADRKRSYGDVINSFEELESEYADYNEN--VFGRRAWHIGPLRLFNNRAEQRSSQRGRESA : 259
At 2 : DLPGDILITEEQVMETEE----ESVMGRFMRAIRDSERDSFGVLVNSFYELEQAYSDYFKS--FVARRAWHIGPLSLGNRKFEERAE-RGKEAS : 272
BrGt-2 : MLPGCVPVAGREDFLDPAQDR--EDDAYRWLLHNTRRYREAEGILVNTFFELEPNAIRALQEPGLDRPPVYPVGPLVN-————————— IGRQEARQ : 252
cmIF7Gt ° QIPGLSTITADDFPNECKDP--LSYACQVFLQIAETMMGGAGIIVNTFEAIEEEAIRALSEDATVPPPLFCVGPVIS-——======— APYG---- : 260
* 300 * 320 * 340 * 360 *
vfigt IDDHECLAWLNSEEPNSVVYMCFGSMATFTPAQLHETAVGLESSGUDFIWVVR-———==—===== NGG---ENEDWLPQGFEERIKGEGLMIRGW : 339
At 2 : IDEHECLEWLDSERCDSVIYMAFGTMSSFENEQLIEIAAGLDMSGHDFVWVVN-———=——==== REGSQVEREDWLPEGFEERTEGREGLIIRGW : 355
ArGt-2 : TEESECLEWLDNQPLGSVLYVSFGSGGTLTCEQLNELALGLADSEQRFLWVIRSPSGIANSSYFDSHSQTDPLTFLPPGFLERTEERGFVIPFW : 346
cmIF7Gt - EEDRGCLSWLNLQPSQSVVLLCFGSMGRFSRAQLREIAIGLERSEQRFLWVVRTELGGAD----DSAEELSLDELLPEGFLERTRKERGMVVRDW : 350
380 * 400 * 420 * 440 * 460 *
Uf7gt : BPQVMILDHPSTGAFVTHCGWNSTLEGICAGLEPMVTWEVFAEQFYNERLVTEVLETGVSVGNEE-WQRVGEGVGSEAVEERVERVMVGDGAREM : 432
At 2 : APQVLILEHEAIGGFLTHCGWNSLLEGVAAGLPMVTWPVGAEQFYNERLVTQVLETGVSVGVEEMMQVVGDFISRERVEGAVREVMVGE-—-ER : 446
AXrGt-2 : APQAQVLAHPSTGGFLTHCGWNSTLESVVSGIPLIAWPLYAEQRMNAVLLSEDIRAALRPRAGD————- DGLVRREEVARVVEGLMEGEEGRGV : 435
cmIF7Gt : APQAAILSHDSVGGFVTHCGWNSVLEAVCEGVEPMVAWPLYAEQEMNRMVMVEEMEVALAVNENE-—--— DGFVSSTELGDRVRELMESDEGEEI : 439
480 * 500 *

vf7gt : RSRALYYEEMAREAVEEGGSSYNNLNALIEELSAYVPPMEQGLN- : 476

At 2 : RERARELAEMAENAVREGGSSDLEVDRLMEELT-LVELQRERV-- : 488

ArGt-2 : RNEMEELEEAACRVLEDDGTSTHEALSLVALEWEAHERELEQNGNH : 480

CmIFTGt : RQRIFKMKMSBBEBMQEEETSEBSLDKLBKLNKQS —————————— : 474

Fig. S1. Gene sequence analysis of AtGt-5 (Arabidopsis thaliana) expressing Uf7gt (Scutellaria baicalensis, Gene Bank accession no.
BAAS83484); At 2 (Arabidopsis thaliana, Gene Bank accession no. AY090273); GmIF7GT (Glycine max, Gene Bank accession no.

AB292164). The entire specific conserved regions for plant glycosyltransferase are underlined.
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Fig. S2. SDS-PAGE analysis of AtGt-5, Lane 1: protein without
induction, Lane 2: Total expressed protein, and Lane 3: Soluble
protein, M: Marker.

flavonoid glycosylation. The engineered E. coli (US89Gt-
5) strain was constructed by integration of pLOIGalU, and
expression of pCDS89 and pAtGt-5 were used for the
bioconversion experiments (Fig. 2). Cultural broth of the
strain was induced with 0.2 mM IPTG and was fed with
naringenin and quercetin separately to a final concentration
of 0.2 mM in different flasks. Culture was continued for 60
h at 20°C, after which the products were extracted and
analyzed. Flavonoids glycosylated with UDP-xylose were
not detected during our experiment perhaps due to insuffi-
cient levels of UDP-xylose synthesized for glycosylation.

As a control experiment, we performed the experiment
without expression of pAtGt-5 and detected no glycosyl-
ated products.

3.4. Analysis of glycosylated compounds

The extracted compounds were first analyzed by ESI/MS
analysis. The mass profiles of the isolates fed with narin-
genin revealed the masses of glucunoryl naringenin (m/z"
449), xylosyl naringenin, and glucunoryl quercetin (m/z"
479) (data not shown). Further analyses were carried out
by ESI-MS/MS and LC-MS/MS. Fragmentation of O-
glycoside was initiated by cleavage of the O-sugar bond,
and this behavior was useful for identifying the aglycone
[18]. The loss of fragments with well-defined masses from
the pseudo molecular ion provided precise information
about the linked saccharide. Similarly, Fig. 4A presents the
positive ESI-MS/MS spectrum of glucunoryl naringenin
with a parent mass of m/z" 449. The fragment of m/z" 449
was concomitant with the expected pathway, i.e., the loss
of glucunoride moiety (m/z" 273, naringenin). The parent
ion also contained the fragments [M+H-H,O]" and [M+H-
2H,0]" as demonstrated previously by several researchers
[19-21]. Similarly, Fig.4B represents the ESI-MS/MS
spectrum of xylosyl naringenin with a parent mass of m/z"
405. The fragmentation pattern resembled in a similar
pattern as mentioned earlier, i.e., the loss of xylosyl moiety
(m/z" 273, naringenin). The LC-MS/MS spectrum of 7-O-
glucuronyl quercetin (Fig. 5) provided the fragment of
aglycone quercetin (m/z" 303) by the loss of glucunoride
moiety (m/z 176). These detailed spectrums from the mass

Metabolically engineered E. coli

calS8
1 l galU

D-glucose-1-phosphate

e

Naringenin Feeding
Quercetin ’

pei

\ Acetyl-CoA —= TCA cycle

D-glucose-6-phosphate _zw{_’ 6-phosphogluconolactone — Gluconate-6-phosphate

D-Fructose-6-phosphate === === Penlosc phosphate pathway

UDP-glucose ————— UDP-glucuronic acid ————— UDP-xylose

calS9

Products

T-O-glucuronyl naringeni
7-0-xylosyl naringenin
7-0-glucuronyl quercetin,

/

_— =

pLOIGalU
Integration

pCDS89
Overexpression

pAtGt-5
Overexpression

Fig. 2. Metabolically-engineered host E. coli (US89Gt-5) for production of spatially-distributed glycosylated flavonoids.
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Fig. 3. ESI-MS/MS analysis spectrum in positive mode. (A) 7-O-
glucuronyl naringenin and (B) 7-O-xylosyl naringenin.

to mass analysis suggest that the isolates from the host
were glycosyalted flavonoids.

4. Conclusion

Metabolic engineering of E. coli was carried out to pro-
duce spatially-distributed glycosidase flavonoids in vivo.
pLOIGalU and pCDS89 recombinants were applied to
engineer UDP-sugars pathways, whereas pAtGt-5 was used
for glycosylation. To confirm successful engineering, the
host was fed 0.2 mM of each flavonoid, with glycerol
(0.25%) as an additional carbon source. The products were
isolated and analyzed by ESI-MS/MS and LC-MS/MS,
and the detected glycosylated products were confirmed as

95
a4
e 2R 2= |\ N
100 15 = 200 150 300 35 0 400
Time (min)
HOOC o
OH Hof\mk_,_‘-o
o HO. e il
o |
0 0 2,
m
oH _I oH
2030484 °H O
100 -Gln
(m/z-176]
15382 220 0467 k04,0520
180188 | oxows
b l | oo FRITHmAT wra0ms
0 T r'llhr T T llll T T T T T T Ll b
100 150 200 250 300 350 400 450 500

miz

Fig. 4. LC-MS profile with LC-MS/MS analysis spectrum of 7-O-
glucuronyl quercetin.

7-O-glucuroyl naringenin, 7-O-xylosyl naringenin, and 7-
O-glucuronyl quercetin.

Acknowledgements

This study was supported by the 21C Frontier Microbial
Genomics and Application Center Program, the Ministry
of Science and Technology (Grant MG02-0301-004-2-3-
1), Republic of Korea.

References

1. Mao, Z., H. D. Shin, and R. R. Chen (2006) Engineering the E.
coli UDP-glucose synthesis pathway for oligosaccharide synthe-
sis. Biotechnol. Prog. 22: 369-374.

2. Liang, H. -R., P. Vuorela, and H. Vuorela (1997) Isolation and
immunomodulatory effect of flavonol glycosides from Epime-
dium hunanense. Planta Med. 63: 316-319.

3. Thorson, J. S., T. J. Hosted Jr, J. Jiang, J. B. Biggins, and J. Ahlert
(2001) Nature’s carbohydrate chemists: The enzymatic glycosy-
lation of bioactive bacterial metabolities. Curr: Org. Chem. 5:
139-167.

4. Li, D, J. H. Park, J. -T. Park, C. S. Park, and K. H. Park (2004)
Biotechnological production of highly soluble daidzein glyco-
sides using Thermotoga maritima maltosyltransferase. J. Agric.
Food Chem. 52: 2561-2567.

5. Ruffing, A. and R. R. Chen (2006) Metabolic engineering of
microbes for oligosaccharide and polysaccharide synthesis.
Microb. Cell Fact. 5: 25. 6.Stobiecki, M. (2000) Application of
mass spectrometry for identification and structural studies of fla-
vonoid glycosides. Photochem. 54: 237-256.

7. Mendez, C. and J. A. Salas (2001) Altering the glycosylation pat-
tern of bioactive compounds. Trends Biotechnol. 19: 449-456.

@ Springer



760

Biotechnology and Bioprocess Engineering 15: 754-760 (2010)

8.

9.

10.

14.

15.

Walsh, C. T. (2002) Combinatorial biosynthesis of antibiotics:
Challenges and opportunities. ChemBioChem. 3: 124-134.
Winkel-Shirley, B. (2001) Flavonoid biosynthesis: A colorful
model for genetics, biochemistry, cell biology and biotechnology.
Plant Physiol. 126: 485-493.

Mackenzie, P. 1., I. S. Owens, B. Burchell, K. W. Bock, A. Bai-
roch, A. Belanger, S. Fournel-Gigleux, M. Green, D. W. Hum, T.
Iyanagi, D. Lancet, P. Louisot, J. Magdalou, J. R. Chowdhury, J.
K. Ritter, H. Schachter, T. R. Tephly, K. F. Tipton, and D. W.
Nebert (1997) The UDP glycosyltransferase gene superfamily:
Recommended nomenclature update based on evolutionary
divergence. Pharmacogenetics 7: 255-269.

. Kapitonov, D. and R. K. Yu (1999) Conserved domains of glyc-

osyltransferases. Glycobiol. 9: 961-978.

. Paquette, S., B. L. Moller, and S. Bak (2003) On the origin of

family 1 plant glycosyltransferase. Phytochem. 62: 399-413.

. Simkhada, D., T. J. Oh, B. B. Pageni, H. C. Lee, K. Liou, and J.

K. Sohng (2009) Characterization of CalS9 in the biosynthesis of
UDP-xylose and production of xylosyl-attached hybrid com-
pound. Appl. Microbiol. Biotechnol. 83: 885-895.

Kurumbang, N. P,, K. Liou, and J. K. Sohng (2009) Biosynthesis
of paromamine derivatives in engineered Escherichia coli by het-
erologous expression. J. Appl. Microbiol. 108: 1780-1788.
Cane, D. E., C. T. Walsh, and C. Khosla (1998) Harnessing the

@ Springer

19.

biosynthetic code: Combinations, permutations, and mutations.
Science 282: 63-68.

. White-Phillip, J., C. J. Thibodeaux, and H. W. Liu (2009) Enzy-

matic synthesis of TDP-deoxysugars. Methods Enzymol. 459:
521-544.

. Lamb, S. and G. Wright (2005) Accessorizing natural products:

Adding to nature’s toolbox. Proc. Natl. Acad. Sci. USA. 102: 519-
520.

. Thorson, J. S., W. A. Barton, D. Hoffmeister, C. Albermann, and

D. B. Nikolov (2004) Strucutre-based enzyme engineering and
its impact on in vitro glycorandomization. ChemBioChem. 5: 16-
25.

Boue, M. S., H. C. Carter-Wientjes, Y. B. Shih, and E. T. Cleve-
land (2003) Identification of flavone aglycones and glycosides in
soybean pods by liquid chromatography-tandem mass spectrom-
etry. J. Chromatogr: A. 991: 61-68.

20. Chen, L. J,, D. E. Games, J. Jones, and H. Kidwell (2003) Sep-

21.

aration and identification of flavonoids in an extract from the
seeds of Oroxylum indicum by CCC. J. Lig. Chromatogr. Relat.
Technol. 26: 1623-1636.

Ma, Y. L., Q. M. Li, H. Van den Heuvel, and M. Claeys (1997)
Characterization of flavone and flavonol aglycones by collision-
induced dissociation tandem mass spectrometry. Rapid Commun.
Mass Spectrum. 11: 1357-1364.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


