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Abstract Shikimate and 3-dehydroshikimate are useful
chemical intermediates for the synthesis of various com-
pounds, including the antiviral drug oseltamivir. Here, we
show an almost stoichiometric biotransformation of quinate
to 3-dehydroshikimate by an engineered Gluconobacter
oxydans strain. Even under pH control, 3-dehydroshikimate
was barely detected during the growth of the wild-type
G. oxydans strain NBRC3244 on the medium containing
quinate, suggesting that the activity of 3-dehydroquinate
dehydratase (DHQase) is the rate-limiting step. To identify
the gene encoding G. oxydans DHQase, we overexpressed the
gox0437 gene from the G. oxydans strain ATCC621H, which
is homologous to the aroQ gene for type II DHQase, in
Escherichia coli and detected high DHQase activity in cell-
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free extracts. We identified the aroQ gene in a draft genome
sequence of G. oxydans NBRC3244 and constructed
G. oxydans NBRC3244 strains harboring plasmids containing
aroQ and different types of promoters. All recombinant
G. oxydans strains produced a significant amount of 3-
dehydroshikimate from quinate, and differences between pro-
moters affected 3-dehydroshikimate production levels with
little statistical significance. By using the recombinant
NBRC3244 strain harboring aroQ driven by the lac promot-
er, a sequential pH adjustment for each step of the biotrans-
formation was determined to be crucial because 3-
dehydroshikimate production was enhanced. Under optimal
conditions with a shift in pH, the strain could efficiently
produce a nearly equimolar amount of 3-dehydroshikimate
from quinate. In the present study, one of the important steps
to convert quinate to shikimate by fermenting G. oxydans
cells was investigated.

Keywords 3-Dehydroshikimate - Type II 3-dehydroquinate
dehydratase - Gluconobacteroxydans - aroQ - Quinate -
Shikimate

Introduction

Shikimate and 3-dehydroshikimate (3-DHS) are common syn-
thetic intermediates of aromatic amino acids in the shikimic
acid pathway in plants, fungi, and bacteria. The interconver-
sion of these intermediates is catalyzed by shikimate dehydro-
genase. Both chemicals are used as raw materials for the
synthesis of compounds, such as the antiviral drug oseltamivir,
because each molecule has a six-member carbon ring with two
asymmetric carbons (three asymmetric carbons for shikimate),
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which are difficult to chemically synthesize. In addition,
microbial fermentation to produce 3-DHS is useful because
3-DHS is an antioxidant (Richman et al. 1996).

Naturally, shikimate can be obtained by extracting the
fruits of the Chinese plant star anise (Illicium vernum;
"tou-shikimi" in Japanse) or produced from D-glucose
using a native shikimate-producing bacterial isolate,
Citrobacter freundii (Tripathi et al. 2013). The high
demand for drug development has driven the develop-
ment of a more efficient fermentation process using a
recombinant Escherichia coli strain that overexpresses
the feedback resistant 3-deoxy-D-arabino-heptulosonic
acid 7-phosphate synthase (AroF'®Y), shikimate dehy-
drogenase, transketolase, and phosphoenolpyruvate syn-
thase (Chandran et al. 2003).

Alternatively, the Gluconobacter oxydans strain
NBRC3244 (formerly G. oxydans 1FO3244) has the potential
to transform quinate to shikimate using the following three
enzymes that are essential for this biotransfomation:
membrane-bound quinate dehydrogenase (QDH) (Adachi
et al. 2003b), 3-dehydroquinate dehydratase (DHQase), and
NADP"-dependent shikimate dehydrogenase (Fig. 1). NAD'-
and NADP'-independent oxidations of quinate by
Gluconobacter spp. were reported for the first time in 1967
(Whiting and Coggins 1967). A similar enzyme, QDH, has
been identified as a pyrroloquinoline quinone (PQQ)-depen-
dent enzyme in Acinetobacter sp. (van Kleef and Duine
1988). We purified the PQQ-dependent QDH from
G. oxydans NBRC3244 and cloned the gene for QDH of
NBRC3244 to heterologously express it in Pseudomonas sp.
(Vangnai et al. 2004, 2010). The biotransformation of quinate
to 3-dehydroquinate (3-DHQ) by QDH has been reported for
growing G. oxydans NBRC3244, G. oxydans NBRC3292,
G. oxydans (formerly Gluconobacter melanogenus)
NBRC3294, and Gluconacetobacter liquefaciens (formerly
G. liquefaciens) NBRC12388 cells (Adachi et al. 2003a).
Furthermore, the biotransformation of 3-DHQ to 3-DHS is
catalyzed by DHQase. To make this biotransformation step
occur easily, several processes were developed using either
Ca”"-alginate-immobilized Gluconobacter cells, dried
Gluconobacter membranes, or Ca® -alginate-immobilized
Gluconobacter membranes (Adachi et al. 2003a, 2006a, b,
2010). Even from quinate, 3-DHS is produced by dried
Gluconobacter cells (Adachi et al. 2003a). Finally, 3-DHS is
quantitatively reduced to shikimate in vitro using one of the
following methods: purified shikimate dehydrogenase and
NADPH, coupled with an NADPH-regeneration system,
consisting of an NADP"-dependent glucose dehydrogenase
of G. oxydans and D-glucose (Adachi et al. 2006b, c); or
immobilized enzymes (Adachi et al. 2010). Because quinate
is readily available as a natural plant extract, it can be recovered
from chlorogenate in coffee pulp waste via a reaction with of
fungus-derived chlorogenate hydrolase (Adachi et al. 2008a).
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Fig. 1 Biotransformation of chlorogenate to shikimate by Aspergillus
chlorogenate hydrolase and several Gluconobacter enzymes. Of all the
whole cell reactions used to produce shikimate, the part described in this
study is highlighted in gray. ODH quinate dehydrogenase, 3-DHQ 3-
dehydroquinate, DHQase 3-dehydroquinate dehydratase, 3-DHS 3-
dehydroshikimate, DHSase 3-dehydroshikimate dehydratase, SKDH shi-
kimate dehydrogenase

Thus, an efficient and sustainable shikimate bioproduction
process can be developed using a combination of biotransfor-
mation by Gluconobacter spp. and an industrial waste utiliza-
tion strategy (Fig. 1).

Even though the formation of 3-DHS has been shown
using the enzymatic reactions of Gluconobacter spp., 3-
DHS has not been clearly detected in growing Gluconobacter
cells on the medium containing quinate, presumably due
to poor catalysis of the wild type cells under the con-
ditions used. Here, we engineered a Gluconobacter
strain to overexpress DHQase. By characterizing the
recombinant strain and optimizing fermentation condi-
tions, quantitative 3-DHS production from quinate was
achieved under conditions with strict pH control. This
study represents the first attempt to develop a shikimate
fermentation process from industrial waste.
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Materials and methods
Materials

3-DHQ and 3-DHS were prepared according to the method
described previously (Adachi et al. 2006a). Restriction endo-
nucleases and modification enzymes for genetic engineering
were either gifts from Toyobo (Osaka, Japan) or purchased
from Agilent Technologies (Santa Clara, CA, USA). Yeast
extract was also a generous gift from Oriental Yeast (Osaka,
Japan). All other materials were commercially available and
of a guaranteed grade.

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. G. oxydans strains NBRC3244, NBRC3292,
NBRC3293, NBRC3294, and ATCC621H were used in this
study. A broad host range vector pPBBR1IMCS-4 was used for
the overexpression of the aroQ gene in G. oxydans.
Gluconobacter spp. were grown on AP (5 g glucose, 20 g
glycerol, 10 g polypeptone, and 10 g yeast extract per liter),

Table 1 Bacterial strains and plasmids used in this study

QA-I (1 g glycerol, 1 g polypeptone, 3 g yeast extract per liter,
and 50 mM sodium quinate), and QA-II (2 g glycerol, 1 g
polypeptone, 3 g yeast extract, 2.5 g MgSO,4-7H,O per liter,
50 mM potassium phosphate [pH 7.0], and 26 mM sodium
quinate) media at 30 °C with vigorous shaking. When necessary,
the pH of the medium was adjusted with either an NaOH or HCI
solution. A stock solution of sodium quinate at 0.5 M was
prepared by dissolving quinic acid, adjusting the pH to 67 with
NaOH, and filter sterilizing (0.22 pum) the resulting solution.
The resulting solution was stored at —20 °C until further use.
Ampicillin was used at a final concentration of 100 pg ml ™.
E. coli DH5x was used for plasmid construction (Bethesda
Research Laboratories 1986). E. coli HB101 harboring
pRK2013 was used as a helper strain for conjugative plasmid
transfer using a triparental mating method (Figurski and
Helinski 1979). An E. coli BL21 (DE3) strain was used to
harbor the pET vector (Studier and Moffatt 1986). E. coli
strains were grown on modified Luria—Bertani medium,
consisting of 10 g polypeptone, 5 g yeast extract, and 5 g
NaCl per liter, adjusted pH to 7 with NaOH (Sambrook and
Russel 2001). Kanamycin and ampicillin were used at final
concentrations of 50 and 50 pg ml™', respectively.

Strains and plasmids Description

Source or reference

Bacterial strains

Escherichia coli

DHS5a F endAl hsdR17 (v, my") supE44 thi-1 N~ recAl gyrA96 relAl deoR Bethesda Research
A(lacZYA-argF)U169 f80dlacZAM15 Laboratories (1986)

HB101 F~ thi-1 hsdS20 (rg, mp) supE44 recA13 aral4 leuB6 proA2 lacY1 galK2 Boyer and Roulland-
rpsL20 (str" xyl-5 mtl-1 \) Dussoix (1969)

BL21 (DE3) F ompT hsdS (rg” mp) gal dem NDE3): lacl lacUV5-T7 gene [ indl sam7 nin5 Studier and Moffatt (1986)

Gluconbacter oxydans

NBRC3244 Wild type NBRC*

NBRC3292 Wild type NBRC

NBRC3293 Wild type NBRC

NBRC3294 Wild type NBRC

ATCC621H Wild type ATCC*

Plasmids

pKR2013 Plasmid mediates plasmid transfer, Km® Figurski and Helinski (1979)

pGEM-T Easy Vector TA cloning vector Promega

pBBRIMCS-4 A broad host range plasmid, mob, ApR Kovach et al. (1995)

pSHO8 pBBRIMCS-4, a 0.7-kb fragment of a putative promoter region of the Kawai et al. (2013)
adhAB gene from G. oxydans 621H

pET-21a T7 promoter, hexahistidine tag, lacl, Ap® Novagen

pET-GOX0437 pET-21a, a 0.6-kb fragment of the gox0437 gene from G. oxydans 621H This study

pISO1 pBBRIMCS-4, a 0.6-kb fragment of the aroQ gene from G. oxydans NBRC3244 This study

pIS02 pBBRIMCS-4, a 0.9-kb fragment of the aroQ gene and its putative promoter This study
region from G. oxydans NBRC3244

pIS03 pSHOS, a 0.6-kb fragment of the aroQ gene from G. oxydans NBRC3244 This study

#The websites of NBRC and ATCC are http://www.nbrc.nite.go.jp/ and http://www.atcc.org/, respectively
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Construction of plasmids

The synthetic oligonucleotides used in this study are listed in
Table S1. The gox0437 gene of G. oxydans 621H was am-
plified using a pair of primers dqdpET F and dqdpET R
(Table S1). The 0.5-kb PCR product was ligated to pGEM-T
Easy Vector (Promega, Madison, WL, USA). The 0.5-kb DNA
fragment containing gox0437 was excised with Ndel and
Xhol restriction enzymes and inserted into their correspond-
ing sites in pET-21a (Novagen, Merck Millipore, Darmstadt,
Germany) to construct pET-GOX0437.

The aroQ gene of G. oxydans NBRC3244
(NBRC3244 0516; MM, SN, TA, and KM, unpublished)
was amplified using the pair of primers dqdpMCS-F3-Eco 1
and dqdpMCS-R2-Pst1 (Table S1). The 0.6-kb PCR product
was ligated into pPBBRIMCS-4 (Kovach et al. 1995) behind
the lac promoter and pSHOS (Kawai et al. 2013) treated with
EcoRI and Pstl restriction enzymes to construct pISO1 and
pIS03, respectively. The DNA region containing the aroQ
(AB852565) gene and its putative promoter region of
G. oxydans NBRC3244 were amplified using the pair of
primers dqdpMCS-F4-Eco1 (Table S1) and dqdpMCS-R2-
Pst1. The 0.9-kb PCR product was ligated into pPBBRIMCS-
4 (Kovach et al. 1995) treated with EcoRI and Pst¢I restriction
enzymes to construct pIS02. All nucleotide sequences used
in cloning were confirmed using cycle sequencing tech-
niques according to the manufacturer's instruction (Applied
Biosystems, California, USA).

Construction of an aroQ-overexpressing G. oxydans

The G. oxydans NBRC3244 strain was transformed with
plasmids, such as pPBBR1MCS-4 derivatives, via a triparental
mating method using the E. coli HB101 strain harboring
pRK2013 (Figurski and Helinski. 1979). Acetic acid was
added to the media for selection at a final concentration of
0.1 % (wt. vol ") to eliminate E. coli growth. Acetic acid- and
ampicillin-resistant conjugant colonies were screened twice
on AP agar medium containing 0.1 % (wt. vol ') acetic acid
and 100 pg ml™" ampicillin. Finally, the transconjugants were
screened in liquid AP medium containing 100 pg ml™'
ampicillin.

Expression of the genes and preparation of cell-free extracts

Modified LB medium containing 50 ug ml™" ampicillin was
inoculated with E. coli BL21 (DE3) transformants and incu-
bated overnight using a shaking incubator at 37 °C; Seed
cultures were transferred to fresh LB medium in Erlenmeyer
flask at a ratio of 1 % and incubated at the specified temper-
ature with shaking. When the turbidity of the culture at
600 nm reached 0.2 OD units, isopropyl-3-D-thiogalactopy-
ranoside was added to a final concentration of 1 mM to induce
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gox0437 gene expression. After 5 h, cells were collected by
centrifugation at 9,000 rpm for 10 min at 4 °C.

The collected cells were resuspended in 20 mM Tris—HCl
(pH 8.0) and disrupted by French pressure cell press at
14,000 Ib in"2. Cell debris was removed by centrifugation at
9,000 rpm for 10 min and the resulting supernatant was used
as crude enzyme preparation for determining DHQase
activity.

Gluconobacter cells were cultivated in 100 ml of QA-I
medium, containing 100 pg ml ™! ampicillin, to late exponen-
tial growth phase. Cells were collected by centrifugation at
8,000xg for 10 min, washed twice with 5 mM potassium
phosphate (pH 7.2) containing 5 mM 2-mercaptoethanol, and
resuspended with the same solution. The cell suspension was
passed through a French pressure cell press at 16,000 b in?
twice. Cell-free extracts were prepared by removing cell
debris.

Detection of 3-DHQ and 3-DHS

3-DHQ and 3-DHS were detected by paper chromatography
as previously described (Adachi et al. 2003a). Otherwise,
these compounds were analyzed by HPLC using a chroma-
tography column for organic acids (Shodex RSpak KC-811,
8%300 mm; Showa Denko, Tokyo, Japan). Chromatography
was performed at 60 °C using 0.03 % (vol vol ') perchloric
acid solution as a mobile phase at a flow rate of 0.7 ml min .
Culture supernatants were diluted (10- to 100-fold) with
distilled and deionized water and then filtered by a hydro-
philic polytetrafluoroethylene filter (Millipore Millex-LH;
0.45 pum). The compounds were detected by diode array
detector (SPD-M20A, Shimazu, Kyoto, Japan) at 210,
190, 234, 213, and 275 nm, which are the absorption peaks
for quinate, 3-DHQ, 3-DHS, shikimate, and protocatechuate,
respectively.

Enzyme assays

DHQase activity was determined by monitoring the formation
of 3-DHS at 234 nm at 25 °C as previously described (Adachi
et al. 2008b). One unit of enzyme was defined as the amount
of enzyme that produces 1 umol of 3-DHS per min, which
was calculated using the molecular absorption coefficient of
3-DHS at 234 nm (¢=1.2x10* M"' ecm '; Chaudhuri et al.
1986). Protein content was determined using the modified
Lowry method, using bovine serum albumin as the standard
protein (Dulley and Grieve 1975).

3-DHS production by growing Gluconobacter cells
Wild-type and recombinant Gluconobacter strains were cul-

tivated on AP medium containing 100 ug ml~' ampicillin
when necessary. These seed cultures were transferred at a
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1:100 ratio to 2 ml QA-II medium in 15-mm (i.d.) test tubes,
50 ml of QA-II medium in 500-ml Erlenmeyer flask, or
500 ml of QA-II medium in a 3-1 baffled flask, and incubated
for 23 h or 40 h at 30 °C. For some experiments, the pH of
cultures was adjusted to 7.3 using an NaOH solution and the
culture was incubated for an additional 20 or 30 h.

Amino acid sequence alignments

Multiple alignment analysis of amino acid sequences was
performed using the software Clustal X version 2.0.12
(Larkin et al. 2007).

Nucleotide sequence accession number

The nucleotide sequence and its predicted amino acid se-
quence of the aroQ gene of G. oxydans NBRC3244 have
been deposited at DDBJ/EMBL/GenBank under the accession
number AB852565.

Results

Growing wild-type G. oxydans NBRC3244 cells poorly
produce 3-DHS

First, we examined the biotransformation of quinate to 3-DHS
by the growing cells of wild-type G. oxydans strains
NBRC3244, NBRC3292, NBRC3293, and NBRC3294 in
QA-I medium. The pH of the medium decreased to approxi-
mately 5 during the stationary phase of growth for all bacterial
strains. Under these conditions, 3-DHS was not detected,
although most quinate was observed to be completely con-
verted to 3-DHQ (data not shown). The decrease in the pH of
the medium during cell growth can be a major factor that
inhibits the transformation of 3-DHQ to 3-DHS because
DHQase has no activity when the pH is less than 5.0
(Adachi et al. 2008b). Therefore, we examined whether con-
trolling the pH could improve the productivity of 3-DHS in
the growing cells of the G. oxydans strains using an initial
concentration of 50 mM quinate (Fig. S1). When the initial pH
of the medium was adjusted to 7.0 with 50 mM phosphate
buffer as described in the “Materials and methods” section, the
final pH of the medium for all bacterial strains tested ranged
from a pH of 6.5-6.7. Further investigation with medium with
an initial pH at 7.5 showed that the growth of G. oxydans
NBRC3244 was slightly slower than that at pH 7.0 (data not
shown). However, the cells could still transform quinate to 3-
DHQ with a higher efficiency compared to the other bacterial
strains, suggesting that NBRC3244 can be used for the biotrans-
formation of quinate over a wider pH range than other strains.
Increasing the initial pH of the medium (e.g., pH 8.0) inhibited
the cell growth of all G. oxydans strains (data not shown). Even

though, the pH of the medium remained neutral when the initial
pH was 7.5, 3-DHS formation could be detected at only trace
concentrations (0.5-0.6 mM) in NBRC3244 cultures after a
50-h period. We hypothesized that the DHQase level in
G. oxydans cells is a rate-limiting step for the production of 3-
DHS. Therefore, before trying to construct a DHQase-
overexpression derivative of NBRC3244, we examined a can-
didate gene for DHQase in G. oxydans strains.

Expression of G. oxydans DHQase in E. coli

Even though the N-terminal amino acid sequence of
membrane-bound DHQase purified from NBRC3244 corre-
sponds with that of the GOX0437 protein from G. oxydans
621H strain (Adachi et al. 2008b), the in vitro activity of this
protein candidate needed to be confirmed. Thus, we construct-
ed a pET-21a plasmid harboring the gox(0437 gene and trans-
formed E. coli BL21 (DE3) with this plasmid. When the
E. coli BL21 (DE3)/pET-GOX0437 cells were grown at
37 °C, a large part of the 20-kDa protein corresponding to
DHQase was detected in the cell debris fraction when ana-
lyzed by SDS-PAGE, suggesting that most of the expressed
DHQase formed inclusion bodies (Fig. S2). Because high
growth temperatures promote the formation of inclusion bod-
ies of the recombinant protein (Strandberg and Enfors 1991),
transformant cells were cultivated at 30 °C to mitigate the
problem. SDS-PAGE analysis revealed that the 20-kDa pro-
tein was more soluble at this temperature and the amount of
protein in the debris fraction was reduced (Fig. S2). The
DHQase activity of cell-free extracts of transformants grown
at 30 °C was 11 units (mg protein) ', which was 4-fold higher
than that at 37 °C (Table 2). After confirming that the product
of the gox0437 gene had DHQase activity, we aimed to
construct a G. oxydans NBRC3244 strain overexpressing
the GOX0437 protein. As described below, we tried homolo-
gous overexpression of the gene for DHQase in NBRC3244.

Construction of aroQ-overexpression strains of G. oxydans
NBRC3244

Recently, a draft genome sequence of G. oxydans NBRC3244
was successfully annotated (MM, SN, TA, and KM, unpub-
lished). We successfully found a gox0437 ortholog in
NBRC3244 by mining the genome. Based on its sequence

Table 2 DHQase activity of E. coli BL21 (DE3) cells harboring pET-
GOX0437 grown at different temperatures

DHQase activity (units mg ")

Strains 37 °C 30 °C
BL21 (DE3)/pET-21a 0.91+0.1 0.850.1
BL21 (DE3)/pET-GOX0437 26403 11+0.6
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similarity and classification as a DHQase, the gox0437
ortholog likely belongs to a type II DHQase known as aroQ
in most cases (Garbe et al. 1991). Hereafter, we will refer to
the gene for G. oxydans DHQase as G. oxydans aroQ.

In order to optimize the gene expression level, we construct-
ed three aroQ-expression plasmids containing the following
promoters: E. coli lac promoter (Py,.), putative promoter region
of G. oxydans PQQ-dependent alcohol dehydrogenase subunits
I and 1T (P,4.45), and putative aroQ-own promoter region
(Paop) as described in the “Materials and methods” section.
The biotransformation of quinate by each G. oxydans
NBRC3244 transformant was monitored in 2 ml QA-II medi-
um containing 26 mM quinate (Fig. 2). When the wild-type and
all recombinant NBRC3244 strains were grown for 48 h,
quinate was not detected but appeared to be oxidized to 3-
DHQ, which was detected in the culture medium. On the
contrary, a significant amount of 3-DHS accumulated only in
the culture medium of transformants harboring the aroQ gene
with any kind of promoter. Although differences in the promot-
er among the three aroQ-expression plasmids had a less signif-
icant impact on 3-DHS productions (0.03<p<0.1, Student ¢
test), the transformant harboring P;,.-aroQ with a relatively
higher 3-DHS yield was selected for further investigation.
DHQase activity in cell-free extracts of NBRC3244/pIS01
(Piuc-aroQ) was 0.62+0.07 units mg_l, which is much higher
than that of the control parental strain (<0.002 units mg '; less
than detection limit). Thus, it is reasonable to assume that the
overexpression of aroQ elevated the level of DHQase activity,
resulting in high 3-DHS production in NBRC3244/pIS01.

Quantitative production of 3-DHS by maintaining neutral pH

Although 3-DHS production increased by overexpressing the
aroQ gene, the transformation efficiency of approximately

20
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Fig. 2 The production of 3-DHS by growing G. oxydans cells.
G. oxydans NBRC3244 and its transformants were grown in 2 ml QA-
II medium in tubes for 48 h. The amounts of 3-DHQ (gray bars) and 3-
DHS (black bars) in the culture supernatant were determined by HPLC.
With the exception of wild type, the data shown represent mean values
with standard deviations (error bars) from triplicate experiments. WT'
wild-type NBRC3244, vector NBRC3244/pBBR1IMCS-4, P,,.-aroQ
NBRC3244/pIS01, P,,p-aroQ NBRC3244/pIS02, P ,q4,45-aroQ
NBRC3244/pIS03
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23 % mol yield was still unsatisfactory. We hypothesized that
a gap between the optimum pH for DHQase activity (Adachi
etal. 2008b) and the pH of the culture medium may limit 3-DHS
production. To examine this hypothesis and enhance 3-DHS
production, we adjusted the pH of the culture medium during
fermentation as described under the “Materials and Methods”
section. NBRC3244 and NBRC3244/pISO01 (P,.-aroQ) were
grown in QA-II medium (50 ml) in a 500-ml Erlenmeyer flask
for 23 h, after which the biotransformation of quinate to 3-DHQ
was expected to proceed by monitoring the pH of the medium.
Then, the pH of the culture medium shifted from 6.6 to 7.3,
which is closer to the optimum pH for DHQase, and the culture
was grown for an additional 20 h to produce more 3-DHS
(Fig. 3). The pH adjustment resulted in almost a 3-fold enhance-
ment of 3-DHS production in NBRC3244/pIS01 compared to
cultures with uncontrolled pH.

Because controlling the pH increased 3-DHS production in
NBRC3244/pIS01, we validated the efficiency of the pH
adjustment by monitoring the amounts of compounds over
longer periods than the preceding experiment using 500 ml of
QA-II medium in a 3-1 baffled flask. In this experiment, the
pH of the culture was adjusted from 6.5 to 7.3 during an
incubation time of 40 h, and the culture continued to grow
for 30 h (Fig. 4). Both the oxidation of quinate and the
subsequent dehydration of 3-DHQ proceeded quantitatively,
and 3-DHS was stoichiometrically produced from quinate
over an incubation period of 70 h.

Discussion

We previously reported that 3-DHQ could be produced from
quinate by growing G. oxydans cells (Adachi et al. 2003a). 3-

3-DHQ or 3-DHS (mM)
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Fig. 3 The production of 3-DHS by growing G. oxydans cells in midi-
scale culture experiments. Wild-type G. oxydans NBRC3244 and
NBRC3244 harboring pISO1 were grown in 50 ml of QA-II medium in
a 500-ml Erlenmeyer flask. After 23 h of cultivation, the pH of the
medium was adjusted from 6.6 to 7.3 with an NaOH solution and then
grown for an additional 20 h (indicated by "+"). Control experiments
without pH adjustment were also conducted (indicated by "—"). The
amounts of quinate, 3-DHQ (gray bars), and 3-DHS (black bars) in
the culture supernatant were determined by HPLC. Quinate was not
detected in all four samples. WT wild-type NBRC3244, aroQ™"
NBRC3244/pIS01; black diamonds, final pH of the culture media
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Fig. 4 Time course of the amounts of quinate, 3-DHQ, and 3-DHS
accumulating in the culture supernatant of recombinant G. oxydans. G.
oxydans NBRC3244 harboring pISO1 was grown in 500 ml of QA-II
medium in a 3-L baffled flask. After 40 h of cultivation, the pH of the
medium was adjusted from 6.5 to 7.3 using an NaOH solution, and the

DHQ can be further transformed to 3-DHS by Ca**-alginate-
immobilized or dried Gluconobacter cells as well as
immobilized or dried Gluconobacter membranes (Adachi
et al. 2003a, 2006a, b, 2010). Here, we report using the
growing cells of Gluconobacter strains to produce 3-DHS
from quinate. We demonstrated that under growing cell con-
ditions, the recombinant Gluconobacter strain overexpressing
aroQ under control of the lac promoter could produce 3-DHS
quantitatively from quinate by adjusting the pH of the culture
medium. This is the first step towards developing a method to
ferment shikimate from quinate. In our biotransformation
experiments, more 3-DHS accumulated in large baffled flasks
(Fig. 4) than in small Erlenmeyer flasks (Fig. 3). Although it is
difficult to compare them directly with each other, we antici-
pate that longer incubation periods and/or possibly increasing
the fitness of cells with higher aeration may account for higher
3-DHS production. The latter is presumably implemented by
changing the expression profile in response to a changing
oxygen supply. Hanke et al. (2012) recently reported that
oxygen limitations affect the global gene expression of
G. oxydans 621H. However, this oxygen limitation is likely
to be more drastic compared to the conditions used in the
present study.

We previously purified two kinds of DHQases, soluble and
membrane-bound, and suggested that the latter is responsible
for the extracellular formation of 3-DHS (Adachi et al.
2008b). Therefore, we constructed an expression plasmid for
the GOX0437 protein of G. oxydans 621H, in which the N-
terminal amino acid sequence is the same as that of
membrane-bound DHQase of NBRC3244. We then
overexpressed the protein in E. coli BL21 (DE3). A large
fraction of the GOX0437 protein formed inclusion bodies in
cells grown at 37 °C (Fig. S2). Elevated growth temperature is
one parameter that promotes inclusion body formation due to

Quinate, 3-DHQ, or 3-DHS (mM)

Time (h)

culture was grown for an additional 30 h. a Cell growth (ODgg, open
circles) and the pH of the medium (closed circles) were plotted as a
function of cultivation periods. b The amounts of quinate (open circles),
3-DHQ (open triangles), and 3-DHS (closed circles) in the culture
supernatant were determined by HPLC

hydrophobic interactions taking place between polypeptide
chains (Schein and Noteborn 1988). A higher temperature
increases hydrophobic interactions by exposing hydrophobic
stretches of amino acids that are not normally exposed
(Strandberg and Enfors 1991). Based on our multiple se-
quence alignment of bacterial and fungal DHQases (Roszak
et al. 2002), GOX0437 has an extended N terminus, which
presumably functions as a signal peptide for transit to the
periplasmic space (Adachi et al. 2008b; Fig. S3). A block in
the protein translocation channel could be another explanation
for the large fraction of insoluble DHQase observed.

Because the growing cells of wild-type Gluconobacter
strains produced a low level of 3-DHS from quinate
(Fig. S1), we tried to develop a strain that efficiently trans-
formed quinate to 3-DHS by overexpressing DHQase of
NBRC3244 for use in a single-pot fermentation. By using a
broad-host range plasmid containing the lac promoter, we
successfully constructed the NBRC3244 derivative that ex-
presses more than 100-fold higher DHQase than the parental
strain. The engineered Gluconobacter strain produced a sig-
nificant amount of 3-DHS without adjusting the pH and an
almost equimolar amount of 3-DHS from quinate by adjusting
the pH of the culture medium to 7.3.

‘We have developed an in vitro system to produce shikimate
consisting of Gluconobacter membranes and enzymes
(Adachi et al. 2006b, 2010). Gluconobacter cells are known
to produce shikimate from quinate, and we have already
reported that trace amounts of shikimate are produced from
3-DHQ by wild-type Gluconobacter cells (Adachi et al.
2003a). Therefore, our next target was to develop of a
single-pot fermentation to produce quantitative yields of shi-
kimate from quinate. This fermentation system required both
oxidation and reduction steps, which are essential for this
biotransformation. Nevertheless, the feasibility of such

@ Springer



2962

Appl Microbiol Biotechnol (2014) 98:2955-2963

process was proven by Suzuki et al. (2002), in which oxida-
tion and reduction reactions using growing Gluconobacter
cells resulted in a nearly stoichiometric epimerization of D-
arabitol to xylitol. Therefore, it is possible to develop a fer-
mentation system containing both oxidation and reduction
steps, though the cofactor preference of shikimate dehydroge-
nase on NADPH is another issue to be considered. G. oxydans
likely produces enough NADPH, because, based on its ge-
nome, it lacks a gene for phosphofructokinase but has genes
involved in the pentose phosphate pathway (Prust et al. 2005).
Still, there are several issues to be solved toward shikimate
production. Because QDH also oxidizes shikimate with a
low affinity (Vangnai et al. 2004), it has to be considered
modification of the substrate specificity of QDH. Not only
enhancement of shikimate dehydrogenase activity but also
uncharacterized properties of the Gluconobacter cell could
be key factors to overcome the next bottleneck in the
conversion of quinate to shikimate, e.g., import of 3-
DHS into the cell, export of shikimate, and branching
metabolic pathways from shikimate.
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