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Abstract Escherichia coli strains expressing the O-glucosyltransferases UGT73B3 or
UGT84B1 were compared for the production of glucosides from quercetin supplied into a
defined medium. The formation of quercetin-3-glucoside (Q3G) by UGT73B3 showed a
maximum at 33 °C, while the formation of quercetin-7-glucoside by UGT84B1 increased
with increasing temperature to 37 °C. The highest concentrations of Q3G were attained by
strains having a deletion in the pgi gene-coding phosphoglucose isomerase, which effectively
blocked the entry of glucose-6P into the Embden–Meyerhof–Parnas pathway. Formation of
Q3G was improved in 1-L controlled bioreactors compared to shake flask cultures, a result
attributed to the greater oxygen transfer rate in bioreactors. Under batch conditions with 30 g/L
glucose as the sole carbon source, E. coli MEC367 (MG1655 pgi) expressing UGT73B3
generated 3.9 g/L Q3G in 56 h.

Keywords Glycosylation . Glucose-6-phosphate isomerase . Glucose-6-phosphate 1-
dehydrogenase

Introduction

Flavonoids consist of a large group of natural polyphenols including quercetin and are widely
found in cereals, fruits, and vegetables such as apples, onions, tea, and wine [1–4]. Like many
flavonoids, quercetin possesses several beneficial biological activities including inhibition of
cancer cells [5–7], anti-oxidative effects [8], anti-inflammatory activities [9], and vasodilation
and reduction of blood pressure [10–12]. However, the low water solubility of quercetin limits
its in vivo availability and effectiveness as a food additive and dietary supplement [13, 14].

Quercetin contains five hydroxyl groups, and O-glycosylation at any of these locations
increases the water solubility by several folds [14], resulting in glucosides which exhibit
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greater bioavailability than the aglycone quercetin [15–19]. For example, as much as 5-fold
greater concentrations of quercetin metabolites were found in organs of rats fed with quercetin-
3-glucoside (Q3G) compared to rats whose diets were supplemented with quercetin [20]. In
addition to greater bioavailability, quercetin glucosides benefit human health similar to the
aglycone. For example, Q3G suppresses growth of various colon cancer cell lines (SW480,
DLD-1, and HCT116) in vitro by targeting the Wnt/β-catenin signaling pathway but exerts no
effect on non-tumor colon IEC-18 cells [21]. Other quercetin glucosides have similar biolog-
ical activities [22–24].

Although quercetin glucosides are widely distributed in nature, their concentrations in plant
material are generally low, and therefore, extraction of quercetin glucosides directly from
plants is rarely practical [25]. Direct biocatalytic formation of glucosides from quercetin using
glucosyltransferases such as UGT73B3 and UGT84B1 requires equimolar quantities of
expensive uridine diphosphate (UDP)-glucose (Fig. 1). Using whole cells may be a promising
way to produce quercetin glucosides, because cell metabolism can provide a continual supply
of UDP-glucose [26]. Previous research has established the effectiveness of using Escherichia
coli as a cell factory for glucoside formation: expressing Medicago truncatula UGT71G1
Tyr202Ala mutant in a complex medium converted 34 mg/L quercetin into 20 mg/L Q3G in
48 h [27], expressing Oryza sativa glucosyltransferase cDNA RF5 converted 34 mg/L
quercetin into 46 mg/L Q3G in 6 h [28], and expressing Arabidopsis thaliana UGT73B3
produced 9 mg/L Q3G in shake flasks using a complex medium and 99 mg/L Q3G in 20 h in a
2-L controlled bioreactor [29].

Intracellular accumulation of the sugar donor UDP-glucose in E. coli from glucose-
6P (Fig. 2) is likely critical to improve the cellular production of quercetin glucosides
although its intracellular concentration is usually only 1–2 mM [30]. Metabolic engi-
neering directed at increasing the accumulation of glucose-6P, the precursor of UDP-
glucose, could enhance the formation of the sugar donor and hence quercetin gluco-
sides in a cell expressing glucosyltransferases. For example, E. coli with deletions in
gene-coding phosphoglucose isomerase (pgi) or both pgi and glucose 6-phosphate
dehydrogenase (zwf) showed elevated intracellular glucose-6P pools [31, 32], and thus,

Fig. 1 Quercetin glycosylation catalyzed by UDP-glucosyltransferases UGT73B3 and UGT84B1 [29]
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these mutants could elevate formation of products derived from glucose-6P. Of course,
overexpressing enzymes involved in the conversion of glucose-6P to UDP-glucose may
also improve UDP-glucose formation, and co-overexpressing phosphoglucomutase
(pgm) and UDP-glucose pyrophosphorylase (galU) has previously increased the yield
of UDP-sugar-derived disaccharides [30]. Previous studies, generally in shake flask
culture, have focused both on flavanol synthesis from coumaric acid and glucosylation
of the resulting flavanol [33, 34].

The objective of the current study is to engineer E. coli strains to generate high concentra-
tions of quercetin glucosides from quercetin. In addition to optimizing the temperature for
quercetin glycosylation using two glucosyltransferases, the pathway to UDP-glucose was
engineered to understand the bottlenecks in quercetin glycosylation. Processes in shake flasks
and in controlled bioreactor processes were compared to optimize the production of quercetin
glucoside.

Materials and Methods

Strains

E. coli MG1655 (wild-type, F- λ- ilvG- rfb-50 rph-1) and its derivatives were used for this
study (Table 1). Knockouts of zwf and pgi were constructed by transducing MG1655 with the
corresponding Keio (FRT)Kan deletions [35] and, if necessary, to delete a second gene or
transform with a plasmid, curing the Kan(R) using the pCP20 plasmid, which contains a

Fig. 2 Hexose transformations in the upper metabolic pathways in Escherichia coli. The formation of quercetin
glucosides from quercetin and metabolite UDP-glucose is mediated by glucosyltransferases
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temperature-inducible FLP recombinase as well as a temperature-sensitive replicon [36]. All
strains were verified by PCR.

Construction of Plasmids

The UGT73B3 and UGT84B1 genes from A. thaliana were PCR cloned and digested with
EcoRI and KpnI, then subsequently cloned into vector pTrc99A to yield plasmids pTrc99A-
UGT73B3 and pTrc99A-UGT84B1. The UGT73B3 gene was PCR amplified with primers 5′-
GGGAAAGAATTCATGAGTAGTGATCCTCATCGTAAGCTCCA-3′ (forward) and 5′-
GGGAAAGGTACCTTACGAGGTAAACTCTTCTATGAAGCTGT-3′ (reverse), and the
UGT84B1 gene was PCR amplified with primers 5′-GGGAAAGAATTCATGGGCAG
TAGTGAGGGTCAAG-3′ (forward) and 5′-GGGAAAGGTACCTTAGGCGATTGTGA
TATCACTAATG-3′ (reverse). To construct the pCS27-pgm, pCS27-galU, and pCS27-glk
plasmids, the pgm, galU, and glk genes were PCR amplified using E. coli BW25113 genomic
DNA as the template. The PCR fragments were digested by KpnI and BamHI and ligated into
the KpnI and BamHI sites of pCS27, generating the desired plasmids.

Growth Conditions

The defined medium used in all experiments contained (per L) the following: 13.3 g KH2PO4,
4.0 g (NH4)2HPO4, 1.2 g MgSO4·7H2O, 13.0 mg Zn(CH3COO)2·2H2O, 1.5 mg CuCl2·2H2O,
15.0 mg MnCl2·4H2O, 2.5 mg CoCl2·6H2O, 3.0 mg H3BO3, 2.5 mg Na2MoO4·2H2O, 100 mg
Fe(III)citrate, 8.4 mg Na2EDTA·2H2O, 1.7 g citric acid, 4.5 mg thiamine·HCl, and carbon
source (i.e., glucose, mannitol) as indicated. As appropriate for the strain, the medium
contained 100 mg/L ampicillin and 50 mg/L kanamycin.

Strains transformed with pTrc99A-UGT73B3 or pTrc99A-UGT84B1 were first cultured in
a 125-mL flask containing 20-mL medium with 8 g/L glucose. Strains having deletions in both
the pgi and zwf genes (MEC374, MEC411) additionally contained 8 g/L mannitol. All shake
flasks were incubated at the desired temperature and 250 rpm (19 mm pitch), and the pH
adjusted to an initial value of 7.0 with 20% (w/v) NaOH. When the optical density (OD)
reached 3, 2 mL was used to inoculate a 250-mL shake flask containing 50 mL of the identical
medium. When the OD in this second flask reached 1, 0.5 mM isopropyl β-D-1-thiogalacto-
pyranoside (IPTG) and 45 mg quercetin dissolved in 1.5 mL DMSOwere added (resulting in a
900 mg/L effective quercetin concentration). The temperature range of 20–37 °C was first
examined to establish the optimal temperature for glycosylation using MG1655. This same
procedure was also used at one temperature to compare quercetin glycosylation in shake flasks
among different strains. All shake flask experiments were conducted three to six times.

Table 1 Escherichia coli strains used in the study of glycosylation

Strain Genotype Reference

MG1655 F- λ- ilvG- rfb-50 rph-1 Wild-type
MEC367 MG1655 Δpgi-721::Kan This study
MEC368 MG1655 Δzwf-777::Kan This study
MEC374 MG1655 Δzwf-777::(FRT) Δpgi-721::Kan This study
MEC410 MG1655 Δpgi-721::(FRT) This study
MEC411 MG1655 Δzwf-777::(FRT) Δpgi-721::(FRT) This study
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Controlled Batch Fermentations

For bioreactor experiments, a strain was first grown in a 250-mL shake flask containing 50 mL
medium at a pH of 7.0 and incubated at 37 °C and 250 rpm. When the OD reached 3, the flask
contents were used to inoculate a 2.5-L bioreactor (Bioflo 2000, New Brunswick Scientific
Co., Edison, NJ) containing initially 1.0-L medium with 8 g/L glucose. Air was sparged at a
flow rate of 1.0 L/min, and an agitation of 500 rpm ensured the dissolved oxygen remained
greater than 70% saturation. The pH was controlled at 7.0 using 20% NaOH. When the OD
reached 1, 0.5 mM IPTG and 2 g quercetin dissolved in 30 mL DMSO were added (resulting
in a 2 g/L effective quercetin concentration). For microaerobic experiments, the strain was
cultured under aerobic condition in the first 16 h, and then the dissolved oxygen level was
decreased to 5–10% saturation by sparging a mixture of N2 and air. All bioreactor experiments
were conducted in duplicate.

Analyses

The OD at 600 nm was used to monitor cell growth (DU-650 spectrophotometer, Beckman
Instruments, San Jose, CA). Liquid chromatography was used to quantify glucose, mannitol,
organic acids, and ethanol [37]. To analyze quercetin and quercetin glucosides, a 1-mL sample
was centrifuged to obtain a supernatant and a cell pellet, the latter which was resuspended in
0.2 mL DMSO to extract the flavonoids. The combined supernatant and extracted pellet
fractions were centrifuged again, and the supernatant was analyzed by HPLC at 370 nm using
a 5-μm C18 column (250 × 4.6 mm, Whatman-Partisphere) and a linear gradient of 20 to 80%
acetonitrile in H2O with 0.1% trifluoroacetic acid at 1 mL/min over 60 min [29].

Results

Effect of Temperature on Glucoside Formation

The glucosyltransferases UGT73B3 and UGT84B1 from A. thaliana mediate the biotransfor-
mation of quercetin to quercetin-3-glucoside (Q3G) and quercetin-7-glucoside (Q7G), respec-
tively (Fig. 1). Previous research demonstrated the specificity of these enzymes at the low
bacterial growth temperature of 20 °C but did not establish the optimal temperature for the
whole cell glycosylation of quercetin by E. coli [29]. We therefore first completed a set of
experiments over the temperature range of 20–37 °C expressing these genes individually in
E. coli MG1655 (Fig. 3). The results demonstrated that the optimal temperature for Q3G
formation using UGT73B3 was about 33 °C, while the formation of Q7G using UGT84B1
increased with increasing temperature over the entire experimental range (Fig. 3). While
greater Q7G formation is possible above the range examined, E. coli degrades proteins at an
increased rate above 37 °C [38], shows significant changes in protein expression
above 40 °C [39] and does not grow in a defined medium above 44 °C [39]. With 8 g/L
glucose as the sole carbon source and 900 mg/L quercetin as available precursor for glyco-
sylation, the maximum glucoside concentration was 330 mg/L for Q3G and 95 mg/L for Q7G
in the wild-type background E. coli. In all cases, 600 mg/L or more quercetin remained
unreacted at the time of maximum glucoside formation. Typically, the maximum glucoside
concentration was observed a few hours after glucose was depleted, although the difference
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between the concentration at the time of glucose exhaustion and the maximum was only about
10%. Note that the presence of sparingly soluble quercetin prevented the measurement of an
accurate OD. Since UGT73B3 consistently generated more glucoside, all subsequent studies
were conducted at 33 °C with UGT73B3.

Glucoside Formation with Engineered Strains in Shake Flask Culture

UGT73B3 requires UDP-glucose as the sugar donor for glucotransfer, and in E. coli, UDP-
glucose is formed in two enzymatic steps from glucose-6P (Fig. 2), a metabolite that is
normally directed into the Embden–Meyerhof–Parnas (EMP) pathway via glucose-6P isom-
erase (coded by the pgi gene) or into the pentose phosphate (PP) pathway via glucose-6P 1-
dehydrogenase (zwf). In a defined medium with 5 g/L glucose as the sole carbon source, the
growth rate of MG1655 was 0.73 h−1; the zwf deletion (MEC368) slightly reduced the growth
rate to 0.69 h−1, whereas the deletion of pgi (MEC367) reduced the growth rate to 0.19 h−1.

We next investigated whether reducing bacterial metabolism through each of these path-
ways would affect the formation of Q3G. Specifically, we compared glucoside formation in
MG1655/pTrc99A-UGT73B3, MEC367/pTrc99A-UGT73B3 (pgi deletion), and MEC368/
pTrc99A-UGT73B3 (zwf deletion) in shake flask cultures with 8 g/L glucose and 900 mg/L
quercetin. Both the wild-type expressing UGT73B3 and the zwf knockout expressing
UGT73B3 accumulated 300–330 mg/L Q3G within 24 h, while the pgi knockout produced
560 mg/L Q3G, a 70% increase in Q3G concentration (Fig. 4).

The sugar donor, UDP-glucose, is generated in three steps from glucose (Fig. 2). Glucose is
first transported into the cell and phosphorylated to glucose-6P by a phosphotransferase system
(ptsG or manZ) or by glucokinase (glk). Glucose-6P is then isomerized to glucose-1P by
phosphoglucomutase (pgm), and glucose-1P is converted to UDP-glucose by UDP-glucose
pyrophosphorylase (galU). We next investigated whether the overexpression of glk, pgm, or
galU would further enhance the production of Q3G in the pgi knockout. The plasmids pCS27-
glk, pCS27-pgm, or pCS27-galU were individually transformed into MEC410 in addition to
pTrc99A-UGT73B3. The glycosylations were again conducted in shake flasks with 8 g/L
glucose and 900 mg/L quercetin. The strain overexpressing pgm gene increased Q3G

Fig. 3 Quercetin glycosylation in
shake flasks at different
temperatures. Generation of
quercetin-3-glucoside (Q3G) by
MG1655/pTrc99A-UGT73B3
(filled circle) and the generation of
Q7G MG1655/pTrc99A-
UGT84B1 (empty circle). Error
bars indicate standard error from
three to six experiments
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production by 46%, while the overexpression of other two individual genes did not increase
the formation of Q3G compared to MEC367/pTrc99A-UGT73B3 (Fig. 4).

We also were interested in forming Q3G in E. coli having knockouts in both the zwf and pgi
genes, which together would effectively prevent glucose-6P from being metabolized through
either the Embden–Meyerhof–Parnas or pentose phosphate pathways (Fig. 2). Of course,
E. coli lacking both genes is unable to grow on glucose as the sole carbon source, and
therefore, for these shake flask experiments, mannitol was added into the medium in addition
to glucose. We also again examined the effect of expressing glucokinase, phosphoglucomu-
tase, and UDP-glucose pyrophosphorylase individually on Q3G formation (Fig. 4). In all cases
using the zwf pgi double knockout with 900 mg/L quercetin, 390–400 mg/L Q3G was formed,
about 25% less than in MEC367 having the pgi knockout alone.

Glucoside Formation in Controlled Bioreactors

We next sought to investigate Q3G production in controlled bioreactors. These batch glyco-
sylations were conducted with 8 g/L glucose and 2 g/L quercetin, and six strain constructs
were examined: MG1655/pTrc99A-UGT73B3, MEC367/pTrc99A-UGT73B3 (pgi deletion),
and MEC368/pTrc99A-UGT73B3 (zwf deletion) as well as the pgi knockout overexpressing
one of the genes pgm, galU, or glk (Fig. 5). The wild-type expressing UGT73B3 accumulated
720 mg/L Q3G within 14 h. The zwf deletion did not alter Q3G formation, while the pgi
deletion elevated the final concentration of Q3G to 1550 mg/L in 36 h, greater than twice the
concentration generated by the wild-type (Fig. 5). Although the oxygen was not limited during
any of these controlled cultures, the wild-type and the zwf knockout additionally generated
0.5–0.7 g/L acetate as a by-product, while the pgi knockout grew at about one third the rate
and did not generate acetate. In contrast to the shake flask experiments, overexpression of any
of the genes pgm, galU, or glk in the pgi knockout MEC410 did not increase the formation of
Q3G compared to MEC367/pTrc99A-UGT73B3 (Fig. 5). Generally, batch cultures in a
controlled bioreactor resulted in about a 2-fold increase in Q3G concentration compared to

Fig. 4 Comparison of Q3G
accumulation by different
Escherichia coli strains in 250-mL
baffled shake flasks. Each 50 mL
culture contained 8 g/L glucose
initially, and 900 mg/L quercetin
was added when the OD reached
1.0. Escherichia coli strains with
deletions in both the zwf and pgi
genes additionally contained 8 g/L
mannitol
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shake flask cultures with the corresponding strain. MEC410/pTrc99A-UGT73B3/pCS27-pgm
was the only exception to this result, as this knockout expressing phosphoglucomutase
accumulated about 800 mg/L Q3G in both shake flasks and bioreactors.

We suspected that dissolved oxygen level was likely the principal difference between shake
flasks and controlled bioreactors. We therefore next conducted microaerobic experiments
using MEC367/pTrc99A-UGT73B3 by maintaining the DO to less than 10% saturation after
the first 16 h of growth in bioreactors. This controlled, oxygen-deprived culture generated
610 mg/L Q3G, 60% lower than the same strain in fully oxygenated conditions, and only 10%
greater than the concentration observed when MEC367/pTrc99A-UGT73B3 was cultured in
shake flasks (Fig. 4).

Finally, in order to determine if a greater concentration of quercetin glucoside could be
generated in a batch culture, we conducted 1 L batch processes using 30 g/L glucose and 5 g/L
quercetin. In this controlled experiment, 3.9 g/L Q3G was produced by MEC367/pTrc99A-
UGT73B3 (pgi deletion) in 56 h (Fig. 6). Acetate, a typical product of aerobic E. coli
processes, was not detected in the fermentation broth during growth of the pgi knockout strain
(i.e., its concentration was less than 0.05 g/L).

Discussion

In the current study, quercetin-3-glucoside (Q3G) and quercetin-7-glucoside (Q7G) were
formed using glucosyltransferases UGT73B3 and UGT84B1, respectively, and adding the
aglycone quercetin into the culture of growing E. coli cells. We first examined the glucoside
production in shake flasks using wild-type E. coli expressing these enzymes over the range of
20 °C – 37 °C. Surprisingly, the maximal temperatures were significantly different for the two
glycosylations, with UGT73B3 showing a distinct maximum in Q3G formation at about 33 °C
while Q7G formation by UGT84B1 increased over the entire temperature range. A previous
study used 20 °C for glucoside formation in shake flasks using a complex medium [29], and
these conditions generated about 9 mg/L Q3G and 4.8 mg/L Q7G, respectively. Our shake

Fig. 5 Comparison of Q3G
accumulation by different
Escherichia coli in controlled
bioreactors with 1.0 L working
volume. Each culture contained
8 g/L glucose initially, and 2 g/L
quercetin was added when the OD
reached 1.0
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flask studies using defined medium at this same temperature resulted in 32-fold greater Q3G
(153 mg/L) and 3.5-fold greater Q7G (17 mg/L) than these previous results. Moreover,
compared to results at 20 °C, we observed 2.2-fold greater Q3G at 33 °C (330 mg/L) and
5.6-fold greater Q7G at 37 °C (95 mg/L). Our results not only demonstrate the value of
temperature optimization to improve glycosylation by whole-cell catalysis but also indicate
that glucosyltransferases behave differently with temperature. We can rationalize the effect of
temperature by noting that glucoside formation from glucose and quercetin will not only
depend on the activity and denaturation of the specific glucosyltransferase relative to other
enzymes competing with substrates in this pathway, but glucoside formation will also depend
on the cell growth rate, on the availability of uridine-5′-triphosphate (UTP) to charge the sugar
donor UDP-glucose, and on the equilibrium between glucose-6P and glucose-1P. Since the
isomerization of glucose-6P to glucose-1P is thermodynamically unfavorable with
ΔG°′ = 7.1 kJ mol−1 [40], yielding an equilibrium constant of 0.057 (at 25 °C), increasing
temperature favors glucose-1P formation slightly.

The medium and carbon source likely also affects glucoside formation. Typically, lysogeny
broth (BLB^) has been selected to investigate the performance of various enzymes on quercetin
glycosylation (e.g., 29). By using a defined medium with glucose as sole carbon source, cells
are able to generate glucose-6P directly. When E. coli grows on defined media with glucose as
the carbon source, enzymes of the PTS (e.g., PtsHI, Crr, and ManX) and enzymes of the upper
glycolytic pathway are upregulated compared to the cells growing in rich media such as LB or
terrific broth [41].

Bioconversion of quercetin using various strains generally accumulated twice the amount
of Q3G in controlled bioreactors as in shake flasks (Figs. 4 and 5). The availability of quercetin
was not a limiting factor, as this substrate was always in excess for both the shake flask and
bioreactor experiments, and residual quercetin always remained at the end of each culture. In
shake flask cultures, the 900 mg/L quercetin present could theoretically generate 1380 mg/L
Q3G, though most shake flask cultures attained less than 40% of this maximal concentration.
We attribute the general improvement in Q3G yield in bioreactors to be due to improved
oxygenation in these cultures. This conclusion is supported by results in which cultures were
intentionally oxygen-deprived, resulting in Q3G concentrations close to those concentrations
observed in shake flask cultures. Furthermore, MEC367/pCS27-pgm grew about 30% slower
than MEC367, MEC367/pCS27-glk, and MEC367/pCS27-galU, while MEC367 grew about
75% slower than MG1655 and MEC368. Oxygen uptake rate is lower in slow growing strains,

Fig. 6 Quercetin-3-glucoside
(filled triangle) formation by
Escherichia coli MEC367/
pTrc99A-UGT73B3. The 1.0 L
process was conducted in a
controlled bioreactor with 30 g/L
glucose (empty square) initially,
and 5 g/L quercetin was added
when the OD reached 1.0 (at 9 h)
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and therefore, the slow-growing MEC367/pCS27-pgm would encounter the least oxygen
deprivation in shake flask cultures. Thus, the high glucoside concentration attained by
MEC367/pTrc99A-UGT73B3/pCS27-pgm compared to other strains in shake flask culture
could be partly attributed to greater oxygen availability during growth of this strain. In the
controlled bioreactor in which all cultures were fully oxygenated, slow-growing MEC367/
pTrc99A-UGT73B3/pCS27-pgm no longer outperformed the other strains. We speculate that
accumulation of UDP-glucose, which serves as the sugar donor for glucoside formation, is
coupled to UTP regeneration and limited by ATP availability. ATP synthesis is sensitive to
oxygen supply, and aerobic growth of E. coli generates about 2.5 times more ATP than
anaerobic growth [42].

The glucose donor UDP-glucose is derived from glucose via glucose-6P, and blocking
glucose-6P metabolism through glycolysis or the PP pathway would benefit UDP-glucose
accumulation. A pgi knockout blocks glycolysis between glucose-6P and fructose-6P, and with
this knockout, the PP pathway becomes the primary pathway to metabolize glucose-6P
(Fig. 2). A zwf knockout prevents glucose-6P from entering the PP pathway, and in this case,
glucose-6P is only metabolized through the EMP pathway. We observed a significantly
reduced growth rate in the pgi knockout, while the zwf knockout did not alter the specific
growth rate, consistent with previous research results [43, 44]. Steady-state cultures of wild-
type E. coli on a defined glucose medium have demonstrated a metabolic flux distribution of
80% glucose entering glycolysis and 20% entering the PP pathway, with the activity of
phosphoglucose isomerase 3.6-fold higher than the activity of glucose 6-phosphate dehydro-
genase [45]. In addition, NADPH competitively inhibits glucose 6-phosphate dehydrogenase
[46]. Thus, the PP pathway likely has a limited capacity to metabolize glucose-6P, and the
reduced glycolytic flux for the pgi mutant increases the glucose-6P pool, as reported by others
[31, 32]. Decreased glucose uptake also increases phosphorylated EIIA (EIIA-P) and thus
cAMP-Crp, which in turn activates TCA cycle [47], while decreased fructose-1,6P2 leads to
activated glyoxylate pathway enzymes [48–51]. The absence of acetate in the pgi knockout
can thus be attributed to these regulatory changes compared to the parent strain [47, 52–54].
Moreover, not only did the pgi deletion play a pivotal role in sugar donor accumulation by
increasing the glucose-6P pool, this knockout could potentially improve heterologous protein
expression by eliminating acetate formation and E. coli overflow metabolism [55].

Overexpression of phosphoglucomutase (pgm), UDP-glucose pyrophosphorylase (galU),
or glucokinase (glk) individually did not improve the glucoside formation in the controlled
bioreactor. The kCAT values of phosphoglucomutase for glucose-6P and UDP-glucose
pyrophosphorylase for glucose-1P have not been reported. Overexpression of pgm alone
might yield no benefit (other than reduced growth rate in shake flask described above) simply
because glucose-6P and glucose-1P are already close to an (unfavorable) equilibrium in a pgi
knockout growing on glucose. Moreover, glucose-1P may activate competing pathways such
as its conversion to amylose and glycogen via glucose-1P adenylyltransferase and glycogen
synthase. E. coli strains deficient in phosphoglucomutase synthesize significantly more amy-
lose than wild-type when grown on galactose or maltose, due to accumulation of glucose-1P
[56, 57]. Overexpression of glucokinase could increase the phosphorylation of glucose, but its
overexpression might also accelerate ATP consumption, which affects UTP regeneration and
coupled UDP-glucose formation. Like many prokaryotes and eukaryotes, E. coli regenerates
UTP from UDP and ATP via nucleoside diphosphate kinase (Ndk) [58]. UTP regeneration
may currently be the bottleneck for glucoside formation rather than the phosphorylation of
glucose. Overexpression of Ndk has previously enhanced the formation of cyanidin 3-O-
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glucoside in E. coli [59], and strategies which elevate UTP regeneration are the next potential
steps to further improve the production of quercetin glucosides.

Bacterial cultures growing on glucose for the production of glucosides have the significant
advantage of continuously supplying sugar donors in vivo to the glucosyltransferase. In less
than 60 h, E. coli with a single pgi knockout and expressing UGT73B3 generated nearly 4 g/L
Q3G as the sole glucoside product observed in a defined medium.
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