
BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Aldopentoses as new substrates for the membrane-bound,
pyrroloquinoline quinone-dependent glycerol (polyol)
dehydrogenase of Gluconobacter sp.

Toshiharu Yakushi1,2,3 & Yuka Terada1 & Seishiro Ozaki2 & Naoya Kataoka1,2,3 & Yoshihiko Akakabe1,2
& Osao Adachi1 &

Minenosuke Matsutani1 & Kazunobu Matsushita1,2,3

Received: 7 November 2017 /Revised: 22 January 2018 /Accepted: 8 February 2018 /Published online: 21 February 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Membrane-bound, pyrroloquinoline quinone (PQQ)-dependent glycerol dehydrogenase (GLDH, or polyol dehydroge-
nase) of Gluconobacter sp. oxidizes various secondary alcohols to produce the corresponding ketones, such as oxidation
of D-sorbitol to L-sorbose in vitamin C production. Substrate specificity of GLDH is considered limited to secondary
alcohols in the D-erythro configuration at the next to the last carbon. Here, we suggest that L-ribose, D- and L-lyxoses, and
L-tagatose are also substrates of GLDH, but these sugars do not meet the substrate specificity rule of GLDH. The oxygen
consumption activity of wild-type Gluconobacter frateurii cell membranes depends on several kinds of sugars as com-
pared with that of the membranes of a GLDH-negative variant. Biotransformation of those sugars with the membranes was
examined to determine the reaction products. A time course measuring the pH in the reaction mixture and the increase or
decrease in substrates and products on TLC suggested that oxidation products of L-lyxose and L-tagatose were ketones
with unknown structures, but those of L-ribose and D-lyxose were acids. The oxidation product of L-ribose was purified
and revealed to be L-ribonate by HRMS and NMR analysis. Biotransformation of L-ribose with the membranes and also
with the whole cells produced L-ribonate in nearly stoichiometric amounts, indicating that the specific oxidation site in L-
ribose is recognized by GLDH. Since purified GLDH produced L-ribonate without any intermediate-like compounds, we
propose here a reaction model where the first carbon in the pyranose form of L-ribose is oxidized by GLDH to L-
ribonolactone, which is further hydrolyzed spontaneously to produce L-ribonate.
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Introduction

Acetic acid bacteria oxidize various sugars and alcohols on the
periplasmic surface of the cytoplasmic membrane and accu-
mulate the oxidation products in the medium in a nearly stoi-
chiometric manner (Matsushita et al. 1994). This ability re-
sults in incomplete oxidation unique to acetic acid bacteria
and is accomplished by a strong oxidation ability, tolerance
against oxidized products, and weak metabolic activity on the
oxidized product (Nakano and Ebisuya 2016). The metabo-
lism on the product may have a negative effect on productiv-
ity. Rather than growing or resting cells, cell membranes can
be used to improve productivity (Adachi et al. 2006). The
oxidation reaction system consists of the membrane-bound,
ubiquinone-reducing dehydrogenase, and terminal ubiquinol
oxidase(s) as well as ubiquinone. Membrane-bound, PQQ-
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dependent polyol dehydrogenase (encoded in the sldBA gene)
is known to oxidize various secondary alcohols such as glyc-
erol, D-arabitol, D-mannitol, and D-sorbitol to produce the cor-
responding ketones, dihydroxyacetone, D-xylulose, D-fruc-
tose, and L-sorbose, respectively (Matsushita et al. 2003).
For such a wide array of substrates, this enzyme has multiple
names: glycerol dehydrogenase (GLDH) (Ameyama et al.
1985), arabitol dehydrogenase (Adachi et al. 2001), sorbitol
dehydrogenase (Miyazaki et al. 2002), gluconate 5-
dehydrogenase (Salusjärvi et al. 2004), and polyol dehydro-
genase (Shinjoh et al. 2002). Because this enzyme oxidizes
glycerol at a significant rate, which is the simplest of these
structures and found in nature, hereafter, we abbreviate the
polyol dehydrogenase as GLDH. The common structure of
the substrates of GLDH is “secondary alcohols” in the D-
erythro configuration at the penultimate carbon, which is
known as the Bertrand-Hudson rule (Hann et al. 1938;
Kulhánek 1989; Matsushita et al. 2003). Therefore, products
of the oxidation reactions with the enzyme are ketones of the
second carbon.

GLDH oxidizes D-lyxose and L-fucose, which do not meet
the Bertrand-Hudson rule (Peters et al. 2013). Peters et al.
constructed a series of multiple deletion mutant strains and
compared the enzyme activity of the constructed bacterial
strains. They used whole-cell suspensions as an enzyme
source, and evaluated enzyme activity with phenazine
methosulfate (PMS) and 2,6-dichlorophenolindophenol
(DCPIP), which are an artificial electron mediator and final
electron acceptor, respectively. We were inspired by their
work on revisiting the substrate specificity of GLDH. As the
first step of substrate specificity evaluation, the substrate spec-
ificity of GLDH of Gluconobacter thailandicus strains
NBRC3258 and NBRC3255 was recently reported to include
the oxidations of D-pentonates, D-fructose, and D-psicose pro-
ducing 4-keto-D-pentonates, 5-keto-D-fructose, and 5-keto-D-
psicose, respectively (Ano et al. 2017). In the present study,
we focused on the oxidation of sugars by GLDH in our
thermotolerant Gluconobacter frateurii strain CHM43
(Moonmangmee et al. 2000) as the second stage of the eval-
uation. To identify the reaction products, cell membranes in-
stead of the intact cell suspensions were used for the enzyme
assays in this study. The sugar oxidation ability of the GLDH-
linked respiratory chain, i.e., sugar-dependent oxygen con-
sumption activity, was adopted to evaluate the substrate spec-
ificity, to avoid any issues of membrane transport of artificial
electron mediators and acceptors.

Here, we compared the sugar oxidase activities on the
membranes of the wild type Gluconobacter sp. and its
ΔsldBA variant. L-lyxose, L-ribose, and L-tagatose were iden-
tified as new substrates of GLDH. The reaction product of L-
ribose was revealed to be L-ribonate. As shown in Fig. 1, we
suggest that GLDH oxidizes the anomeric carbon of L-
ribonopyranose to produce L-ribonolactone.

Materials and methods

Chemicals

D, L-Lyxoses, D, L-riboses, and D, L-tagatoses were purchased
fromWako Pure Chemical Industries (Osaka, Japan) at greater
than 98% purity. D-Ribonolactone was purchased from
Sigma-Aldrich (St. Louis, MO, USA) at greater than 97%
purity and used as the calibration standard for L-ribonate quan-
tification. Yeast extract was kindly supplied by Oriental Yeast
(Osaka, Japan). MYDOL 10 (40% solution of C9-11-alkyl
glucosides) is a kind gift from Kao (Tokyo, Japan).
Endonucleases and genetic engineering kits were kind gifts
from Toyobo (Osaka, Japan). All other materials used were
analytical grade from commercial sources.

Microorganisms and cultivation

G. frateurii strain CHM43 (Moonmangmee et al. 2000),
which has been deposited in NBRC (http://www.nite.go.jp/
en/nbrc/index.html) as NBRC101659, and its ΔadhBA
derivative SEI46, ΔsldBA derivative TORI3, and ΔadhBA
ΔsldBA derivative TORI4 were used in this study. YPS
medium (3 g of yeast extract, 3 g polypeptone, and 50 g D-
sorbitol per liter), G-GA medium (3 g of yeast extract, 3 g
polypeptone, 10 g D-glucose, and 10 g Na-D-gluconate per
liter), and GYmedium (2.5 g of yeast extract and 10 g glycerol
per liter) were used. For membrane preparation, cells were
cultivated in 500 mL culture medium in a 3-L baffle flask at
30 °C with shaking at 200 rpm. The Escherichia coli strain
DH5α was used for plasmid construction (Hanahan 1983). E.
coli strains were grown on modified Luria-Bertani medium
(Sambrook and Russel 2001), which consists of 10 g of
polypeptone, 5 g of yeast extract, and 5 g of NaCl, filled to
1 L with distilled water, and pH adjusted to 7.0 with NaOH.
Kanamycin was used at final concentrations of 50 μg mL−1

for both E. coli and G. frateurii. Ampicillin was used at final
concentrations of 50 and 500 μg mL−1 for E. coli and G.
frateurii, respectively.

Construction of deletion variants of G. frateurii strain
CHM43

A 5′ region of the adhAB genes (GLF_0091-0092), the struc-
tural gene of membrane-bound alcohol dehydrogenase, from
G. frateurii strain CHM43 was amplified by two specific
primers, CHM-HinXho-ΔadhAB-5(+) and CHM-ΔadhAB-
5-RV(−) by using Herculase II fusion DNA polymerase
(Agilent Technologies, CA, USA). Oligonucleotides used in
this study are listed in supplementary Table S1. The ampli-
fied 0.8-kb PCR products were digested with HindIII and
EcoRV. The whole adhAB genes from the G. frateurii strain
CHM43 was amplified by two specific primers, CHM-
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HinXho-ΔadhAB-5(+) and CHM-ΔadhAB-3-Xba(−), by
using Herculase II fusion DNA polymerase. The amplified
5.0-kb PCR products were digested with EcoRV and XbaI to
obtain 0.8-kb DNA fragments that contain the 3′ region of
the adhB gene. These two DNA fragments, the 5′ and 3′

regions of the adhAB genes were inserted into the HindIII
and XbaI site of pKOS6b (Kostner et al. 2013), a suicide
vector that cannot replicate in the G. frateurii CHM43 cells.
The resulting plasmid pJ738 carrying the ΔadhAB allele was
used for gene disruption.
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Fig. 1 Aldopentoses and ketohexose as new substrates for GLDH of
Gluconobacter frateurii proposed in this study. The structures of D-
arabitol, D- and L-lyxose, D- and L-ribose, and D- and L-tagatose are
shown. D-Arabitol and the open chain form of D-ribose follow the
Bertrand-Hudson rule (pale blue) and are oxidized by GLDH to
produce ketones at the second carbon, D-xylulose and likely 4-keto-D-
ribose, respectively. This study suggests three new substrates for GLDH:

L-lyxose, L-ribose, and L-tagatose. D-Lyxose was reported as a substrate
for GLDH by Peters et al. This study also shows that D-tagatose is not a
substrate for GLDH. L-Lyxose and L-tagatose assume a pyranose form in

solution, and one of the secondary alcohols in L-lyxopyranose and L-
tagatopyranose have a similar structure (highlighted in pink) and are
dehydrogenated by GLDH to produce 2-, 3-, or 4-keto-L-lyxopyranose
and 3-, 4-, or 5-keto-L-tagatopyranose, respectively. D-lyxose and L-
ribose have a similar structure (highlighted in lime green) in the
pyranose form. The anomeric carbon of L-ribopyranose is
dehydrogenated to produce L-ribono-1,5-lactone, followed by
spontaneous hydrolysis into L-ribonic acid. Oxidation of D-lyxose likely
proceeds in a similar manner to that of L-ribose
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A 5′ region of the sldBA gene (GLF_2777-2776), the struc-
tural gene of GLDH, from the G. frateurii strain CHM43 was
amplified by two specific primers, CHM-ΔsldB-5-Sal(+) and
CHM-ΔsldB-5-Sac(−), by using Herculase II fusion DNA po-
lymerase. The amplified 0.9-kb PCR products were digested
with SalI and SacI. A 3′ region of the sldA gene from
G. frateurii strain CHM43 was amplified by two specific
primers, CHM-ΔsldA-3-Sac(+) and CHM-ΔsldA-3(−), by
using Herculase II fusion DNA polymerase. The amplified
0.9-kb PCR products were digested with SacI and EcoRI.
These two DNA fragments, 5′ and 3′ regions were inserted
into the SalI and EcoRI site of pKOS6b (Kostner et al. 2013)
to construct pTT2 carrying the ΔsldBA allele for the gene
disruption. The nucleotide sequences of the inserted DNA
constructed in this study were confirmed by sequencing.

Fresh G. frateurii CHM43 cells grown on YPS medium
were washed with sterile 10% (w/v) glycerol to prepare com-
petent cells. The competent cells were transformed with pTT2
via electroporation at 1.8 kV cm−1, 200Ω, and 25 μF by using
a 1-mm gap cuvette on GenePluser (BIO-RAD Laboratories,
Hercules, CA, USA). After incubation of cell suspension in
the G-GA medium for 5 h at 30 °C with vigorous shaking, the
cell suspension was inoculated on G-GA agar containing
50 μg mL−1 kanamycin and incubated for 2 days at 30 °C.
The first recombinant strains were obtained as kanamycin-
resistant colonies and were individually inoculated in G-GA
medium containing 50 μg mL−1 kanamycin. The ΔsldBA al-
leles in the first recombinant strain candidates were confirmed
by PCR. The first recombinant strain was grown on a G-GA
medium free of kanamycin and spread on G-GA agar contain-
ing 120 μg mL−1 fluorocytosine (Fluorochem, Glossop, UK).
After a 2-day incubation, fluorocytosine-resistant colonies ap-
peared and were examined for kanamycin susceptibility.
Fluorocytosine-resistant, kanamycin-sensitive second recom-
binant strain candidates were examined to determine which
sldBA allele exists in the genome by PCR, wild type, or
ΔsldBA. The second recombinant strain having the ΔsldBA
allele was named TORI3 and used in this study as the deriv-
ative of the CHM43 strain defective in the sldBA genes.

Construction of a GLDH-overproducing variant
of G. frateurii

The whole sldBA genes from G. frateurii strain CHM43 was
amplified using two specific primers, CHM-ΔsldB-5-Sal(+)
and CHM-ΔsldA-3(−), and the Herculase II fusion DNA po-
lymerase. The amplified 4.2-kb PCR products were digested
with SalI and EcoRI for insertion behind the lac promoter in
pBBR1MCS-4 (Kovach et al. 1995), which had been treated
with SalI and EcoRI, to construct pTT1. TheG. frateurii strain
TORI4, the ΔadhAB ΔsldBA variant of CHM43, was trans-
formed with pTT1 by electroporation as described above.
The resulting transformant was used as a GLDH-overproducer.

Preparation of membranes

G. frateurii CHM43 and TORI3 (ΔsldBA) strains were culti-
vated in either G-GA or GY medium. The cultivation period
was 12 h for G-GA medium or 18 h for GY medium, respec-
tively, which corresponds to the late exponential growth
phase. The cells were harvested by centrifugation at 9000×g
and 4 °C for 10 min and re-suspended in 10 mM 2-(N-
morpholino)ethanesulfonate (MES) (K+, pH 6.0) containing
2 mM CaCl2. The re-suspended cells were collected by cen-
trifugation. Cell paste was re-suspended in four volumes (4 ml
for 1-g wet weight cell) of 10 mM K+-MES (pH 6.0) contain-
ing 2 mM CaCl2 and 0.5 mM phenylmethylsulfonyl fluoride.
The cell suspension was passed through a French pressure cell
press (1000 kg cm−2). After centrifugation at 10,000×g and
4 °C for 10 min to remove intact cells; the supernatants were
centrifuged at 100,000×g and 4 °C for 1 h. The precipitate was
re-suspended in the same buffer and used as membranes.

Oxidase assay

Oxidase activity was measured by a Clark-type oxygen elec-
trode (YSI model 5300, Yellow Spring Instrument, Yellow
Springs, OH, USA) at 25 °C. The electrode was calibrated
by using air-saturated 50 mM Na+-acetate (pH 5.0), assuming
the concentration of molecular oxygen to be 249 μM
(Mitchell et al. 1979). Sodium dithionite was used for calibra-
tion to reduce molecular oxygen completely. The reaction
mixture (total volume of 1.5 mL) contained membranes,
50 mMNa+-acetate (pH 5.0), and 100 mM substrate. One unit
was defined as a micromolar of half a molecular oxygen
(equivalent to oxygen atom) consumed per minute.

Analytical biotransformation

Five milliliters of the reaction mixture consisted of 1.0 mg
protein mL−1 of the membranes and 100 mM substrate, D-
ribose, L-ribose, D-lyxose, L-lyxose, D-tagatose, or L-tagatose,
in 50 mMNa+-acetate (pH 5.0), in a disposable 50-mL plastic
tube with a cap that has eight holes with 2-mm diameter,
which was shaken at 150 rpm and 30 °C for 24 h. An aliquot
(500 μL) of the reaction mixture was taken periodically, and
the membranes were removed after centrifugation at
100,000×g and 4 °C for 1 h.

Determination of evaporation factor

Significant amounts of water evaporate, and the reaction mix-
ture is concentrated during the analytical biotransformation
described above. Thus, we determined evaporation factors to
estimate accurate concentrations of L-ribose and the oxidation
product. Five milliliters of 100 mM D-ribose was shaken, and
the reaction mixture was withdrawn periodically in the same
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manner as described above. The amounts of D-ribose were
determined as described below to calculate evaporation fac-
tors as follows: 0 h, 1.00; 1.5 h, 1.01; 3 h, 1.04; 6 h, 1.05; 12 h,
1.13; 24 h, 1.38.

Preparative biotransformation and purification
of the oxidation product from L-ribose

Fifteen milliliters of the reaction mixture consisted of
2.5 mg mL−1 of the CHM43 membranes, and 100 mM of L-
ribose were stirred in 50-mL glass beaker at room temperature
for 4.5 h. During the stirring, the pH of the reaction mixture
was maintained between 4.5 and 6.1 with 1 N NaOH. The
reaction mixture was then transferred to a 300-mL flask and
shaken at 200 rpm and 30 °C for 19 h. The total reaction period
was 24.5 h, and pH of the reaction mixture was adjusted to 5.6
with 1 N NaOH. The membranes were removed by centrifu-
gation at 100,000×g and 4 °C for 1 h.

All of the biotransformation mixture (14 mL) was applied
to a 2-mL Dowex 1 × 4 (100–200 Mesh) column, which had
been activated with 0.1 N NaOH. After washing the column
with 10 mL of distilled water, a linear concentration gradient
consisting of 20 mL each of distilled water and 50 mM NaCl,
and the eluate was fractionated by 2 mL.

NMR analysis

The purified reaction products were freeze-dried and dissolved
in D2O (Sigma-Aldrich, St. Louis, MO, USA). 1H NMR spec-
tra were recorded on a Bruker AVANCE 400 (400 Hz).

Analytical procedures

Protein concentrations were determined by the modified Lowry
method with bovine serum albumin as the standard (Dulley and
Grieve 1975). The amount of L-ribose was determined using a
high-performance liquid chromatography (HPLC) system
equipped with a Pb2+ cation-exchange column (SUGAR
SP0810, 8.0 mm I.D. × 300 mm L; Shodex, Showa Denko
KK, Kawasaki, Japan) and a refractive index (RI) detector. The
chromatographywas run by using distilledwater asmobile phase
at a flow rate of 0.5 mL min−1 at 80 °C. The amount of the
oxidation product produced from L-ribose was determined using
an HPLC system equipped with an ion-exclusion column
(RSpak KC-811, 8.0 mm I.D. × 300 mm L; Shodex, Showa
Denko KK, Kawasaki, Japan) and a diode array detector at
210 nm. The chromatography was run by using 0.1% (w/v)
H3PO4 as themobile phase at flow rate of 0.7mLmin−1 at 60 °C.

For thin layer chromatography (TLC) analysis, samples (typ-
ically 2.0 μL) were spotted on the analytical TLC silica gel sheet
(aluminum sheet 20 × 20 cm, Merck, Darmstadt, Germany),
which had been dried at 121 °C for 10 min prior to use. The
chromatography was developed at room temperature with a

solvent system consisting of ethyl acetate: acetic acid: methanol:
distilled water ratio of 6:1.5:1.5:1. After the silica gel sheet was
dried at 121 °C for 10 min, molecules possessing ketone or
aldehyde groups were stained by spraying a color-developing
reagent consisting of 0.2 g diphenylamine, 200 μL aniline,
10 mL acetone, and 1.5 mL phosphoric acid over the TLC sheet,
followed by drying at 121 °C for 2 min.

Purification of GLDH

The membrane fraction containing 279 mg of proteins from
the TORI4 strain (CHM43ΔadhABΔsldBA) harboring pTT1
(sldBA+) was suspended with 10mMMES-KOH (pH 6.0) to a
protein concentration of 10 mg ml−1. To avoid releasing PQQ
from GLDH, 20 mM CaCl2 and 2 μM PQQ were added and
incubated for 10 min on ice before solubilization.MYDOL 10
was added to a final concentration of 0.4%, and incubated for
1 h on ice. After centrifuging at 120,000×g for 1 h, the super-
natant including the solubilized enzyme was dialyzed in
10 mM Na+-acetate (pH 5.0) containing 2 mM CaCl2 and
0.1% MYDOL 10. The dialysate was applied to a 5-ml
DEAE-Toyopearl column equilibrated with 10 mM Na+-ace-
tate (pH 5.0), containing 2 mM CaCl2 and 0.1%MYDOL 10.
After washing with 5 ml of the same buffer, bound proteins
were eluted with a linear-gradient system each consisting of
15 ml of 10 mMNa+-acetate (pH 5.0) containing 2 mMCaCl2
and 0.1%MYDOL 10, and 50 mMNa+-acetate (pH 5.0) con-
taining 30mMCaCl2 and 0.1%MYDOL 10. GLDH activities
were detected in the flow-though and gradient fractions, pre-
sumably due to over saturation. The active fractions in the
flow-through were pooled and dialyzed in 10mMNa+-acetate
(pH 4.5), containing 5 mM CaCl2 and 0.1% MYDOL 10.

The dialysate was applied to a 3-ml CM-Toyopearl column
equilibrated with 10 mM Na+-acetate (pH 4.5), containing
5 mM CaCl2 and 0.1% MYDOL 10. After washing with
3 ml of the same buffer, bound proteins were eluted with a
linear-gradient system each containing 9 ml of 10 mM Na+-
acetate (pH 4.5) containing 5 or 30 mM CaCl2 and 0.1%
MYDOL 10. GLDH activities were detected in the flow-
through and gradient fractions, presumably due to over satu-
ration. The active fractions in the flow-through were pooled,
concentrated with ultrafiltration Amicon Ultra Ultracel-100 K
(Millipore, Billerica, MA, USA), and used as purified GLDH.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed on a 12.5% (w/v) acrylamide
slab gel by the method described by Laemmli (Laemmli
1970). The proteins were stained with 0.1% (w/v) of
Coomassie Brilliant Blue R-250. The following proteins were
used as reference for estimation of molecular mass:
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phosphorylase b (94 kDa), bovine serum albumin (68 kDa),
ovalbumin (43 kDa), carbonic anhydrase (31 kDa), trypsin
inhibitor (21 kDa), and lysozyme (14 kDa).

Biotransformation of L-ribose with purified GLDH

The reaction mixture (1 mL) consisted of 0.62 mg/ml purified
GLDH, corresponding to 0.51 oxygen consumption U/ml,
100 mM L-ribose, 50 mM Na+-acetate (pH 5.0), and 0.2 mM
phenazine methosulfate (PMS) with or without 650 U/ml bo-
vine catalase (Wako Pure Chemical Industries, Osaka, Japan)
was shaken at 150 rpm and 30 °C for 18 h. The reaction
mixtures were withdrawn periodically at 200 μL. In order to
remove proteins, the samples were mixed with 30 μL of 20%
5-sulfosalicylic acid and filtered with Millex-LH 0.45 μm
(Millipore, Billerica, MA, USA). L-Ribose and the reaction
products were quantified by HPLC as described above.

Biotransformation of L-ribose with the whole-cell
suspension

G. frateurii CHM43 and TORI3 (ΔsldBA) strains were culti-
vated in G-GAmedium for 12 h, which corresponds to the late
exponential growth phase. The cells were harvested by centri-
fugation at 9000×g and 4 °C for 10 min and re-suspended in
10 mM K+-MES (pH 6.0) containing 2 mM CaCl2. The re-
suspended cells were collected by centrifugation, and again
re-suspended in one volume (1 ml for 1 g of wet cell) of
10 mM K+-MES (pH 6.0) containing 2 mM CaCl2. A 5-mL
suspension, consisting ofwhole cells, withOD600 of 0.37 units
(corresponding to 0.54 oxygen consumption U/mL on the
wild-type cells), 100 mM L-ribose, and 50 mM Na+-acetate
(pH 5.0) was shaken at 150 rpm and 30 °C for 24 h, as de-
scribed under the Analytical biotransformation section.
Aliquots (500 μL) of the reaction mixtures were withdrawn
periodically; the cells were pelleted by centrifugation at
9000×g and 4 °C for 10 min, and the supernatant was filtered
with Millex-LH 0.45 μm. L-Ribose and L-ribonate, in the fil-
trate, were quantified by HPLC, as described above.

Results

Oxygen consumption ability of G. frateurii
membranes on various substrates

Peters et al. (Peters et al. 2013) found that D-lyxose and L-
fucose are substrates for GLDH but do not follow the
Bertrand-Hudson rule. This finding inspired us to search for
new reaction products to understand the position of the oxi-
dation site(s) and reaction mechanism underlying oxidations
of new substrates. First, we examined GLDH activity on D-
and L-fucoses, D- and L-tagatoses, and aldopentoses, but not

on xylose and arabinose because D-xylose and L-arabinose are
well known as the substrates of the PQQ-dependent,
membrane-bound glucose dehydrogenase (Buchert 1991;
Meyer et al. 2013). In order to examine substrate specificity
of the G. frateurii GLDH using the cell membranes of the
wild-type CHM43 strain and its ΔsldBA derivative construct-
ed in this study, oxygen consumption activity was measured
with several substrates, D-arabitol (as a positive control sub-
strate), D- and L-lyxoses, D- and L-riboses, D- and L-tagatoses,
and D- and L-fucoses. As shown in Fig. 2, oxidase activity
with the wild-type membranes on either D-tagatose or L-
fucose was negligible, thus indicating that these sugars are
not substrates for any dehydrogenases in the cell membranes
of the wild type. Other substances were oxidized with the
wild-type membranes at different rates. Of these substrates,
the oxidation ability on D-lyxose, L-ribose, L-tagatose, and D-
arabitol decreased to negligible levels with the deletion of the
sldBA genes.Moreover, oxidation activities of L-lyxose and D-
ribose were also reduced with the ΔsldBA membranes. Loss
of, or reduction in, oxidation activity with the ΔsldBA mem-
branes for D-arabitol, D- and L-lyxoses, D- and L-riboses, and
L-tagatose suggests that these substrates are oxidized by
GLDH. It is noteworthy that the structure of D- and L-lyxoses,
L-riboses, and L-tagatose do not follow the Bertrand-Hudson
rule (see Fig. 1).

Biotransformation of the various substrates
by the membranes

Oxidation of D-ribose can be explained by the substrate spec-
ificity of GLDH, because the chain form of D-ribose meets the
Bertrand-Hudson rule (Fig. 1, highlighted in pale blue), i.e.,
presumably producing 4-keto-D-ribose. However, because
other substrates do not meet the Bertrand-Hudson rule, we
anticipated a mechanism where the closed-ring structures of
the other aldopentoses and L-tagatose would be involved in
the oxidation reactions. L-lyxose and L-tagatose share a
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Fig. 2 Substrate specificity of GLDH. Oxidase activity of the membranes
from the wild-type (gray bar) and ΔsldBA (white bar) strains grown on G-
GA medium were determined by using an oxygen electrode with 100-
mM substrate in 50 mMNa+-acetate (pH 5.0) at 25 °C. Mean values with
standard deviation from triplicate oxidase assay are shown
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common structural element (Fig. 1, highlighted in pink); and
D-lyxose and L-ribose have a structural element in common as
well (Fig. 1, highlighted in lime green). We supposed that
GLDH oxidizes them at other site(s) than hydroxyl group on
the penultimate carbon under different rule(s) than the
Bertrand-Hudson rule. In order to validate this hypothesis,
biotransformation experiments of these five substrates were
conducted with wild-type and ΔsldBA membranes, where
the pH in the reaction mixtures was recorded, and the sub-
strates and products in the reaction mixtures were analyzed by
TLC (Fig. 3).

Principally two types of results were obtained: from L-
tagatose, D-ribose, and L-lyxose and the other from L-ribose
and D-lyxose. Changes in the pH values of reaction mixtures
as a function of time in the wild-type and ΔsldBA membranes
were similar to each other in the case of L-tagatose until 6 h
(Fig. 3a), D-ribose (Fig. 3c), and L-lyxose (Fig. 3e).
Conversely, the pH values decreased exclusively with the
wild-type membranes but not with the ΔsldBA membranes in
the case of L-ribose (Fig. 3g) and D-lyxose (Fig. 3i). On eval-
uation of the TLC assay, intensities of the substrates would
increase gradually as a function of time, if no reaction occurr.
It may be because our biotransformation experiments were
accompanied by significant amounts of evaporation (see the
Materials and Methods section). As the amount of substrate
decreased, some faint spots appeared on the TLC plate with
the wild-type membranes but not with the ΔsldBAmembranes
in L-tagatose (Fig. 3b), D-ribose (Fig. 3d), and L-lyxose
(Fig. 3f) oxidations. However, no new spots were observed
from the oxidation of L-ribose (Fig. 3h) and D-lyxose (Fig. 3j).
These results suggest that the reaction products of L-tagatose,
D-ribose, and L-lyxose are likely ketone or aldehyde com-
pounds, while those of L-ribose and D-lyxose are likely car-
bonic acids (see the Discussion section). Since we unexpect-
edly found that GLDH ofG. frateurii CHM43 strain produces
an acidic compound by oxidization of L-ribose, the oxidation
product was subjected to structural analysis.

Accumulation of the oxidation product in a reciprocal
manner to consumption of L-ribose
upon biotransformation

For quantitative measurements, L-ribose and the oxidation
product in the biotransformation mixture with the wild-type
membranes were analyzed by HPLC as described in the
Materials andMethods section. Elution profiles of the reaction
mixture of L-ribose for 0- and 24-h reactions are shown in
Supplementary Fig. S1. L-Ribose eluted at 44.1 min in the
sugar column, but it was not detected in the organic acid
column. After the 24-h reaction, two peaks were detected that
derived from the oxidation product (12.2-min retention time)
and acetate (15.4-min retention time) of which the latter was
added as the buffer in the biotransformation mixture. The peak

for the oxidation product increased by approximately 20 times
in a 24-h reaction period. A time-lapse experiment of biotrans-
formation of L-ribose was conducted with both the wild-type
and ΔsldBAmembranes (Fig. 4). Significant amounts of water
seemed to evaporate in this experiment. Thus, we determined
the “evaporation factor” in our biotransformation experiments
to adjust the quantification of L-ribose and the oxidation prod-
ucts as described in the Materials and Methods section. With
the wild-type membranes, the consumption of L-ribose ceased
around 10 mM L-ribose left after a 6-h incubation, and the
oxidation product also reached a plateau at that time. Thus, a
decrease in L-ribose levels was reciprocal with the accumula-
tion of the oxidation product.

Unlike the wild type, consumption of L-ribose by the
ΔsldBA membranes could hardly be observed (Fig. 4a).
However, a small accumulation of the oxidation product with
theΔsldBAmembranes was observed, even though consump-
tion of L-ribose was limited. A compound with a retention
time at 12.2 min in the reaction with the ΔsldBA membranes
had a high absorption peak around 260 nm (Supplementary
Fig. S2), suggesting that this is different from the compound
with the same retention time at 12.2 min in the wild-type
reaction mixture showing a relatively low absorption peak
around 260 nm (Supplementary Fig. S2). This compound
might be produced from acetate, because the absorption peak
around 260 nm of the compound with the same retention time
at 12.2 min was eliminated, if acetate was omitted from the
reaction mixture (Supplementary Fig. S2).

Purification of the oxidation product

In order to purify the reaction product, we omitted the Na+-
acetate buffer from the biotransformation mixture, because ac-
etate was one of the major impurities in this experimental setup.
Instead, to keep the pH value where the GLDH functions, we
titrated the pH in the reaction mixture with NaOH as the bio-
transformation proceeded. When the reaction mixture was an-
alyzed by HPLC, instead of acetate, two additional peaks were
detected at retention times of 17.5 and 25.5 min (Supplemental
Fig. S3a). The reaction product was purified with Dowex 1 × 4
anion exchange column chromatography as described in the
Materials and Methods section. The purified materials showed
the peak of the oxidation product (12.2-min retention time) as
the major constituent (Supplementary Fig. S3b).

Identification of the oxidation product of L-ribose

The structure of the purified oxidation product was determined
by HRMS and NMR analysis (Supplementary Fig. S4).
Analytical data with the oxidation product are summarized
below, HRMS: calcd. C5H9O6 for (M-H)−, 165.0399; found,
165.0412. 1H NMR δH (400 MHz, D2O): 3.63–3.68 (m, 1H,
H5), 3.80–3.86 (m, 2H, H4, and H5), 3.91 (dd, 1H, J = 7.0,
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Fig. 3 Time course of the pH
change and TLC assay for
biotransformation of L-tagatose
(a, b), D-ribose (c, d), L-lyxose
(e, f), L-ribose (g, h), and D-lyxose
(i, j) with the G. frateurii
membranes. Membranes (1 mg
protein/ml) of the wild-type
(closed circle) G. frateurii and
ΔsldBA (open circle) strains
grown on G-GA medium were
incubatedwith 100mM each of L-
tagatose, D-ribose, L-lyxose, L-
ribose, or D-lyxose in
50 mMNa+-acetate (pH 5.0). The
mixtures were shaken at 150 rpm
and 30 °C for 24 h. The reaction
mixtures were withdrawn at the
indicated times, and the
supernatants were obtained after
ultracentrifugation. The pH
change of reaction mixtures is
shown in a, c, e, g, and i, and TLC
analysis for 2 μL of the reaction
mixture are shown in b, d, f, h,
and j; 50 mM each of L-tagatose,

D-ribose, L-lyxose, L-ribose, or D-
lyxose as a standard compound
was also loaded on the TLC. As
for L-ribose (g), mean values with
standard deviation from triplicate
biotransformation experiments
are shown. Aniline-staining
solution was sprayed on the plate
to visualize ketones and
aldehydes. New spots appeared
during the biotransformations are
indicated by arrowheads
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3.4 Hz, H3), and 4.18 (d, 1H, J = 3.4 Hz, H2); 13C NMR δC
(100 MHz, D2O): 62.91 (C5), 71.58 (C4), 73.32 (C3), 73.55
(C2), and 178.26 (C1).

In addition, the presence of -CH(OH)-CH(OH)-CH(OH)-
CH2OH is confirmed by the H-H COSY spectrum which re-
vealed the cross peaks of the four signals at δ3.63–3.68, 3.80–
3.86, 3.91, and 4.18. The HMBC spectrum showed correla-
tions of H-2 to C-1, C-3, and C-4; H-3 to C-1, C-4, and C-5;
H-4 to C-3 and C-5; and H-5 to C-4. From the data above, the
oxidation product was identified to be L-ribonate.

Transformation of L-ribose with whole-cell
biocatalysis

In order to avoid cytoplasmic catabolism of L-ribose and its
oxidation product L-ribonate, we had, so far, examined oxida-
tive biotransformation with cell membranes. However, it is
practically preferable that the whole-cell suspensions, rather
than cell membranes, catalyze this biotransformation, without
any side-reactions, with a reasonably high yield. Thus, we
tried to transform L-ribose with a whole-Gluconobacter cell
biocatalysis. To facilitate a comparison between the two catal-
yses, with membranes and whole cells, the wild-type cell sus-
pension with L-ribose oxidase activity (0.54 U/mL) similar to
that used in the biotransformation with membranes, was
employed in the current experiment. The ΔsldBA cells, having
the same cell density unit (as per OD600), were employed for
the control experiment. A decrease in pH was observed in the
reaction with the wild-type cells, similar to that with the mem-
branes (compare Figs. 3g and 5a), which likely corresponds to
a decrease in L-ribose and an increase in L-ribonate (Fig. 5).
Chromatograms of the sugar and organic acid columns sug-
gested that the whole-cell biotransformation did not produce
high amounts of by-products (data not shown). The yield of

biotransformation was 82% (mol/mol), and 4.5% of input L-
ribose was retained after the 24-h reaction. Thus, the whole-
cell biocatalysis resulted into a fair-yield transformation of L-
ribose to L-ribonate, which is lower than, but comparable to,
that with the cell membranes (Fig. 4).

In the biotransformation using ΔsldBA cells, a significant
decrease in pH was observed, contrary to that with the mem-
branes (compare Figs. 3g and 5a), suggesting the formation of
some acidic products. The ΔsldBA cells produced the com-
pound with retention time of 12 min, similar to that with the
membranes. However, this compound did not have an absorp-
tion peak around 260 nm, indicating that it is different from
that produced in the biotransformation with the membranes
(Supplementary Fig. S5). Moreover, similar to L-ribonate, this
compound showed an absorption shoulder around 220 nm,
but the absorption ratio between the peaks at 190 and at
220 nm was much less than that of the corresponding com-
pound produced with the wild-type cell suspension
(Supplementary Fig. S5a).

Biotransformation of L-ribose with purified GLDH

When GLDH oxidizes L-ribose, L-ribonolactone is expect-
ed to be produced as the reaction product (see Fig. 1).
However, the major reaction product (12.2-min retention
time) in the biotransformation of L-ribose with the mem-
brane was not L-ribonolactone but L-ribonate, although it
is reasonable to postulate that hydrolysis of L-
ribonolactone is involved in this biotransformation. In or-
der to know whether the hydrolysis occurs spontaneously
or in an enzyme-dependent manner, we tried biotransfor-
mation of L-ribose by using purified GLDH supplemented
with phenazine methosulfate (PMS) as an electron media-
tor between GLDH and molecular oxygen.
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Fig. 4 Time course of biotransformation of L-ribose and the oxidation
product.Membranes of wild-type (closed circle) andΔsldBA (open circle)
G. frateurii strains grown on G-GA medium were incubated with 100-
mM L-ribose in 50mMNa+-acetate (pH 5.0) with shaking at 150 rpm and
30 °C for 0 h (a) and 24 h (b). Reaction products were prepared by

ultracentrifugation, and HPLC was performed. Elution profiles of the
organic acid column are shown in a and b. The amount of L-ribose (c)
and L-ribonate (d) were measured by HPLC. Mean values with standard
deviation from triplicate biotransformation experiments are shown
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We constructed a GLDH-overproducing G. frateurii strain
(TORI4 harboring pTT1) as described in the Materials and
Methods section. GLDH was solubilized from the mem-
branes of the overproducing strain with alkylglucosides and
purified by using two kinds of column chromatography,
DEAE-Toyopearl and CM-Toyopearl, as described previous-
ly (Adachi et al. 2001). The procedures were modified as
described in the Materials and Methods section. The purities
at each purification step were evaluated by SDS-PAGE
(Fig. 6). The purified enzyme solution had a specific GLDH
activity of 16.54 U/mg and was used for biotransformation of
L-ribose.

It was reported that the reduced form of PMS reacts with
molecular oxygen and produces a one-electron reduced form
of molecular oxygen, the superoxide radical (Nishikimi et al.
1972). If that is the case in our experimental setup, superoxide
dismutase (SOD) would decrease oxygen consumption ac-
cording to the catalysis: 2O2• + 2H+ ➔ O2 + H2O2.
However, an excess amount of SOD did not affect the PMS-
dependent oxygen consumption of GLDH, instead, an excess
amount of catalase decreased the oxygen consumption veloc-
ity to about half of that without it (data not shown). These data
suggest that PMS-dependent oxidation by GLDH produces
hydrogen peroxide. Another report suggests that hydrogen
peroxide production via reduction of PMS by the action of
succinate dehydrogenase (Kearney and Singer 1956). If that
is the case in our experiment, catalase “regenerates”molecular
oxygen as follows: 2H2O2 ➔ O2 + H2O. Because hydrogen
peroxide is a reactive molecular species and may inactivate
GLDH activity during the biotransformation reaction, we
added a reasonable amount of catalase to the reaction as de-
scribed in the Materials and Methods section to eliminate hy-
drogen peroxide. Overall, the reaction in our biotransforma-
tion experiment with the catalase can be assumed to be as seen
in Fig. 6a.

Because a significant amount of water evaporated, we es-
timated the evaporation factor by using the concentration of
acetate to adjust the quantification of L-ribose and the oxida-
tion products. In this biotransformation experiment, acetate
was not involved in the production of the unknown compound
that was described in the biotransformation of L-ribose with
the membranes; therefore, acetate can be considered a stable
solute. L-ribose was oxidized at a slower rate than expected,
but L-ribonate was produced reciprocally (Fig. 6b). No signif-
icant signals in HPLC analysis were observed other than L-
ribose, acetate, and L-ribonate in the sugar and organic acid
columns. These results suggest that L-ribonate can be pro-
duced without any lactone-hydrolyzing enzymes.

Discussion

By comparing the oxygen-consumption activities of the wild-
type and ΔsldBA membranes, we examined aldopentoses and
ketohexoses as the substrates for GLDH. L-lyxose, L-ribose,
and L-tagatose were found to be new substrates of GLDH. A
similar but more comprehensive experimental setup was re-
ported by Peters et al. to identify substrates for characterized
and uncharacterized membrane-bound dehydrogenases of
G. oxydans strain 621H (Peters et al. 2013). Peters et al. con-
structed a series of gene-deletion mutants of the dehydroge-
nases and concluded that L-fucose, D-lyxose, and D-ribose are
substrates of GLDH by comparison of dehydrogenase activi-
ties of the ΔsldBA derivative and its parental strain by using an
artificial electron acceptor with whole-cell preparations. In
order to avoid a cytoplasmic catabolism of various substrates
examined in this study, we prepared cell membranes and
assayed them for oxygen consumption activity. Our
Gluconobacter strain showed D-lyxose and D-ribose oxidase
activity by GLDH, but did not show L-fucose oxidase activity
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Fig. 5 Time course of L-ribose and L-ribonate in the whole-cell
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were prepared by centrifugation, following which HPLC was performed.
The pH change of the reaction mixtures is shown in a. The amount of L-
ribose (b) and L-ribonate (c) was measured by HPLC. Mean values with
standard deviation from triplicate biotransformation experiments are
shown
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in the membranes. Oxidation of L-lyxose will be discussed
later, but oxidation of D-ribose follows the Bertrand-Hudson
rule, producing an open-chain form of 4-keto-D-ribose as sug-
gested in Fig. 1.

As for D-fucose oxidation, it was highly oxidized by the
membranes of the ΔsldBA strain. Membrane-bound glucose
dehydrogenase (GDH) oxidizes D-fucose (Meyer et al. 2013).
GDH activity was elevated in the cell membranes of our
ΔsldBA or ΔadhAB strain (data not shown) presumably due
to limited space on the cytoplasmic membrane of the wild-
type strain, so that it is assumed that elevated D-fucose oxidase
activity is attributed to elevated levels of GDH.

We suggest that L-lyxose, L-ribose, and L-tagatose are new
substrates for GLDH. Open-chain forms of L-lyxose and L-
tagatose have a common structural feature, the threo configu-
ration in the third and fourth carbon in L-lyxose and fourth and
fifth carbon in L-tagatose. Thus, they do not follow the
Bertrand-Hudson rule in the open-chain forms. However, the
sugars undergo a structural change into the closed-ring struc-
ture; aldopentoses and ketohexoses often take the pyranose
from within the solution (Angyal 1969; Que and Gray 1974).
GLDH (polyol dehydrogenase, the sldBA gene products) of
strain 621H oxidizes cyclic alcohols 1,2-cyclopentanediol,
1,3-cyclopentanediol, and 1,2-cyclohexanediol in the whole-
cell dehydrogenase assays (Peters et al. 2013). Moonmangmee
et al. (Moonmangmee et al. 2001) also reported that the PQQ-
dependent “cyclic alcohol dehydrogenase” that oxidizes a
wide variety of polyols including cyclic alcohols was purified
from G. frateurii strain CHM9. It can be concluded that the
“cyclic alcohol dehydrogenase” may be GLDH in this

bacterial strain. Because the structures of the closed-ring form
of the sugars are similar to those of the cyclic alcohols, it might
be unsurprising that GLDH oxidizes L-tagatose and L-lyxose
as reported in this study.

GLDH-dependent oxidation products from L-tagatose and
L-lyxose showed aniline-positive spots in the TLC analysis,
suggesting production of ketones or aldehydes (Fig. 3).
Moreover, the decline in pH in the reaction mixtures was
observed to be similar between the wild-type and ΔsldBA
membranes (until 6 h for L-tagatose), suggesting that acidifi-
cation caused by L-lyxose oxidation may not be due to GLDH
and thus the products are neutral, i.e., ketones or aldehydes.
Based on the structural similarity of L-lyxose and L-tagatose,
the first carbon on L-tagatose is not likely to be the site of
oxidation. If that is the case, then the reaction products are
limited to ketones. We suggest that the oxidation products
are 3-keto-L-tagatose, 4-keto-L-tagatose, or 5-keto-L-tagatose
from L-tagatose and 2-keto-L-lyxose, 3-keto-L-lyxose, or 4-
keto-L-lyxose from L-lyxose (Fig. 1). We tried to isolate the
oxidation product from L-tagatose to determine its structure,
but have not yet completed it.

We successfully purified the oxidation product from L-ri-
bose. HRMS and NMR analysis of the purified product
strongly suggested that it is L-ribonate. This conclusion is
consistent with other experimental results, i.e., the pH of the
reaction mixture rapidly decreased over the course of the re-
actions. Additionally, no aniline-positive spots were detected
in the TLC analysis of reaction products, suggesting the prod-
uct is neither an aldehyde nor a ketone. In addition to those
observations, time-lapse experiments clearly indicated that a

Time (h)

L-
rib

os
e 

(m
M

)

Time (h)

L-
rib

on
at

e
(m

M
)

0

20

40

60

80

100

0 5 10 15 20
0

20

40

60

80

100

0 5 10 15 20

a

b

L-Ribose

L-Ribono-
lactone

GLDH
PMSOx

PMSRed

O2

H2O2

Cat
O2 + H2O

1
2H2O

L-Ribonic
acid

O2
1
2L-Ribose L-Ribonic acid+Overall: 

Fig. 6 Time course of
biotransformation of L-ribose
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for the reaction of the
transformation of L-ribose with
purified GLDH assisted by
catalase. PMSOx, oxidized form of
PMS; PMSRed, reduced form of
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periodically and treated with 5-
sulfosalicylic acid to remove
proteins. The amount of L-ribose
and L-ribonate were measured by
HPLC
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decrease in the amount of L-ribose corresponds to the increase
in L-ribonate. These lines of evidence suggest that the site
specificity of L-ribose oxidation by GLDH is high, i.e., only
the hydroxyl group on the anomeric carbon is oxidized. To our
knowledge, this is the first study on GLDH on the substrate
and site specificity and, as discussed later, the first oxidation
product is L-ribonolactone.

It can be theoretically assumed that GLDH oxidizes the
aldehyde group in the chain form of L-ribose to produce L-
ribonic acid by a catalytic mechanism similar to that of alde-
hyde dehydrogenase. However, the experimental evidence of
GLDH does not support such a possibility (Mientus et al.
2017; Moonmangmee et al. 2001; Peters et al. 2013). Rather,
it is reasonable to conclude that GLDH oxidizes the anomeric
hydroxyl group of L-ribopyranose. We anticipated a molecular
event between the oxidation of L-ribopyranose and production
of L-ribonate, i.e., hydrolysis and the ring opening reaction of
L-ribonolactone. By using the reactivity of the reduced form of
PMS to molecular oxygen, we tried to biotransform L-ribose
with purified GLDH. It is noteworthy to mention that the
product from reduced PMS can be assumed to be hydrogen
peroxide rather than the superoxide radical because catalase
but not SOD-regenerated molecular oxygen in our oxygen
consumption assay. Although oxidation yields were much
lower than our expectations, correlations between decreases
in L-ribose and increases in L-ribonate were observed without
occurrence of any intermediate-like compounds. Therefore, it
is plausible to conclude that L-ribonolactone produced by the
catalytic function of GLDH is hydrolyzed spontaneously to the
open structure. Moreover, we suggest that D-lyxose is oxidized
in a similar manner to L-ribose, because the behavior on D-
lyxose oxidation with the membranes was similar to that on
L-ribose oxidation, i.e., GLDH oxidize D-lyxose, likely to pro-
duce D-lyxonate (Fig. 1).

Not only the one with cell membranes, whole-cell bioca-
talysis also achieved a fair-yield transformation of L-ribose to
L-ribonate (Fig. 5), which is also practically feasible. With the
ΔsldBA cell suspension, some acidic compounds might be
produced slowly (Fig. 5), although no strong signals were
detected in the analytical HPLC. Additionally, a small amount
of the 12-min compound, having similar absorption properties
as of L-ribonate was produced by the ΔsldBA cells, which may
be tentatively assigned as L-ribonate (Fig. 5c). If that is the
case, some cytoplasmic, NAD(P)+-dependent aldose dehydro-
genases and/or aldo-keto reductases might be responsible for
the L-ribonate production (Adachi et al. 1980; Adachi et al.
1999; Liu et al. 2011; Moonmangmee et al. 2000). Finally, we
compared the two biotransformation systems using the mem-
branes and the purified GLDH. In the membrane system, total
enzyme activity (oxygen consumption) in the 5-ml reaction
mixture was 2.7 μmol of L-ribose oxidized/min, and the actual
L-ribonate production rate calculated from the data for 0–3 h
was 19 mM/h (Fig. 4b); thus, 1.6 μmol of L-ribonate was

produced per minute in the 5-ml reaction. The ratio of actual
production to expected enzyme activity was about 60%.
However, in the purified GLDH system, total enzyme activity
(oxygen consumption) in the 1-ml reaction mixture was
0.52 μmol of L-ribose oxidized/min, and the actual L-
ribonate production rate calculated from the data of 0–3 h
was 2.2 mM/h (Fig. 6b); thus, 0.037 of μmol L-ribonate
produced/min in the 1-ml reaction. The ratio of actual produc-
tion to expected enzyme activity was about 7.1%. The differ-
ence in the reaction efficiency between two biotransformation
systems clearly explains the unexpectedly slow production by
the purified GLDH system. Moreover, L-ribonate production
ceased over the course of the reaction, particularly after 3-h.
Catalase indeed increased L-ribonate production, but even in
the presence of catalase, GLDH may be exposed to hydrogen
peroxide to some extent, which is likely harmful to the en-
zyme. Moreover, the solubilized state of GLDH may not be
suitable to maintain the enzyme activity. Such unfavorable
circumstances might have inhibited enzyme activity in our
biotransformation experiment.
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