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PREFACE

Our laboratory (Applied microorganism) has been keen on acetic acid bacteria research
for a long history. Based on this background, this dissertation was contributed to the
understanding of acetic acid bacteria, specifically Gluconobacter sp.. It discusses the metabolism
of intermediate oxidation products (Chapter 2 and 4) and characterization of cryptic membrane

bound dehydrogenase enzyme (Chapter 3) of Gluconobacter sp..

The first study on characterization of 5-keto-D-fructose reductase enzyme. This enzyme is one of
KFR enzyme in reducing 5-keto-D-fructose with the coenzyme NADPH to fructose and NADP"
in the cytoplasm. Furthermore, the disruption of kfi in genome can be a promising strain for

producing SKF.

The second study was about PQQ-DH9, a cryptic membrane bound enzyme that the expression
of it in the genome was under detected level. This study brings a new PQQ-DH enzyme

information that seem no research has done before.

The third study focus on the three DHA kinase enymes in DHA metabolism. It clarified the
function of three enzyme that involved in utilization of DHA. Moreover, the disruption of three

DHA kinase enzymes can be a promising strategy for DHA producing.

This dissertation is organized in five main sections. The first section is general introduction
whereby I described fundamental understanding about Gluconobacter sp, and expressed rationale
of carrying out this research. The three following sections are corresponding with three studies

respectively.

I believed this research would be interesting for all readers who are interested in bacteriology,

biochemistry, genetics as well as molecular biology.
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CHAPTER ONE

General Introduction

1.1. Acetic acid bacteria

Acetic acid bacteria (AAB) play an important role in oxidative fermentation of food and
beverage industries. AAB are obligate aerobes and well known to have a strong ability to oxidize
ethanol, sugars, and sugar alcohols to produce the corresponding sugar acids or ketones for
intermediates for industrial applications. The unique oxidative fermentation of AAB is briefly
described as follows, the subtrates are oxidized by primary dehydrogenases of the respiratory
chain and the oxidized products are then released to the culture medium. AAB are classified in
17 genera, of which many species have been reported in the genera Acetobacter, Gluconobacter,
Gluconacetobacter, and Komagataeibacter. Other genera are Acidomonas, Kozakia,
Swaminathania, Saccharibacter, Neoasaia, Granulibacter, Tanticharoenia, Ameyamaea,
Endobacter, Nguyeni- bacter, Swingsia, Neokomagataea and Gammaproteobacteria {Matsushita
et al., 1994, 2016}.

1.2. Gluconobater sp.

Strains of Gluconobacter are isolated from fruits, flowers, and other sugar-rich materials.
Gluconobacter is a strict aerobe, Gram negative alpha-proteobacterium. It is able to oxidize
various sugars and sugar alcohols incompletely to accumulate the oxidation products in the
culture medium without complete oxidation to water and carbon dioxide. This unique
characteristic comes from it has an incomplete citrate cycle lacking succinate dehydrogenase
{Prust et al., 2005}. By this property, Gluconobacter catalyzes many membrane-bound,
dehydrogenase-dependent oxidative fermentation reactions resulting in valuable industrial
products, such as L-sorbose from D-sorbitol, dihydroxyacetone from glycerol, and 2- or 5-keto- D
-gluconate from gluconate {Matsushita et al., 2003}. One of the key factors of strong ability to
oxidize alcohols and sugars is primary membrane-bound dehydrogenases in the cytoplasmic
membrane and other is NAD(P)H-dependent dehydrogenase in the cytosolic soluble fraction
{Matsushita, 1994}. These dehydrogenases are distinguished by their cofactors: pyrroloquinoline
quinone (PQQ), flavin adenine dinucleotide (FAD, and molybdopterin. Based on the genomic
data, PQQ-dependent proteins (quinoproteins) can be categorized into six groups according to the
compositions of their subunits and their primary sequences in acetic acid bacteria {Matsutani and
Yakushi, 2018}.

1.2.1. Gluconobacter frateurii CHM43

Gluconobacter frateurii CHMA43 was first isolated and characterized from fruit in Thailand
by Moonmangmee et al. (2000) and known as a thermotolerant Gluconobacter strain. So that the
screening method was not only growing well at 37 °C but also oxidized D-sorbitol and D-mannitol

to L-sorbose and D-fructose, and identified based on comparison with the reference strain G.
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frateurii Mason & Claus IRO 3264". This CHM43 strain has a strong capacity for producing of
L-sorbose even at high temperature {Hattori et al., 2012}. A previous research has reported that
a single-nucleotide insertion in a drug transporter gene causing the metabolic flux to generate
more NADPH and enhance thermotolerance {Matsumoto et al., 2018}.
Based on the genomic data {Matsutani and Yakushi, 2018}, G. frateurii CHM43 strain tend to
possess a variety of dehydrogenases on the cytoplasmic membrane. However, a significant
number of orphan quinoproteins remain uncharacterized. This strain has the membrane bound,
FAD-dependent fructose dehydrogenase (FDH) while this enzyme is absent in G. thailandicus
NBRC 3255 and G. oxydans 621H. The FDH is the key enzyme in oxidation of fructose to 5-
keto-D-fructose {Ameyama, 1981b} {Kawai, 2013}. From these points above, I chose CHM43
strain for further research on the SKF metabolism and characterize the orphan PQQ-dependent
dehydrogenase 9 (PQQ-DH9) in CHM43 strain in chapters two and three.
1.2.2. Gluconobacter thailandicus NBRC 3255

Gluconobacter thailandicus strain NBRC3255 (formerly Gluconobacter suboxydans) was
isolated from a strawberry in Japan, the draft genome sequence was reported {Matsutani et al.,
2013}. This strain was reported as dihydroxyacetone (DHA) producing strain because the
membrane-bound alcohol dehydrogenase is absent {Charoenyingcharoen et al., 2015; Matsushita
et al., 1991}. However, the NBRC 3255 strain has ability to degrade DHA {Adachi et al., 2008}.
Therefore, DHA metabolize is needed for further disruption of the genes which response in DHA
consumption. Chapter four of this dissertation examined three ATP-dependent phosphorylating
enzymes in DHA metabolism in G. thailandicus NBRC 3255.

12



CHAPTER TWO
5-keto-D-fructose production from mannitol and the 5-keto-D-fructose reductase of

Gluconobacter frateurii CHMA43 is a novel class in the shikimate dehydrogenase family

ABSTRACT

Gluconobacter frateurii CHM43 has mannitol dehydrogenase (quinoprotein glycerol
dehydrogenase)(GLDH) and flavoprotein fructose dehydrogenase (FDH) in the membranes. In
the periplasmic space, GLDH oxidize mannitol to fructose and then FDH does fructose to 5-keto-
D-fructose (S5KF). When the strain was cultured in mannitol, mannitol is converted to SKF with

65 % yield. SKF production with almost 100 % yield was realized with the resting cells.

Since NADPH-dependent 5KF reductase was found in the soluble fraction of
Gluconobacter spp., SKF might be transported into the cytoplasm and metabolized. Here we
identified the GLF 2050 gene as the kfr gene encoding SKF reductase (KFR). A mutant strain
devoid of the kfi- gene showed lower KFR activity and less SKF consumption than the wild-type
strain. The crystal structure revealed that KFR is similar to NADP -dependent shikimate
dehydrogenase (SDH), which catalyzes the reversible NADP -dependent oxidation of shikimate
to 3-dehydroshikimate. We found that several amino acid residues in the putative substrate-
binding site of KFR were different from those of SDH. Phylogenetic analyses revealed that only
a subclass in the SDH family containing KFR conserved such a unique substrate-binding site. We
constructed KFR derivatives with amino acid substitutions, including replacement of Asn21 in
the substrate-binding site with Ser that is found in SDH. The KFR-N21S derivative showed a
strong increase in the K\ value for SKF, but a higher shikimate oxidation activity than wild-type
KFR, suggesting that Asn21 is important for SKF binding. In addition, the conserved catalytic
dyad Lys72 and Asp108 were individually substituted for Asn. The K72N and D108N derivatives
showed only negligible activities without a dramatic change in the K value for SKF, suggesting
a similar catalytic mechanism to that of SDH. Taken together, we suggest that KFR is a new

member of the SDH family.
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2.1. INTRODUCTION

Regarding to 5-keto-D-fructose (D-threo-2,5-hexodiulose, SKF) production by acetic acid
bacteria, the first report was done in 1961 by Terada et al. {Terada, 1961}. They identified the
unknown substance from D-fructose oxidation to be SKF. Formation and utilization of S5KF were
reported with Gluconobacter cerinus IFO 3267 {Mowshowitz, 1974}. Thereafter, a membrane-
bound D-fructose dehydrogenase (FDH, EC 1.1.99.11) catalyzing SKF formation from fructose
was purified and characterized as a flavoprotein dehydrogenase-cytochrome complex from the
membrane fraction of Gluconobacter industrius IFO 3260 (renamed as Gluconobacter japonicus
NBRC 3260) {Ameyama, 1981a}. Later, the genes encoding FDH of NBRC 3260 was identified
as fdhSCL and its high expression strain was also constructed {Kawai, 2013}. Since the first
description of SKF production by acetic acid bacteria, many efforts have been done to create a
strain for better SKF production {Siemen, 2018} {Herweg, 2018} {Hoffman, 2020} {Battling,
2020}. 5KF has been evaluated as a natural sweetener with low calorie{Terada, 1961} {Blasi,
2020} {Wyrobnik, 2009} that can be substituted with D-glucose preventing metabolic diseases
caused by high blood glucose level. Deppenmiere’s group reported SKF production from fructose
with genetically modified Gluconobacter oxydans strains where they used plasmid-based fdh of
G. japonicus NBRC 3260 {Siemen, 2018} or G. japonicus LMG 1281 {Herweg, 2018} Later,
Battling et al. {Battling, 2020} reported SKF production from fructose with a novel plasmid-free
strain of G. oxydans. The two groups of German scientists elaborated bacterial strains for SKF
production but the principle has remained within the same scope of Terada et al. {Terada,
1961#96} who used fructose as the starting material for SKF formation. Deppenmiere’s group
also reported SKF production from sucrose, instead of fructose, with G. oxydans strain having
chromo- some-integrated fdh of G. japonicus NBRC 3260 and invertase gene of G. japonicus
LMG 1417 {Hoffman, 2020}. In this case, sucrose was efficiently converted to fructose and D-
glucose, then the fructose to SKF efficiently, but the glucose remained in the culture medium.
We tried to look for alternative convenient substrates for SKF production as well as a better SKF
producing strain among isolated wild strains. Mannitol was chosen as the most promising
substrates. Mannitol is one of the best compounds to support growth of Gluconobacter spp.
{Richhardt, 2012}, a member of acetic acid bacteria. G. frateurii CHM43 {Moonmangmee,
2000} oxidizes mannitol to fructose by membrane-bound, pyrroloquinoline quinone dependent
glycerol dehydrogenase {Matsushita, 2003} and does fructose to SKF further by membrane-
bound, FAD-dependent fructose dehydrogenase (FDH; Fig. 2.1) {Ameyama, 1981b} {Kawai,
2013}. Such the periplasmic oxidation is a unique process in several aerobic microorganisms
including acetic acid bacteria such as Gluconobacter spp. and produces proton motive force

across the cytoplasmic membrane to contribute energy metabolism in these microorganisms
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{Matsushita, 1994}. Oxidative biotransformation of mannitol to 5KF takes place in a nearly
stoichiometric manner.

On the other hand, SKF metabolism in Gluconobacter spp. is not fully understood. Here,
we examined SKF metabolism in G. frateurii CHM43, which we reasonably expect the metabolic
pathway for SKF in. The previous studies reported the function of SKF reductase (KFR) in vitro,
which catalyzes the reduction of 5KF to fructose with NADPH {Aida, 1964} {Avigad,
1966} {Ameyama, 1981b}. Occurrence of this enzyme implies a metabolic pathway for SKF in
Gluconobacter cell, i.e. SKF would be incorporated into the cell via an unidentified transporter
and reduced by KFR with NADPH, then produced fructose would be phosphorylated (Fig. 2.1).
Fructose-6-phosphate would enter into the glycolytic pathway, i.e. pentose phosphate pathway or
Entner Doudoroff pathway in Gluconobacter {Prust, 2005} {Richhardt, 2012}.

5KF is a unique substance produced from mannitol or fructose by Gluconobacter strains
{Terada, 1961}. 5KF is considered as a low calories sweetener, because it cannot be metabolized
in human body {Wyrobnik, 2009}. It is found in noble rot wine, a kind of white wine {Barbe,
2001}. Thus, SKF has received attention as a promising natural but low-calories sweetener. The
economic and human health values of 5KF encourage elucidating a SKF metabolism in
Gluconobacter sp. Here, we identified the GLF 2050 gene of the CHM43 strain as the gene for
KFR. The crystal structure of KFR was similar to that of NADP'-dependent shikimate
dehydrogenase (SDH), and bioinformatics studies suggested that KFR is in a sub-class in the SDH
family. Amino acid replacement experiment on KFR suggested an important amino acid residue

for the substrate binding in KFR.

2.2. MATERIALS AND METHODS
2.2.1. Chemicals

SKF was supplied by Kyowa-Hakko Bio (Tokyo, Japan). 5-Fluorocytosine was
purchased from Fluorochem (Glossop, UK). 3-Dehydroshikimate was prepared from quinate as
described previously {Adachi, 2006}. All other materials used were of analytical grade and
obtained from commercial sources.
2.2.2. Bacterial strains and culture condition

Escherichia coli strains DH5a was used for plasmid construction {Hanahan, 1983}. The
BL21 and BL21(DE3)/pLys strains were used for protein expression {Studier, 1986} {Studier,
1991}. The Gluconobacter strains and plasmids used in this study are listed in Table 2.3.
Gluconobacter frateurii CHM43 and its derivatives were cultivated routinely at 30°C with
shaking (200 rpm) in mannitol medium consisting of 50 g of D-mannitol, 3 g of yeast extract
(Oriental Yeast, Tokyo, Japan) and 3 g of Hipolypepton (Nihon Pharmaceuticals, Osaka, Japan)

per litre. For the strain construction, the CHM43 strain was cultivated on sorbitol medium
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consisting of 50 g of D- sorbitol, 3 g of yeast extract and 3 g of Hipolypepton per litre.
Escherichia coli strains were cultivated in Luria Bertani (LB) medium at 30°C. Ampicillin was
used at final concentrations of 50 and 500 ug mL™" for E. coli and Gluconobacter, respectively.
Kanamycin and tetracycline were used at final concentrations of 50 pg mL™" and 10 pg mL™,
respectively.
2.2.3. Construction of plasmids

The genomic DNA of Gluconobacter frateurii CHM43 was isolated by the method of
Marmur {Marmur, 1961} with some modifications {Kawai, 2013}. The GLF 2050 gene was
amplified by PCR with the Herculase II fusion DNA polymerase (Stratagene, CA, USA), the
CHM43 genome DNA, and a pair of oligonucleotide: ex-GLF_2050-5-Hin(+) and ex-GLF_2050-
3-Xba(-) (Table 4). The PCR product was inserted into the HindIIl and Xbal site of pJY19
{Yorimitsu, 2003}, pCM62 {Marx, 2001}, and pSHOS {Kawai, 2013}, a derivative of the
broad host range vector pPBBRIMCS-4 {Kovach, 1995}, to construct pNMT4, p9KX6264, and
pNMT72, respectively.

To delete the GLF 2050 gene in the CHM43 strain, the homologous arms in the 5° and
3’ regions of the GLF 2050 gene were amplified using two sets of oligonucleotides AGLF 2050-
5-Kpn(+) and AGLF 2050-5-RI(-) for 5* region and AGLF 2050-3-RI(+) and AGLF 2050-3-
Xba(-) for 3’ region. The two PCR products was inserted into the Kpnl and Xbal site of the suicide
vector pKOS6b {Kostner, 2013} to construct pNMT91.

The N-terminally hexahistidine-tagged GLF 2050 was constructed by PCR with the
oligonucleotide RI-His6-3C-kfr(+). The PCR product was inserted into the HindIIl and Xbal site
of pTTQI18 to construct ppgNK1. The amino acid replacements in the GLF 2050 gene were
constructed by PCR with the pairs of oligonucleotides listed in Table 4, followed by Dpnl
treatment. PCR was performed by using the chromosomal, 5’-phosphorylated and 3’-
phosphorylated primers, Herculase DNA polymerase (Stratagene).

The GOX1959 gene was amplified by PCR using the genome DNA of Gluconobacter
oxydans ATCC621H and a pair of oligonucleotide: GOX1959-5-Eco(+) and GOX1959-3-
SphBgl(-). The PCR product was inserted into Ndel and BamHI sites of pET3a (Novagen,
Darmstadt, Germany) to construct pJ808. Nucleotide sequences of all DNA fragments inserted
into the plasmids were confirmed by Sanger method (BigDye Terminator v3.1 Cycle Sequencing
Kit, Applied Biosystems, Foster City, CA, USA).

2.2.4. Transformation of Gluconobacter frateurii CHM43 and the construction of gene
deletion variant

The CHM43 strain was transformed with the plasmids constructed in this study via
electroporation and selected on sorbitol agar medium with appropriate antibiotics as described

previously {Yakushi, 2018a}. In the case of construction of gene deletion variant, the first
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recombinant strain was inoculated on sorbitol agar medium containing 60 pg mL™' 5-
fluorocytosine to select the second recombinants as described previously {Kostner,
2013} {Yakushi, 2018b}.
2.3.5. Determination of mannitol, fructose and 5KF in the culture medium

The bacterial culture was taken and centrifuged at 10,000 x g for 5 min at 4°C to remove
the cells. The supernatant was filtered with a filter with 0.4-um-size pore (Merck Millipore,
Burlington, MA, USA). The filtered supernatant was analyzed using a high-performance liquid
chromatography (HPLC) system equipped with a refraction index (RI) detector and photodiode
array (PDA). Mannitol was separated on a Pb**-loaded cation-exchange column (SUGAR SP0810,
8.0 mm inside diameter X 300 mm length, Shodex, Showa Denko KK, Kawasaki, Japan) at 80°C
by using distilled and deionized water as a mobile phase at a flow rate of 0.5 mL min™'. Fructose
and 5KF were separated on an ion-exclusion column (RSpak KC-811, 8.0 mm inside diameter x
300 mm length, Shodex, Showa Denko KK, Kawasaki, Japan) at 60°C using 0.1% (w/v)
phosphoric acid as a mobile phase at flow rate 0.4 mL min™'. Mannitol and fructose were detected
by RI, while SKF was detected by PDA at 210 nm. The retention times on mannitol, fructose and
SKF were 35.1, 20.8, and 19.0 min, respectively. Mannitol, fructose, and SKF were determined
by the calibration curves based on the peak heights of the compounds on the chromatograms.
2.2.6. Purification of native KFR

G. frateurii CHM43 harboring pNMT72 was cultured in 500 mL mannitol medium
containing 500 pg mL™" ampicillin with shaking at 30°C until late exponential phase of growth.
Cells were harvested by centrifugation at 10,000 x g for 10 min at 4°C, followed by washing with
10 mM K'- phosphate (pH 6.0) containing 1 mM B-mercaptoethanol (B-ME). The cells were
suspended in the same buffer and passed through French pressure cell press (1,100 kg cm™) twice.
Intact cells and cell debris were removed by centrifugation at 10,000 x g for 10 min at 4°C, and
the membranes were removed from the supernatant by ultracentrifugation at 100,000 x g for 1 h
at 4°C. The soluble fraction was applied to a DEAE-cellulose column equilibrated with 10 mM
K- phosphate (pH 6.0) containing 1 mM B-ME. After washing the column with the same buffer,
KFR was eluted by a linear gradient system that consisted of 10 and 200 mM K- phosphate (pH
6.0) containing 1 mM B-ME. The collected active fractions were dialyzed to 10 mM K"-phosphate
(pH 6.0) containing 1 mM B-ME. The dialyzate was applied to a ceramic hydroxyapatite (Bio-
Rad) column, which had been equilibrated with the same buffer. The enzyme was eluted with the
linear gradient system consisted of 100 and 300 mM K- phosphate (pH 6.0) containing 1 mM -
ME. In order to concentrate protein, the collected active fractions were dialyzed and applied to a
small DEAE-cellulose column and eluted by 200 mM K'- phosphate (pH 6.0) containing 1 mM
B-ME. The fraction with the highest activity was dialyzed to 10 mM K'-phosphate (pH 6.0)

containing 1 mM B-ME was used for crystallization and other enzyme characterization.
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2.2.7. Gel filtration column chromatography

The purified enzyme was loaded on the Superdex 200 column that had been equilibrated
with 10 mM K'-phosphate (pH 6.0) containing 0.1 M NaCl and 1 mM B-ME. Molecular mass of
KFR was determined by a calibration curve of the standard marker protein (Oriental Yeast, Tokyo,
Japan), which consist of yeast glutamate dehydrogenase (290 kDa), pig heart lactate
dehydrogenase (142 kDa), yeast enolase (67 kDa), yeast myokinase (32 kDa), and horse heart
cytochrome c (12.4 kDa).
2.2.8. Purification of the KFR derivatives

The N-terminally hexahistidine-tagged KFR and its amino acid replacements were
expressed in E. coli BL21 grown in 100 mL of LB medium containing 50 pg mL™" ampicillin.
The recombinant E. coli cells were cultivated at 30°C for 12 h, and then isopropyl B-D-
thiogalactopyranoside (IPTG) was added to the final concentration of 1 mM to induce His-tagged
KFR by additional cultivation at 30°C for 12 h. Cells were collected by centrifugation at 10,000
x g for 10 min at 4°C and washed twice with 20 mM Na'-phosphate (pH 7.8) containing 500 mM
NaCl. Cells were disrupted by French pressure cell press, and then the soluble fraction was
obtained by ultracentrifugation as described above. The soluble fraction (1 mL) was mixed with
40 pL of nickel-nitrilotriacetic (Ni-NTA) affinity beads (Toyobo, Tokyo, Japan). The beads were
washed twice with 20 mM sodium phosphate (pH 6.0) containing 500 mM NaCl and 10 mM of
imidazole. The His-tagged KFR was eluted with 20 mM sodium phosphate (pH 6.0) containing
500 mM NaCl and 75 mM of imidazole.
2.2.9. Enzyme assay and Kinetics

KFR activity was measured by monitoring the oxidation of 0.1 mM NADPH at 340 nm
with 5 mM 5KF in 50 mM K'-phosphate (pH 7.5) in a total reaction volume of 1 mL at 25°C.
The oxidation reactions were measured by monitoring the reduction of 0.25 mM NADP" at 340
nm with 10 mM fructose or 100 mM shikimate in 50 mM Na'-glycine buffer (pH 10) in a total
reaction volume of 1 mL at 25°C. The background activity without substrate (5KF, fructose and
shikimate) was monitored, which was subtracted from the activity with substrate to calculate the
net activity. The Vmax and Ky values were determined on KaleidaGraph ver. 4.5 (Synergy
Software, Reading, PA, USA).
2.2.10. Sequence data retrieval and phylogenetic tree construction

The 1964 genome sequences (one genus per one genome) were downloaded from the
NCBI Reference Sequence (RefSeq) FTP website at ftp.ncbi.nlm.nih.gov/genomes/refseq/. For
phylogenetic analysis, we performed a BLASTP search against all protein-coding sequences from
the 1964 genomes using amino acid sequences of six functionally validated protein sequences,
GLF 2050, AroE-like protein of Pseudomonas putida (Pp_Aell) {Singh, 2008} {Peek, 2011},
aminoshikimate dehydrogenase of Pseudomonas putida (Pp Rifl2){Peck, 2013}, SDH of
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Thermus thermophilus (Tt AroE), SDH-like protein of Haemophilus influenzae (Hi_SdhL)
{Singh, 2005}, SDH of Corynebacterium glutamicum (Cg_AroE){Kubota, 2013}, and quinate
dehydrogenase of C. glutamicum (Cg_QDH){Hoppner, 2013} as the query {Altschul, 1997}. The
homologous set was selected with a BLASTP filtering expectation value (e-value) < 10-'" and
sequence overlap > 70%. All homologous hits from each query were collected, and the merged
unique sequence data set was used for phylogenetic tree construction. Input sequence was aligned
using MUSCLE v.3.8.31 with amino acid sequence level, and used for phylogenetic construction
{Edgar, 2004}. The MEGAX 10.1.8 package was used to generate the phylogenetic tree to study
the phylogenetic relationships using the neighbor-joining (NJ) approach {Tamura, 2007} {Stecher,
2020}. Functionally validated protein sequences used as the query for BLASTP searches were
also included in the phylogenetic analysis.
2.3.11. Visualization of consensus sequences in active sites from each phylogenetic clade

The active site sequences from each phylogenetic clade were used as input into WebLogo
to assess the common consensus sequence. The sequences were illustrated by WebLogo using
stacks of symbols, one stack for each position in the sequence. The size of symbols within the
stack indicates the relative frequency of each base at that position {Crooks, 2004}.
2.3.12. Crystallization, data collection, and structural determination of KFR

For crystallization, a purified KFR from the recombinant G. frateurii CHM43 was used.
Initial sparse matrix crystallization screening was performed at 295 K, by hanging-drop vapor
diffusion, with 4 pL. drops of enzyme against reservoir solution, using HAMPTON PEG/ION
screen kit. Native (ligand-free) KFR was crystallized using 7.6 mg/mL enzyme solution and 18%
(w/v) PEG3350, 0.95 M HEPES-Na, pH 8.0, 140 mM calcium acetate, 4.5% (v/v) ethylene glycol,
5% (v/v) 1,4-butanediol as the reservoir solution. For crystallization of the KFR-NADPH
complex, drops were prepared by mixing 2 pL of enzyme solution (17 mg / mL) with 1 pL of 20
mM NADPH and 2 pL of reservoir and equilibrated against 100 pL of reservoir at room
temperature. Crystals were obtained in 16% (w/v) PEG3350, 45 mM HEPES-Na, pH 7.5, 180
mM ammonium fluoride, 19% (v/v) MPD. The crystals under both conditions appeared after 1
week and grew to the size used for the measurement in 2 weeks. The crystal size used for the X-
ray diffraction were approximately 0.13 x 0.07 x 0.02 mm’.

The X-ray diffraction data sets for the native KFR crystal and KFR-NADPH complex
crystal were collected from the Synchrotron Radiation Source at the PF beam line BL1A and the
PF-AR beam line NW12A (Tsukuba, Japan). Prior to measurement, the KFR crystals were dipped
in a cryoprotectant with 15% glycerol and flash-cooled in a stream of cool nitrogen gas at 95~100
K. As to the KFR-NADPH complex, since the reservoir contained MPD, the crystals were used
without cryoprotectant. The native KFR crystal diffracted to 1.50 A in cell dimensions of a =
41.53, b = 63.47, c = 93.92 A, B = 93.42 ° with the space group of P 2;. The KFR-NADPH
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complex crystal diffracted to 1.95 A in cell dimensions of a = 40.50, b = 61.53, c = 96.86 A, B =
96.82 ° with the space group of P 2;. Processing and scaling were performed with the program
XDS {Kabsch, 2010} scaling with POINTLESS {Evans, 2006} {Evans, 2011} and SCALA
{Evans, 2006} of CCP4 {Winn, 2011}. The parameters of data collection and processing are
summarized in Table 5. The structure was solved by molecular replacement using MOLREP
{Vagin, 1997} with an initial model of Shikimate Dehydrogenase from Methanocaldococcus
jannaschii (PDB entry INVT, {Padyana, 2003}). The structure was manually built in COOT
{Emsley, 2010} and refined with REFMACS5 {Murshudov, 2011} with subsequent rounds of
model building, refinement, and structural analysis until Ryox and Ry of native KFR stabilized
to 0.23 and 0.25, respectively. The structure of KFR-NADPH complex was refinement until Ryork
and Rfr. stabilized to 0.21 and 0.26, respectively (Table 2.7). Electron density for NADPH could
be clearly seen in the NADPH-binding pocket. The final structural coordinates and electron
density maps were deposited with the Protein Data Bank (PDB codes: 7COK and 7COL for the
ligand-free and NADPH-complex forms, respectively. Structural visualization was performed in
CCP4MG {McNicholas, 2011}.
2.2.13. 5KF production from resting cell

2.2.13.1. Preparation of resting cell

The resting cells were prepared with the cells of G. frateurii CHM43 after cultivation for
36 h on mannitol medium (the composition is described in 2.2.2.). The cells were collected and
washed two times with 5 mM acetate buffer, pH 5.0. The cell suspension of 240 mg wet wt./mL
was used.

2.2.13.2. Determination of mannitol, fructose, SKF in the reaction mixture

The reaction mixture (1 mL) containing 0.4 mL of cells (96 mg wet cells), 50 mg of
mannitol, and 0.5 mL of 0.2 M acetate buffer, pH 5.0, was incubated. The reaction was shaken at
150 rpm at 25°C and the reaction was terminated periodically as indicated by the addition of
trichloroacetic acid to 2%. After the reaction mixture was spun down by a table top centrifuge, an
aliquot of the supernatant was used. Mannitol was measured by NADP-dependent mannitol
dehydrogenase from G. oxydans NBRC 12528 {Adachi, 1999#3}. Fructose was measured by two
ways {Terada,1961}: with FDH using potassium ferricyanide as electron acceptor and the
membrane-bound FDH from G. japonicus NBRC 3260 {Ameyama, 1981}; {Terada, 1961},
reduction of fructose to mannitol by reading decrease of optical density of NADPH at 340 nm
with NAD-dependent mannitol dehydrogenase from G. oxydans NBRC 12528 {Adachi, 1999}.
SKF was measured by NADPH-dependent SKF reductase (KFR) which can be prepared from one
of the following strains: G. japonicus NBRC 3260, G. frateurii CHM43, or G. oxydans NBRC
3257 {Ameyama, 1981}.

2.2.13.3. Thin-layer cellulose plate of analytical
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An aliquot of the culture medium was spotted on a thin-layer cellulose plate (TLC
cellulose of analytical, Merck KGaA, Darmstadt, Germany) and developed with a solvent of t-
butanol: formic acid: water =4: 1: 1.5. TLC plate was sprayed by a mixture of triphenyltetrazolum
chloride (TTC) and KOH. Sugar acids having intramolecular ketone are stained as a deep pink
spot with TTC. F and 5KF mean the standard D-fructose and 5-keto-D-fructose, respectively.

2.3. RESULTS
2.3.1. The CHM43 strain highly produces SKF

Crude membrane fraction of G. frateurii CHM43 showed a strong FDH activity (0.8-1.0
unit/mg protein) comparable to that of G. japonicus NBRC 3260 (0.7-1.0 unit/mg) {Ameyama,
1981}. When G. frateurii CHM43 was grown in mannitol medium, mannitol initially added was
consumed, then fructose accumulation started within 3 days. Thereafter, SKF accumulation came
to the maximum level while fructose disappeared rapidly (Fig. 2.2.a). The pH of the culture
medium gradually decreased to 4.0. The bacterial growth showed a biphasic (Fig. 2.2.a). The first
phase was brought by mannitol oxidation and the second by fructose oxidation. In Fig. 2.2.b, an
aliquot of the culture supernatant along the cultivation was spotted on a thin-layer cellulose plate
(TLC) sheet. After it was developed and dried well, the TLC sheet was sprayed by an alkaline-
triphenyl tetrazolium chloride (TTC) solution. Fructose and 5KF reacted with TTC but not
mannitol. Since one ketone moiety is found in the molecule of fructose and two in 5KF, TTC
reacted stronger with SKF than fructose. When fructose formation during cultivation was assayed
enzymatically, fructose accumulated as high as 82% to mannitol initially added, though fructose
looked small from TLC chromatography. SKF accumulated in the culture medium was finally
measured to be 65% to the amount of mannitol initially added as shown in Fig. 2.2.a .
2.3.2. 5KF production from mannitol with almost 100 % yield by G. frateurii CHMA43 resting
cells

SKF production from mannitol was examined by resting cells of G. frateurii CHM 43
(Table 2.1), where SKF was rapidly produced via fructose. No mannitol and fructose was detected
by the enzymatic method described above at the end of the reaction, when the incubation was
carried out in acetate buffer, pH 5.0, at 25°C for 12 h. Thus, the resting cells of G. frateurii CHM
43 were shown to be a potent catalyst for SKF production from mannitol with almost 100% yield
within a short period. Fructose behaved as a metabolic inter- mediate with a short lifetime.
2.3.3. Identification of GLF 2050 as the gene for SKF reductase

We discovered GLF 2050 as the gene for SKF reductase (KFR) in the course of a study
on NADPH-dependent dihydroxyacetone reductase (NADPH-DHAR) of Gluconobacter
thailandicus (formerly Gluconobacter suboxydans) {Adachi, 2008}. We found that NADPH-
DHAR reduces SKF at much higher rate (more than 20-times) than dihydroxyacetone. Thus, we
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cloned the GLF 2050 gene from the draft genome of G. frateurii CHM43 {Matsumoto, 2018},
which is a homolog of the gene encoding NADPH-DHAR of G. thailandicus, to construct
recombinant Escherichia coli and Gluconobacter strains that overexpress GLF_2050. The soluble
fractions of the recombinant strains showed higher KFR activity than the control strains that
harbour the empty plasmid vectors (Fig. 2.S1). In addition, we constructed the derivative strain
from G. frateurii CHM43 that lost the GLF 2050 gene. The KFR activity in the soluble fraction
of the AGLF 2050 strain was lower than that of the wild-type strain; 0.36 = 0.02 and 1.2 + 0.08
U (mg protein)” in the AGLF 2050 and wild type, respectively. These results indicate that the
GLF 2050 gene is the gene for KFR, even though other gene(s) for KFR present in the CHM43
genome. Schweiger et al. reported that Gluconobacter oxydans strain 621H possesses two
stereospecific NADPH-dependent ketone reductases, GOX0644 (locus tag number for G. oxydans
621H strain and a homologous gene product was found in the CHM43 genome: GLF 2244) and
GOX1615 (GLF 2040) {Schweiger, 2010}. Chen et al. also reported that six NADPH-dependent
ketone reductases including GOX0525 (GLF 2568), GOXI1598 (GLF 0138), GOX1462
(GLF 2417), and GOX0290 (GLF 0357). The homologous proteins from the genes in the
CHM43 genome might contribute the remaining activity in the Akfr derivative {Chen, 2014}.
2.3.4. The Akfr strain less consumes SKF than the wild-type strain

We examined the physiological role of KFR in the mannitol metabolism of G. frateurii
CHM43 through construction of the Akfr strain. The complemented Akfi strain was also
constructed by introducing a plasmid carrying the kfir gene. The wild-type, Akfi, and the
complementary (Akfr/kfr+) strains were cultivated on mannitol medium for 11 days to test the
ability to consume 5KF. The periplasmic oxidation system oxidizes mannitol to fructose and the
produced fructose to SKF (Figs. 2.1 and 2.3). All Gluconobacter strains completely consumed
mannitol at 2 d and produced fructose was oxidized to SKF by 6 d. After 6 d, a difference in the
amount of SKF was observed between the Akfi and wild-type or complementary strains, although
no effect on the growth was apparently observed (Fig. 2.S2). Even no fructose was left after 6 d,
SKF was slightly increased in the culture media of Akfi day by day (Fig. 2.3). We expect that this
is due to the media being concentrated by evaporation during cultivation. The data for Fig. 2 were
modified based on an assumption that 1.5% of water was evaporated day by day (Fig. 2.53). If
we consider the evaporation, the Akfi- strain seems to maintain SKF levels, while the wild-type
and complementary strains consume SKF (Fig. 2.53). Thus, it is plausibly concluded that the Akfr
strain less consumes SKF than the wild-type strain. The conclusion could be supported by pH
change on the culture media: when compared to wild type, decrease in the culture media of Akfr
was slightly suppressed (Fig. 2.S2), suggesting low production of organic acid. Because acetic
acid is the final metabolite of G. frateurii CHMA43 like as the other Gluconobacter spp.

{Matsumoto, 2018}, the Akfi presumably less produced acetic acid due to limited consumption
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of 5KF. Taken together, we concluded that GLF 2050 is the gene for the physiologically relevant
KFR.
2.3.5. Characterization of KFR

KFR was purified from the recombinant G. frateurii CHM43 harbouring pNMT72 (kfi-")
to characterize its biochemical properties including structure (Fig. 2.S4). We attempted
overexpression of KFR in E. coli, but the activity was much lower than that expressed in the
CHM43 strain (Fig. 2.S1). Although we did not carefully characterize these issues, codon
preference and protein folding in the Gluconobacter cell would be suitable for KFR. As
summarized in Table 2.2, KFR of G. frateurii CHM43 showed similar characteristics to that of
Gluconobacter cerinus NBRC3267 (formerly IFO3267) reported previously {Avigad, 1966}.
The KFR activity was much higher in the reduction of SKF with NADPH than the reverse reaction,
D-fructose oxidation with NADP". The optimum pH and the Michaelis constant of 5KF reductase
were similar to those of other Gluconobacter spp. in the previous reports {Ameyama,
1981} {Avigad, 1966} {Yamada, 1967}. I determined the molecular mass of KFR in solution to
be 71 kDa by gel filtration column chromatography, suggesting a dimer of approx. 30-kDa
protomers.
2.3.6. Structural overview of Gluconobacter SKF reductase

We determined the crystal structures of the native (ligand-free) and NADPH-bound KFRs.
The whole structure of native KFR and KFR-NADPH complex was modelled using CCP4 and
COOT {Winn, 2011} {Emsley, 2010}. The overall structure of the KFR-NADPH complex shown
in Fig. 2.4.A showed a dimer where the protomer contains cofactor-binding and substrate-binding
domains (Fig. 2.4.B). Thus, it is suggested that the two active sites are involved in catalysis.
Interprotomer interactions in the structure were analysed using PISA service {Krissinel, 2007} at
the European Bioinformatics Institute. There are two KFR molecules in the asymmetric unit. The
buried surface between molecule A and B is about 1213 A?. Analysis of protein interfaces
suggests that the homodimer of molecules A and B with the free energy change of the
intermolecule contact (AG™) value of -15.7 kcal/mol is stable in solution. The substrate-binding
domains of the two protomers were shown to face to each other in the dimer. Also, one molecule
of NADPH binds to the cofactor-binding domain of each subunit. In the KFR-NADPH complex
the residues interacting with NADPH through the hydrogen bond or salt bridge were Alal32,
Gly134, Alal35, Asnl55, Argl56, and Aspl157 (Fig. 2.S5). Other residues were close proximity
to the cofactor including Gly133, Lys160, Ser199, Val255, Gly248, and Leu252, which are shown
to be important for cofactor recognition.

The difference in the distance between the Co carbons of the main chains of the

superposed amino acid residues the protomer of the native KFR onto the KFR-NADPH complex
was calculated using SUPERPOSE {Krissinel, 2004} of CCP4i. The average distance between
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Ca carbons was 0.42 A and its r.m.s.d. was 0.46 A, which shows that the two conformations are
very similar (data not shown). Therefore, it was revealed that SKFR had little conformational
change associated with NADPH binding. In addition, the largest distance of 1.68 A was found
between the Ca carbons of the Ser182 residue, considered that this is caused by the movement of
the side chain of the Argl56 residue associated with the binding of the adenine ring of NADPH.
2.3.7. Prediction of substrate-binding site in SKF reductase

We attempted to understand the substrate binding in KFR by comparison of the structure
of apo-form KFR with that of substrate-bound form of homologous protein. To identify the closest
structural relatives to KFR, the PDBefold was used, and the top hit was for Escherichia coli SDH,
with a Z-score of 17.4 based on 264 aligned C-alpha atoms with an r.m.s.d of 1.5 A (PDB entry
1VI2). The top ten were SDHs from various species, followed by quinate dehydrogenase. Because
of the highest homology in the SDH-shikimate complex, we referred to the structure of the ternary
complex of SDH with both shikimate and NADPH from Thermus thermophillus to examine the
substrate binding in KFR. The substrate-binding site in 7hermus SDH is composed of 9 amino
acid residues: Serl4, Serl6, Asn58, Thr60, Lys64, Asn85, Asp100, Tyr207, and GIn235 (Fig.
2.5). According to the comparison between two enzymes, a putative substrate-binding site in KFR
was predicted, where the Ser14, Ser16, Thr60, and Tyr207 residues were replaced to Asn, Thr,
Ser, and Pro, respectively. Since Serl4, Serl6, and Tyr207 of Thermus SDH interact with the
carboxyl group of shikimate, these differences in amino acid residues may account for substrate
specificity of KFR, i.e. reducing the accessibility of shikimate to the enzyme. Particularly, Asn21
appears to sterically hinder the binding to the carboxyl group of shikimate. In order to examine
this hypothesis, we constructed the KFR derivatives having single amino acid replacement and
the double replacements. Furthermore, we found that Lys72 and Asp108 in the substrate-binding
site are conserved as the catalytic dyad in the SDH family {Lindner, 2005} {Peek, 2011}, which
mediates a hydride ion transfer from the substrate to NAD(P)", producing protonated g-amino
group in the Lys residue. We examined the effect of the amino acid replacements in the catalytic
dyad to evaluate the mechanism under the KFR catalysis.
2.3.8. KFR belongs to a small subgroup in the shikimate dehydrogenase family

We examined phylogenetic analysis for KFR. According to the results mentioned above,
the structure of KFR is very similar to that of shikimate dehydrogenase (SDH). We retrieved
homologous proteins similar to KFR, AroE-like protein of Pseudomonas putida (Pp_Aell)
{Singh, 2008} {Peek, 2011}, aminoshikimate dehydrogenase of P. putida (Pp_Rifl2){Peck,
2013}, SDH of Thermus thermophilus (Tt _AroE), SDH-like protein of Haemophilus influenzae
(Hi_SdhL) {Singh, 2005}, SDH of Corynebacterium glutamicum (Cg_AroE){Kubota, 2013},
and quinate dehydrogenase of C. glutamicum (Cg_QDH){Hoppner, 2013} by BLASTP on our
RefSeq dataset independently. All of 1,930 hit proteins were used for the phylogenetic analysis

24



(Fig. 2.6). We tentatively classified the phylogenetic tree into the twelve clades, where
functionally validated proteins belong to the nine clades, while three clades do not have any
characterized proteins (Fig. 2.6 and Table 2.S1). The clades 1, 2, 7, 8, 10, and 12 contain the
members of SDH family with considerable shikimate oxidation rates {Michel, 2003} { Adachi,
2006 } {Liu, 2014} {Bagautdinov, 2007} {Kubota, 2013} {Schoepe, 2008}, whereas the clades 4
and 9 contain YdiB of E. coli and SdhL of H. influenzae with the low k.. values for shikimate
oxidation of 0.1 and 0.2 s”', respectively {Michel, 2003} {Singh, 2005}. The clade 11 contains the
member with moderate activity {Peek, 2013}. KFR belongs to the clade 4, which is reasonable
since it oxidized shikimate slowly with the ke value of 0.028 s™. However, no quinate oxidation
at a rate lower than 0.01 s was observed with KFR in the similar conditions to the shikimate
oxidation, although YdiB of E. coli the representative of the clade 4 oxidizes quinate at a rate of
0.05 s™' {Michel, 2003}.

We examined conservation of the nine amino acid residues on the putative substrate-
binding site in the homologous proteins retrieved, i.e. Asn21, Thr23, Asn66, Ser68, Lys72, Asn93,
Aspl08, Pro227, and GIn255 in KFR. Even though Asn21, Thr23, Ser68, and Pro227 were
different from the corresponding amino acid residues in other shikimate dehydrogenase family,
the position of four amino acids, Lys72, Asn93, Aspl108, and GIn255, were aligned with the
conserved residues in the amino acid sequence alignment (Fig. 2.S6), allowing us to speculate the
nine amino acid residues consist of the substrate-binding site in the retrieved 1,930 homologous
proteins. Clade-level analyses on the conservation revealed that different amino acid conservation
patterns were found in the several clades including clades 4, 9, 10, 11, and 12 (Fig. 2.S7). Since
the conservation pattern of the clade 4 were different from those of all retrieved proteins and also
from the pattern of KFR (data not shown), we retrieved the proteins having the similar amino acid
pattern to that of KFR from the original 1,930 homologous proteins, which contains only one
amino acid difference in the nine amino acid residues in the substrate-binding site. We found the
30 homologous proteins that shows similar conservation pattern in the substrate-binding site
(Table 2.S1). When these 30 proteins are shown in red in the phylogenetic tree in Fig. 2.6.A, they
clustered in a small sub-clade named as 4a. Conservation of the amino acid residues in the
substrate-binding site of the clade 4a was high but the amino acid residues, Asn21, Thr23, and
Pro227, were different from that of the other clade 4 members, i.e. the clade 4b (Fig. 2.6.B). Of
these, the amino acid residues corresponding to Thr23 is Ser in SDH, but such the difference is
also found in the other members of SDH family, such as Cgl0424 quinate dehydrogenase of
Corynebacterium glutamicum in the clade 12, which oxidize shikimate with the k.. value of 85.2
s {Schoepe, 2008} . Therefore, we focused on the two positions, Asn21 and Pro227 to evaluate
the impact of the amino acid substitutions on the substrate binding and the kinetic properties of
KFR.
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2.3.9. Properties of the KFR derivatives

I constructed an expression system for hexahistidine-tagged KFR in Escherichia coli for
biochemical characterization of the KFR derivatives containing either single amino acid
replacements of Asn21 to Ser (referred to as N21S) or Pro227 to Tyr (P227Y) and the double
replacement with N21S and P227Y (SY). To evaluate the impact of the mutations on substrate
binding, the kinetic properties of the KFR derivatives were determined by using 5KF as the
substrate and NADPH as the cofactor. All of the KFR derivatives including wild type showed
similar elution profiles in Ni**-chelated column chromatography (Fig. 2.S8), suggesting that the
KFR derivatives were stably expressed in E. coli as the wild-type KFR.

The N218S derivative showed a 300-fold decrease in the specific SKF reductase activity
compared to the wild-type enzyme. It also exhibited a significant change in the Ky value for 5SKF
of 300-fold increase (Table 2.3). Similarly, the P227Y derivative showed a fivefold decrease in
the specific SKF reductase activity. The Ky value of P227Y for SKF was increased eightfold. The
SY derivative showed much lower activity, so that it was difficult to determine the kinetic
parameters. As for oxidation direction, fructose dehydrogenase activities of the KFR derivatives
were determined (Fig. 2.7). KFR catalyzes the reaction predominantly in the reduction direction
using NADPH but affinities to the substrates are similar to each other (Table 2.2; {Avigad, 1966} ).
The rates of fructose oxidation in the KFR derivatives were different; P227Y showed relatively
high activity but N21S showed much lower activity, and no activity was detected in SY. These
amino acid replacements presumably resulted in loss of affinity to fructose as well as loss of
affinity to SKF.

Although we attempted to detect 3-dehydroshikimate reductase activities in the KFR
derivatives with a limitation of substrate concentration of 4 mM due to the scarcity of the reagent
available, the activity was not observed in any KFR derivatives. Then, we examined NADP"-
dependent shikimate dehydrogenase activities in the KFR derivatives (Fig. 2.7). There are no
apparent differences in shikimate dehydrogenase activity of the P227Y and SY derivatives
compared to wild-type KFR. On the other hand, the N21S derivative showed an approx. sevenfold
higher activity than wild type even fructose dehydrogenase activity was much decreased by the
amino acid replacement (Fig. 2.7). We examined the affinity to shikimate in the N21S derivative,
but the Km value seemed similar to that of wild-type KFR (Fig. 2.S9). Therefore, we considered
the elevated catalytic efficiency of the N21S derivative was derived from the elevated specific
activity to shikimate.

In order to explore the catalytic mechanism under KFR, either the Lys72 or Asp108
residue was replaced to Asn. Replacing to Asn may minimize the changes in side chain van der
Waals volumes but can eliminate their functions in general acid-base catalysis {Lindner,
2005} {Peck, 2011}. We determined the kinetic parameters for the KFR derivatives on S5KF as a
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substrate with NADPH as a cofactor (Table 2.3). The K72N and D108N derivatives exhibited
approx. 2,300- and 13,000-fold decreased reaction rates of the wild-type enzyme. Nonetheless
both showed only minor changes in the Kw values for SKF, which were slightly increased from
that of wild-type enzyme (Table 2.3). Therefore, these results clearly indicate the role of the Lys

and Asp residues in the catalytic mechanism of KFR.

2.4. DISCUSSION
SDH is one of crucial enzymes in the shikimate pathway in plants and microbes, which
connects to biosynthesis of aromatic amino acids and other aromatic compounds. The SDH family
is a large protein family containing at least five discrete enzymes, AroE as typical SDH, YdiB
(QDH), aminoshikimate dehydrogenase Rifl, SDH-like protein SdhL, and AroE-likel Aell {Peek,
2015}. We examined the structure, phylogeny, and enzymatic properties of KFR in this study.
Although it has unique properties in the substrate specificity, the overall structure of the molecule
and the amino acids residues responsible for NADPH binding were highly conserved. We also
proposed the unique but important amino acid residues for the substrate recognition. Taken
together, we suggest that KFR of Gluconobacter sp. is a member of a subclass in the SDH family.
We revealed that the GLF 2050 gene encodes KFR, which is responsible for most of
the cellular KFR activity and physiologically relevant to SKF metabolism in vivo. KFR would
reduce SKF to generate fructose to supply it to the pentose phosphate pathway when G. frateurii
CHM43 grows on mannitol. KFR activity of Akfir (AGLF _2050) strain still remains approx. 29%
of wild-type CHM43, suggesting the Akfrr strain has at least one gene responsible for the
remaining KFR activity. The complete genome of G. oxydans 621H exhibits to have more
approximately 70 uncharacterized oxidoreductases {Prust, 2005}, and the draft genome of the
CHM43 strain also has a number of uncharacterized oxidoreductases that depend on nicotinamide
cofactors {Matsumoto, 2018}. As mentioned in the Results section, one or more uncharacterized
oxidoreductases may involve in the remained KFR activity in the Akfi- strain. Even though, the
Akfr strain apparently did not consume 5SKF in our cultivation experiment, while the wild-type
strain gradually consumed it, when mannitol and fructose were decreased to undetectable levels.
These results suggest that the GLF 2050 gene encodes KFR relevant to the SKF metabolism.
We attempted to propose a possible route for development of KFR in the evolution. The
overall structure of KFR was similar to that of SDH (Fig. 2.4C). Although we failed to obtain
structure for substrate-bound form of KFR, we suggested the nine amino acid residues for
substrate binding based on the structural similarity to substrate-bound form of SDH (Fig. 2.5)
{Gan, 2007} {Bagautdinov, 2007} . The nine amino acid residues on the substrate binding of SDH
are different from the predicted ones of KFR, which is consistent with the different substrate

specificities of the two enzymes. Therefore, we examined conservation of these amino acid
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residues in the SDH family by extracting the nine amino acid residues from the SDH family
proteins (Figs. 2.S6 and S7). The homologs having similar patterns in the nine amino acid residues
are clustered in the clade 4a. The clade 4b, which includes E. coli quinate/shikimate
dehydrogenase YdiB, conserved the amino acid patterns similar to SDH, even though it is
systematically close to the clade 4a (Fig. 2.6). Thus, we suggest that KFR is derived from a
primordial molecule for the clade 4, but developed a unique amino acid pattern on the substrate
binding to accommodate SKF.

Based on this assumption, we attempted to enhance reactivity of KFR to shikimate or
dehydroshikimate by site-directed mutagenesis at the substrate-binding site. Indeed, KFR can
oxidize shikimate at extremely low rate (Fig. 2.7), while partially purified SDH of G. oxydans
(Go_AroE: GOX1959) with shikimate oxidation activity of 24 U-(mg protein) ' showed no SKF
reduction activity less than 0.0018 U-(mg protein)'. The P227Y derivative also showed
importance of Pro227 for SKF binding, even though increase in the Ky value was moderate. The
N21S derivative showed the extremely increased Kwm value for SKF, but apparently less effect on
that for shikimate, suggesting a crucial function of Asn21 in 5KF recognition. Because the N21S
derivative also enhanced the shikimate oxidation activity sevenfold, the N21S substitution
somehow enhances the catalytic efficiency of oxidizing shikimate but not the affinity. More
detailed biochemical and structural analyses are needed to understand how this amino acid
substitution increases the reaction rate.

To understand the catalytic mechanism of 5KF reduction, we examined catalytic
efficiency of the KFR derivatives that have the amino acid replacements in the catalytic dyad
Lys72 and Aspl08 {Lindner, 2005} {Gan, 2007} {Peck, 2011}. Both amino acid replacements
resulted in large decreases in the Vmax value but small impacts on the Ky value to SKF, suggesting
the amino acid replacements affect the rate of catalysis but not the substrate binding. From these
results, we suggest the catalytic mechanism under SKF reduction by KFR that Lys72 is protonated
by the action of Asp108 to protonate C3 carbonyl oxygen. NADPH transfers hydride ion to the
protonated 5KF to yield fructose and NADP", as suggested in SDHs of 7. thermophilus and
Aquifex aeolicus {Bagautdinov, 2007} {Gan, 2007}.

Structure of the substrate for KFR is a subject of debate. It was reported that gem-diol
hydrate is the major form of 5KF in solution, which had been isolated from Gluconobacter
cultures {Blanchard, 1982} {Siemen, 2018}. Blanchard et al. {Blanchard, 1982} detected a chain
form of 5KF in solution at 70°C, suggesting this as a minor form of SKF. It is plausibly considered
that 5-keto-D-fructopyranose is a possible intermediate in the equilibrium between the gem-diol
hydrate and the chain form (Fig. 2.S10). Because dihydroxyacetone was reduced by KFR (see the
Results section), the chain form is presumably the substrate for KFR. We constructed modeled

structures of the substrate-bound KFR with the three possible forms of 5-keto-D-fructose, i.e. the
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pyranose, chain, and gem-diol hydrate forms (Fig. 2.S11). The pyranose and chain forms of SKF
seem to be accommodated in the substrate-binding site in KFR. However, Leu252 would be close
to the hydroxyl group specific in the gem-diol hydrate form within 3.0 A, which may sterically
hinder the substrate binding. Thus, the structure modeling for the substrate-bound KFR supports
that the substrate for KFR is the pyranose and chain forms than the gem-diol hydrate form, even

if SKF prefers the gem-diol hydrate from in solution.

2.5. CONCLUSION

A limited species of acetic acid bacteria, such as G. frateurii CHMA43, produce 5-
ketofructose at a high yield, a low calorie sweetener. Here, we propose mannitol is one of the
most promising substrates to produce 5SKF via fructose. In addition, we also show NADPH-
dependent 5-ketofructose reductase (KFR) is involved in 5-ketofructose degradation and
characterization of this enzyme as for the structure, phylogeny, and function. The structure of
KFR was similar to that of shikimate dehydrogenase, which is functionally crucial in the
shikimate pathway in bacteria and plants. Phylogenetic analysis suggested that KFR is positioned
in a small sub-group of shikimate dehydrogenase family. Catalytically important amino acid
residues were also conserved, which were validated by construction of the KFR derivatives with
the amino acid substitution. Thus, we propose KFR as a new member of shikimate dehydrogenase

family.
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TABLES AND FIGURES IN CHAPTER TWO
Table 2.S1. List of shikimate dehydrogenase used in phylogenetic and conservation analysis

Access website: http://dsOn.cc.yamaguchi-u.ac.jp/~oubi/sube.html

Table 2.1. 5-keto-D-fructose production from mannitol with resting cells of G. frateurii
CHM43

Incubation (h) Mannitol” (g/L) Fructose® (g/L) SKF* (g/L)
0 50.0 0 0
3 27.4 38.8 11.2
6 tr.p 10.5 26.7
12 tr.” tr.” 50.0

# Mannitol, fructose, SKF were measured under the same methods as described in Materials and

Methods section.

btr., trace amount less than 0.01 mM
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Table 2.2. Properties of KFRs of Gluconobacter spp.

This study {Avigad, 1966}

Optimum pH

5KF reduction pH 7.5 pH 7.4
D-Fructose oxidation pH 10 n.it
Coenzyme specificity NADPH NADPH
Specific activity [U-(mg protein)™']

SKF reduction 440 + 30 627
D-Fructose oxidation 1.7+ 0.02 0.44%
L-Sorbose oxidation n.d. 0.31°
Product of 5KF reduction D-fructose D-fructose
Kinetic constants

Ky for SKF (mM) 42+04 4.5

Vinax for 5KF [U-(mg protein)™] 920 + 20 n.i.

K for D-fructose (mM) 8.5+0.6 70

Vinax for D-fructose [U-(mg protein)] 12+0.2 n.i.
Molecular mass' 71 kDa n.i.

Y Gel filtration.
#n.d., not detected.
* n.i., no information.

¥ Enzyme assay at pH 7.4.
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Table 2.3. The kinetic parameters for His-tagged KFR and its derivatives.

Sp. act.” Vinax Turnover Ky (mM) keat/ Km
[U-(mg protein)] [U-(mg protein)"] number (57)* (s mMy
Wild type 340 £ 1 410+ 6 680 2.1+0.1 320
N21S 1.4+0.1 140 + 30 2.8 620+ 160  0.58
P227Y 70+ 5 220+ 5 140 17+1 28
SY 0.12 +0.01 n.t” 0.25 n.t.” n.t”
K72N 0.18 £0.01 0.20 = 0.005 0.36 34+03 0.11
DI08N 0.031 +0.004 0.071 £ 0.002 0.063 6.7+0.7 0.0066

“ Sp. act., specific activity; b n.t., not tested; ¢ Turnover number was calculated from the specific
activity by assuming that the KFR dimer possesses two catalytic sites from the crystal structure;
4 Catalytic efficiency (kea/Km) was calculated from linear regression of the Lineweaver-Burk

plot.
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Table 2.4. Gluconobacter strains and plasmids used in this study.

Strains and plasmids Relevant characteristics Source or reference

Gluconobacter sp.

ATCC621H Gluconobacter oxydans wild type ATCC
CHM43 Wild type {Moonmangmee,
2000}

NMT912 CHM43 Akfr This study

Plasmid

pKOS6b Suicide vector, mob codAB, Km® {Kostner, 2013}

pCM62 Broad-host-range vector, mob, Tc® {Marx, 2001}

pTTQI18 Expression vector, lacI?, P, Ap® {Stark, 1987}

pJY19 pTTQ18, opposite orientation of {Yorimitsu, 2003}
multiple cloning site

pBBRIMCS-4 Broad-host-range vector, mob, Ap® {Kovach, 1995}

pSHOS pBBRIMCS-4, promoter for the adhAB  {Kawai, 2013}
gene of G. oxydans ATCC621H

pET3a Expression vector, Pr7, Ap® Novagen

pNMTI1 pKOSG6b, Akfir This study

pNMT72 pSHOS, kfr (GLF _2050) This study

pNMT4 pJY19, kfir (GLF _2050) This study

p9KX6264 pPCM62, kfr (GLF_2050) This study

pbgNK1 pTTQI18, his-kfr This study

pJ808 pET3a, aroE (GOX1959) of G. oxydans  H. Koike thesis (2017)

ATCC621H

aroE, the gene for shikimate dehydrogenase.
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Table 2.5. Oligonucleotides used in this study.

Name Sequence (5* 2> 3°) ¢ Objective *
ex-GLF_2050-5-Hin(+) aagcttcagagacagtctcggaataag kfir*
ex-GLF_2050-3-Xba(-) tctagatggtatgaaaacccetge kfir*
AGLF_2050-5-Kpn(+) ggtacccattacgcgactgaag Akfr
AGLF 2050-5-RI(-) gaattccaccatcgccacggtag Akfr
AGLF_2050-3-RI(+) gaattcggaacagaaaataagtaagc Akfr
AGLF_2050-3-Xba(-) tctagaaggcagaattactttcetg Akfr
RI-His6-3C-kfr(+) gaattcgcatcaccatcaccatcacctggaagttctgttccagggge N-His6
ccagcggacaaggctt
SKFR-N21S(+) caccccctgegecgacTCtectaccgtggegatg N21S
SKFR-N21S(-) catcgccacggtaggaGAgtcggegeagggggtg N21S
SKFR-P227Y(+) gttgcggatgtcattT Acaacccgcectcagac P227Y
SKFR-P227Y(-) gtctgaggegggttg T Aaatgacatccgcaac P227Y
SKFR-K72N(+) ctcectgecccacaaCgtegecgttetegate K72N
SKFR-K72N(-) gatcgagaacggcgacGttgtggggcagggag K72N
SKFR-D108N(+) gattggtcataacactAaTggcaagggctttc DI108N
SKFR-D108N(-) gaaagcccttgccAtTagtgttatgaccaate DI108N
GOX1959-5-Eco(+) gaattccatatgattgacggtcacacgaaac aroE
GOX1959-3-SphBgl(-) agatctgcatgcggegaccgtacttttce aroE

“ Recognition sites for the restriction endonucleases (Kpnl, EcoRI, Xbal, HindIII, Ndel, Sphl,

and Bglll) are underlined. Uppercase letters show substituted bases.

b Akfir, construction of the Akfi- strain; kfi”", construction of the expression plasmid; N-His6,

construction of the gene for N-terminally hexahistiidine tagged KFR.
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Table 2.6. Data collection and processing

Crystal ligand free NADPH complex
Diffraction source KEK, PF, BL1A KEK, PF-AR, NWI12A
Wavelength (A) 1.1000 1.0000
Temperature (K) 100 95.0
Detector Eiger X4M ADSC Quantum270r
Crystal-detector distance (mm) 74.63 244.00
Rotation range per image (°) 0.5 0.5
Total rotation range (°) 240 150
Exposure time per image (s) 1.0 2.0
Space group P2, P2,
a, b, c(A) 41.53, 63.47,93.92  40.50, 61.53, 96.86
a, B,y (°) 90.00, 93.42,90.00  90.00, 96.82, 90.00
Mosaicity (°) 0.20 0.60
Resolution range (A) 41.45-1.50 40.21-1.95

(1.58 - 1.50) (2.06 —1.95)
Total No. of reflections 351914 105580
No. of unique reflections 77600 33451
Completeness (%) 99.5 (99.8) 96.7 (93.1)
Rierge 9.4 (51.0) 6.0 (15.1)
Redundancy 4.54.7) 3.2 (3.0
(I/o(D)) 9.4 (3.6) 13.1 (6.3)
Ryim. 0.107 (0.577) 0.072 (0.184)

Overall B factor from Wilson plot (A?)

13.941

20.890

Values for the outer shell are given in parentheses.
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Table 2.7. Structure solution and refinement

Crystal ligand free NADPH complex
Resolution range (A) 41.453 - 1.500 40.213 - 1.950
Completeness (%) 99.367 96.440

c cutoff 0 0

No. of reflections, working set 73708 31710

No. of reflections, test set 3862 1723

Final Rwork 0.2319 0.2085

Final Rfre” 0.2544 0.2637

No. of non-H atoms

Protein 3992 4005
Ligand (NADPH) - 96
Water 231 399

R.m.s. deviations

Bonds (A) 0.0092 0.0092
Angles (°) 1.3870 1.4284
Average B factors (A2)

Protein 17.66 23.40
Ligand (NADPH) - 33.97
Water 24 .45 33.31

Ramachandran plot
Most favoured (%) 98.9 97.8
Allowed (%) 1.1 2.0

Values for the outer shell are given in parentheses.

? Riee was monitored with 5% of the reflection data excluded from the refinement.
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Figure 2.1. Putative metabolic pathway on mannitol in G. frateurii CHM43.
GLDH, pyrroloquinoline quinone-dependent glycerol dehydrogenase; FDH, fructose
dehydrogenase; KFR, 5-ketofructose reductase (GLF_2050); GLF 2449, NADP"-dependent

mannitol dehydrogenase {Adachi, 1999} {Zahid, 2016}.
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Figure 2.2. Production of 5-keto-D-fructose during cultivation of G. frateurii CHM43.

(a) The organism was cultured on a mannitol medium 150 mL was put in an Erlenmeyer flask
of 500 mL volume with a sided arm. The cultivation was done at 30°C under shaking at 200
rpm. The bacterial growth (0) was recorded by a Klett Summerson colorimeter through the side
arm without taking the cotton stopper off. Incubation was carried out for the period as indicated.
The amounts of mannitol (©), fructose (A ), and SKF (e) in the culture medium were measured
as described in the text. (b) An aliquot of the culture medium was spotted on a thin-layer
cellulose plate (TLC cellulose of analytical, Merck KGaA, Darmstadt, Germany) and developed
with a solvent of t-butanol: formic acid: water =4: 1: 1.5. TLC plate was sprayed by a mixture
of triphenyltetrazolum chloride (TTC) and KOH. Sugar acids having intramolecular ketone are
stained as a deep pink spot with TTC. F and SKF mean the standard fructose and 5-keto-D-

fructose, respectively.
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Figure 2.3. Mannitol, fructose and SKF in the culture medium.

The wild-type (blue triangle), Akfi (red circle), and complementary strains (A/+; white circle)
were cultivated in 100-mL mannitol medium in 500-mL Erlenmyere flask at 30°C with shaking.
Samples were taken and centrifuged at 10,000 rpm at 4°C for 10 min to remove the cells. Then

samples were filtered with 0.4-um pore size filter and analyzed by HPLC to determine
mannitol, fructose, and 5KF.
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Figure 2.4. Crystal structure of KFR

A. Overall structure of NADPH-bound KFR dimer: chains A (pink color) and B (blue color) in
ribbon model with NADPH in space-filling model. N: N terminus; C: C terminus. B. Subunit
structure of KFR-NADPH complex. C. Superimposed image of NADPH-KFR complex of G.
frateurii CHMA43 (dark purple) and tripartite complex of shikimate, NADPH, and SDH of
Thermus thermophilus HB8 {Bagautdinov, 2007} (grey). NADPH and shikimate are in blue and

green, respectively.
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Figure 2.5. Superimposed image of the substrate binding site of tripartite NADPH-
shikimate-SDH complex and the corresponding site of NADPH-KFR complex.

The substrate binding site of SDH of T. thermophilus HB8 {Bagautdinov, 2007} complexed
with shikimate (green) and NADPH (blue) includes 9 residues showing in light blue. The
corresponding site in KFR of G. frateurii CHM43 shown in yellow complexed with NADPH
(light red) was similar to that of 7. thermophilus SDH but included 4 different amino acid

residues.
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Figure 2.6. Phylogenetic analysis and amino acid residues in substrate-binding site of
KFR.

A. Unrooted neighbor-joining phylogenetic tree of SDH family proteins. The phylogenetic tree
of 1,929 SDH homologs was constructed using the MEGAX 10.1.8 package {Tamura,

2007} {Stecher, 2020}. The scale bar represents 0.1 substitutions per site. The elven
experimentally validated functional sequences are designated as follows, KFR (filled blue
circle), Ec_AroE (open red circle), Ec_YdiB (filled blue triangle), Pp_Aell (open red triangle),
Pp_RifI2 (closed red triangle), Bs_AroE (filled green triangle), Tt AroE (closed red circle),
Hi SdhL (open purple circle), Cg_AroE (filled green circle), Cg QDH (filled purple triangle),
and Go_AroE (filled purple circle). The tree was tentatively divided into 12 clades; the clade 4
was further divided in sub-clades 4a and 4b. B. Conservations of amino acid residues in the
substrate binding sites of 1,929 proteins and in the sub-clades 4a and 4b were illustrated by
WebLogo using stacks of symbols, one stack for each position in the sequence. The size of
symbols within the stack indicates the relative frequency of each base at that position {Crooks,
2004}. KFR: GLF_2050, KFR of G. frateurii CHM43; Ec_AroE: b3281, SDH of E. coli
{Michel, 2003}; Ec_YdiB: b1692, quinate/shikimate dehydrogenase of E. coli {Michel,

2003} {Benach, 2003}; Pp_Aell: PP3002, AroE-like protein of Pseudomonas putida {Singh,
2008} {Peek, 2011}; Pp_Rifl2: PP_2608, aminoshikimate dehydrogenase of Pseudomonas
putida {Peek, 2013};Bs_AroE: BSU25660, SDH of Bacillus subtilis {Liu, 2014}; Tt AroE:
TTHA1050, SDH of Thermus thermophilus ; Hi_SdhL: HI0607, SDH-like protein of
Haemophilus influenzae {Singh, 2005}; Cg_AroE: cgR 1677, SDH of Corynebacterium
glutamicum {Kubota, 2013}; Cg_QDH: Cgl0424, quinate dehydrogenase of C. glutamicum
{Schoepe, 2008}; Go_ AroE: GOX 1959, SDH of Gluconobacter oxydans {Adachi, 2006}.

43



D-Fructose

=)
£
=
D -
Q
"
@
)
b
o
=
5
>
=
D
3
o)
N
°
3]
S
-
LL

Figure 2.7. Replacement of 21* Asn to Ser in KFR improves shikimate dehydrogenase
activity.
Fructose (white bar) and shikimate (red bar) dehydrogenase activities of the KFR derivatives

were examined in the presence of NADP".
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Figure 2.S1. The GLF_2050 gene is the gene for 5-ketofructose reductase (KFR).

A. Specific KFR activity in the soluble fractions of Escherichia coli harboring the plasmid
carrying the GLF 2050 gene (GLF_2050"") and its empty vector plasmid (vector). B. Specific
KFR activity in the soluble fractions of G. frateurii CHM43 strain CHM43 harboring the
plasmid carrying the GLF 2050 gene (GLF_2050™) and its empty vector plasmid (vector). C.
Specific KFR activity in the soluble fractions of wild-type G. frateurii CHM43 (WT) and its
derivative lost the GLF 2050 gene (AGLF _2050). The mean value and standard deviation are

shown from triplicate enzyme assay.
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Figure 2.S2. Growth and pH change on mannitol medium.

The wild-type strain harboring pCM62 (WT, blue), the Akfr strain harboring pCM62 (Akfr, red),
and the Akfi strain harboring p9KX6264 (A/+, white) were cultivated in 100-mL mannitol
medium in 500-mL Erlenmyere flask at 30°C with shaking. The ODggo values for growth are
shown with blue triangle (WT), red circle (Akfi), and white circle (A/+). The pH values are
shown with blue diamond (WT), red square (Akfi), and white square (A/+).
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Figure 2.S3. Modified 5-keto-D-fructose levels in the growth medium

The 5KF levels in Fig. 1.3 were modified by consideration of evaporation of 1.5% water day by
day. The mean values of triplicate cultivation were plotted and the error bars represent the
standard deviation. The wild-type strain harboring pCM62 (WT, blue), the Akf strain harboring
pCMG62 (Akfr, red), and the Akfi- strain harboring p9KX6264 (A/+, white) were cultivated in 100
mL mannitol medium in 500- mL Erlenmeyer flasks at 30°C with shaking. The ODsoo values for
growth are shown with blue triangles (WT), red circles (Akfr), and white circles (A/+). *, P <
0.05 versus wild type (Student's # test).

47



Figure 2.S4. SDS-PAGE of purified native KFR expressed in Gluconobacter cells.

A. The soluble fractions of G. frateurii CHM43 harboring the empty vector pSHOS (lane 1) and
harboring pNMT72 (kfi-") (lane 2) was loaded on SDS-PAGE (10 pg protein) and stained with
Coomassie Brilliant Blue R-250. B. Purified KFR from the recombinant Gluconobacter strain

(6 ng protein) was loaded (lane 3). M, Molecular standards.
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Figure 2.S5. Amino acid residues for cofactor recognition in the binary KFR-NADPH
complex.

The ribbon model for the main chain of KFR is shown in pale blue. Electron density that
corresponds to NADPH is shown with purple mesh. NADPH is shown in orange stick model.
Amino acid residues close to NADPH are shown in green. The hydrogen bond and salt bridge

are shown with dotted line.
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Figure 2.S6. Amino-acid sequence alignment of the KFR homologs.

The KFR (GLF_2050) and SDH proteins of Gluconobacter oxydans (GOX1959), Thermus
thermophilus (Tt _AroE), Escherichia coli (Ec_AroE), and Methanococcus jannaschii
(Mj_AroE) were compared on MUSCLE. Residues for the cofactor recognition identified in this
study are highlighted in orange, while residues for the substrate recognition in Thermus SDH
are highlighted in blue. The numbers in bold faces are the amino acid residues replaced in this
study. *, fully conserved residue with identical amino acid; :, fully conserved residue with
amino acid of “strong” similarity; ., fully conserved residue with amino acid of “weaker”

similarity.
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Figure 2.S8. SDS-PAGE analysis for hexahistidine-tagged wild-type KFR and its
derivatives.

The N-terminally His-tagged wild-type KFR (WT) and its derivatives were expressed in E. coli.
The proteins were bound to Ni**-loaded magnetic beads (Toyobo, Osaka, Japan) and eluted with
imidazole. The eluted materials were loaded to SDS-PAGE, which showed similar elution
profile. M, molecular standard composed of bovine serum albumin (68 kDa), ovalbumin (43
kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21 kDa), and lysozyme (14 kDa).
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Figure 2.S9. The oxidation of shikimate by wild-type (left) and N21S (right) KFRs with
NADP" were measured as a function of shikimate concentration.
The charts were produced using KaleidaGraph (ver. 4.5, Synergy Software). The catalytic

efficiencies (kcat/KM) were determined from liner regression of the the Lineweaver-Burk plots.
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Figure 2.S10. Structure and possible equilibrium of 5-keto-D-fructose in solution.
5-Keto-D-fructopuronose gem-diol hydrate is a major form of 5-keto-D-fructose (5KF) in
solution. The chain form of S5KF has been also suggested as a minor form {Blanchard, 1982}. 5-

Keto-D-fructopyranose bracketed was suggested as a possible intermediate form of SKF and the

substrate for KFR.
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Figure 2.S11. Modeled
structures of the substrate-
bound KFR with the three
possible forms of 5-keto-D-
fructose.

The modeled structures were
constructed with PRODRG
{Schiittelkopf et al. 2004}. A.
KFR-NADPH-5-keto-D-
fructopyranose complex. B.
KFR-NADPH-5-keto-D-
fructose (chain form)
complex. C. KFR-NADPH-5-
keto-D-fructopyranose gem-
diol hydrate complex.
Schiittelkopf AW, van Aalten
DM. 2004. PRODRG: a tool
for high-throughput
crystallography of protein-
ligand complexes. Acta
Crystallogr D Biol
Crystallogr 60:1355-63.
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CHAPTER THREE

Characterization of a cryptic, pyrroloquinoline quinone-dependent dehydrogenase of G.
Sfrateurii CHM43

ABSTRACT

I characterized the pyrroloquinoline quinone (PQQ)-dependent dehydrogenase 9 (PQQ-
DH9) of Gluconobacter frateurii CHM43, which is a homolog of PQQ-dependent glycerol
dehydrogenase (GLDH). I used a plasmid construct to express PQQ-DH9. The expression host
was a derivative strain of CHM43, which lacked the genes for GLDH and the membrane-bound
alcohol dehydrogenase and consequently had minimal ability to oxidize primary and secondary
alcohols. The membranes of the transformant exhibited considerable D-arabitol dehydrogenase
activity, whereas the reference strain did not, even if it had PQQ-DH9-encoding genes in the
chromosome and harbored the empty vector. This suggests that PQQ-DH9 is not expressed in the
genome. The activities of the membranes containing PQQ-DH9 and GLDH suggested that similar
to GLDH, PQQ-DH9 oxidized a wide variety of secondary alcohols but had higher Michaelis
constants than GLDH with regard to linear substrates such as glycerol. Cyclic substrates such as

cis-1,2-cyclohexanediol were readily oxidized by PQQ-DH9.
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3.1. INTRODUCTION

Acetic acid bacteria are widely used for industrial purposes because they can oxidize
sugars, alcohols, polyols, carbohydrates, and related compounds. Such oxidation reactions are
incomplete processes that oxidize substrate only one or several times and are conducted by several
primary dehydrogenases located on the periplasmic surface of the cytoplasmic membrane
{Matsushita et al., 1994}. For instance, Gluconobacter spp. oxidize D-sorbitol by the membrane-
bound glycerol dehydrogenase to L-sorbose, which is accumulated in the culture at the nearly
stoichiometric levels and is used for the precursor of the industrial vitamin C production
{Pappenberger and Hohmann, 2014}. These dehydrogenases are distinguished by their cofactors:
pyrroloquinoline quinone (PQQ); pink in Fig. 3.S1), flavin adenine dinucleotide (FAD; yellow in
Fig. 3.S1), and molybdopterin (green in Fig 3.S1). Based on the genomic data, PQQ-dependent
proteins (quinoproteins) can be categorized into six groups according to the compositions of their
subunits and their primary sequences in acetic acid bacteria {Matsutani and Yakushi, 2018};
however, a significant number of orphan quinoproteins remain uncharacterized.

According to the draft genome {Matsumoto et al., 2018}, GenBank accession no.
BADZ02000001 to BADZ02000044, we previously reported that the orphan PQQ-dependent
dehydrogenase 9 (PQQ-DHY) in G. frateurii CHMA43 is a homolog of membrane-bound glycerol
dehydrogenase (GLDH; also referred to as polyol dehydrogenase or sorbitol dehydrogenase)
{Adachi et al., 2001; Miyazaki et al., 2002}. However, the functions of PQQ-DH9 remain
unknown {Yakushi et al., 2018a}. PQQ-DH9 consists of two gene products—GLF 2583 and
GLF_2584—which are similar to the transmembrane subunit SldB and the catalytic subunit SIdA
of GLDH, respectively. The GLF 2583 and GLF 2584 proteins have amino acid identities of
97% and 82% to their counterparts SIdB (GLF_2777) and SIdA (GLF_2776) of the CHM43 strain,
respectively.

GLDH has wide substrate specificity; it oxidizes “secondary alcohols” in the D-erythro
configuration at the penultimate carbon, according to the Bertrand—Hudson rule {Hann et al.,
1938; Kulhanek, 1989; Matsushita et al., 2003}. Glycerol and D-sorbitol are oxidized by GLDH
to yield dihydroxyacetone, which is used as a chemical suntanning agent, and L-sorbose, which
is used as a precursor of vitamin C, respectively {Gupta et al., 2001; Pappenberger and Hohmann,
2014}. The oxidation of 1-(2-hydroxyethyl) amino-1-deoxy-D-sorbitol by GLDH produces 6-(2-
hydroxyethyl) amino-6-deoxy-L-sorbose, which is a precursor of the antidiabetic drug miglitol
{Yang et al., 2008}. Recently, sugars such as D-fructose and L-ribose have been added to the list
of GLDH substrates {Ano et al., 2017; Yakushi et al., 2018b}. Herein, we attempted to
characterize the enzymatic properties of PQQ-DH9 by comparing them to those of GLDH. We
conducted a membrane-associated enzyme activity assay on a recombinant Gluconobacter strain

created using a combination of gene deletion and plasmid-based overproduction.
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3.2. MATERIALS AND METHODS
3.2.1. Chemicals

Yeast extract and Hipolypepton were obtained from Oriental Yeast (Tokyo, Japan) and
Nihon Pharmaceutical (Tokyo, Japan), respectively. Restriction endonucleases were obtained
from Toyobo (Osaka, Japan). 2,3-Butanediol was obtained from Wako Pure Chemical (Osaka,
Japan). All other materials were of analytical grade and were purchased from commercial sources.
For the enzyme assays, 2-hexanol, cyclohexanol, and 1-cyclohexylethanol were dissolved in
ethanol.
3.2.2. Bacterial strains and culture condition

Gluconobacter frateurii CHM43 (NBRC101659;
http://www.nite.go.jp/en/nbrc/index.html) {Moonmangmee et al., 2000}, its AadhAB derivative
SEI46, and its AadhAB AsldBA derivative TORI4 were used in this study {Yakushi et al., 2018b}.
All the Gluconobacter strains were cultivated in a sorbitol medium consisting of 50 g of D-sorbitol,
3 g of yeast extract, and 3 g of Hipolypepton per liter. For metabolite analyses, culture media
were collected and centrifuged at 10,000 x g for 5 min at 4°C to remove the cells. The supernatants
were passed through a filter with 0.4-pm pores (Merck Millipore, Burlington, MA, USA) prior to
analysis by high-performance liquid chromatography (HPLC). Escherichia coli strain DH5a was
used to construct the plasmid {Hanahan, 1983}, which was cultivated in Luria Bertani medium
at 30°C. Tetracycline was used at final concentrations of 10 pg mL™ for E. coli and Gluconobacter.
3.2.3. Plasmid construction

PCR analysis was performed using the following components: the genomic DNA of G.
frateurii CHMA43, which had been purified as described in the literature {Marmur, 1961}; a pair
of oligonucleotides [ex-GLF 2583-Xba(+) (5'-tctagaacctcaccttctacag-3'; the Xbal recognition
site is underlined) and ex-GLF 2584-Kpn(-) (5'-ggtacctgccecgeatcaagaaatg-3'; the Kpnl
recognition site is underlined]; and Herculase DNA Polymerase (Stratagene). Approximately 2.7-
kb PCR products were digested with Xbal and Kpnl prior to insertion into the corresponding sites
of pCM62 {Marx and Lidstrom, 2001}. The resulting p62sGLDH2-11 plasmid was used to
transform the TORI4 (AadhAB AsldBA) strain via electroporation, as described previously
{Yakushi et al., 2018b}.
3.2.4. Membrane preparation

The TORI4 (AadhAB AsldBA) and SEI46 (AadhAB) strains harboring the pCM62
plasmid and the TORI4 strain harboring the p62SGLDH2-11 plasmid were cultivated in 100 mL
of sorbitol medium containing 10 pg mL™ tetracycline; the culture was shaken at 30°C until the
late exponential phase of growth was reached. The cells were harvested at 4°C by centrifugation
at 10,000 x g for 10 min, then washed twice with 10 mM MES-KOH (pH 6.0) containing 2 mM

CaCl,. The cell paste was resuspended in four volumes of the same buffer (4 mL per 1 g wet
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weight of the cells). The cell suspensions were passed through a French pressure cell press (1,100
kg cm™?) twice. After centrifugation for 10 min at 10,000 x g and 4°C to remove cell debris, the
supernatants were centrifuged for a further 1 h at 100,000 x g and 4°C. The precipitates were
resuspended in the same buffer and used as the membrane fraction.
3.2.5. Enzyme assays

Enzyme activity was measured spectrophotometrically at 522 nm by phenazine
methosulfate (PMS) reductase activity coupled with 2,6-dichlorophenol indophenols (DCPIP) at
25°C. The reaction mixture contained the enzyme solution, 50 mM Na'-acetate (pH 5.0), 0.2 mM
PMS, 0.11 mM DCPIP, and 100 mM substrate (in the case of 2-hexanol, cyclohexanol and 1-
cyclohexylethanol were used at 25 mM and were dissolved in ethanol prior to the enzyme assay).
One unit of enzyme activity was defined as the amount of enzyme required to catalyze the
conversion of 1 umol of substrate per min. A millimolar extinction coefficient of 8.6 (cm™ mM-
") was used for DCPIP (Armstrong, 1964).
3.2.6. EDTA treatment and holoenzyme formation

The pH of EDTA stock solution was adjusted to 6.0 with NaOH. A membrane suspension
comprising 10 mg protein mL™" in 10 mM MES-KOH (pH 6.0) was incubated with 2, 5, 10, and
20 mM EDTA on ice overnight.

The EDTA-treated membranes were sedimented by ultracentrifugation (100,000 x g, 1

h, and 4°C) and resuspended in 10 mM MES-KOH (pH 6.0) containing 2 mM CaCl,. This step
was repeated once, and the holoenzyme was formed by incubating the resulting membrane
suspension at 25°C for 30 min with 5 uM PQQ and 2 mM CaCl,.
3.2.7. Biotransformation

Five milliliters of the reaction mixture consisting of 1.0 mg protein mL™" of the
membranes and 100 mM substrates in 50 mM Na'-acetate (pH 5.0) was incubated in a disposable
50-mL plastic tube with an eight-hole cap (hole diameters of 2 mm), which was shaken at 150
rpm and 30°C for 24 h. An aliquot (500 pL) of the reaction mixture was taken periodically, and
the membranes were removed after ultracentrifugation for 1 h at 100,000 x g and 4°C.
Subsequently, the supernatant was passed through a filter with 0.4-um pores.
3.2.8. Analytical procedures

The filtered samples were analyzed using a HPLC system (Shimadzu) equipped with a
refractive index (RI) detector and a photodiode array (PDA). Distilled and deionized water was
used as the mobile phase of a Pb*"-loaded cation-exchange column (SUGAR SP0810; 8.0 mm
[.D. x 300 mm L; Shodex; Showa Denko KK, Kawasaki, Japan) for chromatography at 80°C at
a flow rate of 0.5 mL/min. Chromatographic peak detection and quantification was done using
retention time and peak height. Protein concentrations were determined using the modified Lowry

method, with bovine serum albumin as the standard (Dulley and Grieve, 1975).
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3.3. RESULTS AND DISCUSSIONS
3.3.1. PQQ-DHY complements L-sorbose production in the GLDH-deficient strain

To characterize PQQ-DH9, we attempted to express the GLF 2583 and GLF 2584 genes
using the broad-host-range plasmid vector pCM62 in the AadhAB AsldBA derivative of CHM43,
because membrane-bound alcohol dehydrogenase (ADH) and GLDH are the predominant
enzymes of the primary and secondary alcohol dehydrogenases, respectively {Matsushita et al.,
2003; Yakushi and Matsushita, 2010}. Therefore, we constructed a AadhAB AsldBA strain—
which harboring p62sGLDH2-11, a pCM62 derivative carrying the gene for PQQ-DH9 (hereafter,
referred to as the pgq9" strain)—and a strain harboring the empty vector pCM62 (hereafter,
referred to as the reference strain). For comparison, we constructed a AadhAB strain harboring
the control vector pCM62, which included the s/dBA gene for GLDH (hereafter referred to as the
sldBA" strain).

I examined the function of PQQ-DH9 in vivo by cultivating the Gluconobacter strains
in D-sorbitol, i.e. L-sorbose production and the accompanying D-sorbitol consumption were
evaluated (Fig. 3.1). Wild-type CHM43 harboring pCM62 was included for comparison.
Although the growth of the GLDH-deficient strain was similar to that of the wild-type strain, L-
sorbose production by the GLDH-deficient strain (As/dBA AadhAB) was abolished (Fig. 3.1 and
3.S2). The pgq9" strain produced L-sorbose at a lower rate than the wild-type. The sorbose
production rates were 7.0, 6.7, 2.7, and 0.056 mM h™' for the wild-type, sldBA", pqq9’, and
reference strains, respectively. D-Sorbitol consumption by the reference strain without L-sorbose
accumulation is presumably due to assimilation of D-sorbitol {Soemphol et al., 2012}. The results
indicate that PQQ-DH9 can function as a primary dehydrogenase in the sorbitol oxidation system
of Gluconobacter.

3.3.2. Expression of PQQ-DH9

As mentioned above, the reference strain (AadhAB AsldBA harboring pCM62), which
had PQQ-DH9-encoding genes, produced a marginal amount of L-sorbose. This suggested that
the genes were rarely expressed in the chromosome under the cultivation conditions used in the
present experiment. The membranes of the reference strain oxidized D-arabitol at a rate below
the detection limit, while those of the pgg9" strain had a D-arabitol dehydrogenase activity of 0.20
U (mg of protein)! (Fig. 3.2). These results suggest that PQQ-DH9 is a cryptic enzyme. It is
currently under investigation what culture conditions induce the expression of PQQ-DH9, which
is one of the most important issues to be answered. In contrast, the membranes of the s/dBA"
strain exhibited higher dehydrogenase activity (0.41 U mg of protein)”' owing to the presence of
GLDH (Fig. 3.2). The optimum pH for PQQ-DH9 dehydrogenase activity was 5.0-6.0, i.e.,
similar to that for GLDH dehydrogenase activity. These results indicated that PQQ-DH9 was
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functionally expressed by the constructed plasmid in the Gluconobacter strain and supported the
suggestion mentioned above that it is expressed in small amounts by the genome.
3.3.3. Substrate specificity of PQQ-DH9

We determined the substrate specificities of the dehydrogenases in membranes at pH 5.0
to evaluate the substrate specificity of PQQ-DH9. The reference strain demonstrated considerable
activity on a wide variety of substrates, particularly on sugars, owing to the presence of
membrane-bound glucose dehydrogenase (Table 3.1). Therefore, we evaluated the
dehydrogenase activities of PQQ-DH9 and GLDH by subtracting the specific activity of the
reference strain from the specific activity of the pgq9" strain or that of the s/dBA" strain, and in
each case we referred to the result as the A activity (Table 3.1). Similar to the membranes of the
sldBA" strain, those of the pgq9" strain oxidized a wide variety of substrates. The pgq9" strain had
a higher A activity with regard to cis-1,2-cyclohexanediol than the s/dBA" strain. In addition, L-
ribose was oxidized well by both membranes. However, glycerol, ribitol, D-mannitol, D-sorbitol,
isopropanol, and 1,2-butanediol were not oxidized well by the pgq9" membranes; i.e., the pgq9"
membranes had much lower activities with regard to those substrates than the s/dBA" membranes.

PQQ-DHO preferentially oxidized cis-1,2-cyclohexanediol over the trans isomer (Table
3.1). The A activity values of the pgg9" membranes were 520 and 10 mU mg™ for the cis and
trans forms, respectively. However, the sldBA" strain oxidized the cis and trans forms at 240 and
230 mU mg', respectively, which was consistent with the previous observation by
Moonmangmee et al. {Moonmangmee et al., 2001}.

3.3.4. Michaelis constants for the substrates

The Kwu values of dehydrogenases in the membrane fractions of the pgq9" and sidBA"
strains were determined with regard to glycerol, L-ribose, D-arabitol, 2,3-butanediol, and the cis-
and trans- isoforms of 1,2-cyclohexanediol (Table 3.2). The Ky values of the pgg9” membranes
with regard to glycerol, D-arabitol, and 2,3-butanediol were higher than those of the s/dBA"
membranes. However, the Kv values of the two membranes with regard to L-ribose and cis-1,2-
cyclohexanediol were comparable. If, as we have suggested {Yakushi et al., 2018b}, GLDH
oxidizes the pyranose form of L-ribose to produce L-ribonolactone, it is plausible that the affinity
of PQQ-DHY for cyclic substrates is comparable to that of GLDH, but its affinity for linear
substrates is lower than that of GLDH.

The K value of the pgg9" membranes with regard to 1,2-cyclohexanediol was higher
for the trans- isoform than for the cis- isoform, whereas the Ky value of the s/dBA" membranes
with regard to 1,2-cyclohexanediol was lower for the trans- isoform than for the cis- isoform
(Table 3.2). The mechanism by which the two enzymes discriminate between the cis- and trans-
isoforms is intriguing and requires further biochemical analyses including structural

determinations.
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3.3.5. Effects of EDTA on dehydrogenase activity

We examined the sensitivity of the dehydrogenases to EDTA. Because PQQ is attached
to the enzyme via Ca®" {Ghosh et al., 1995}, EDTA reversibly inactivates the PQQ-dependent
enzyme by chelating Ca*". Treatment with various concentrations of EDTA of up to 20 mM on
ice inactivated D-arabitol dehydrogenase in both the pgq9" and sldBA™ membranes (Fig. 3.3). At
20 mM EDTA, the s/dBA" membranes retained 60% of the activity of the control membranes in
the absence of EDTA, whereas the pgg9" membranes lost 80% of their activity. The results
suggest that PQQ-DH0 is less stable than GLDH following treatment with EDTA. We confirmed
the recovery of activity by adding 5 pM PQQ and 2 mM Ca*" after removing the EDTA (data not
shown). Therefore, the detachment of PQQ and Ca*" from the enzymes accounted for the reduced
activities resulting from EDTA treatment, indicating that PQQ-DH9 works in a PQQ-dependent
manner. This suggests that PQQ and Ca*" are detached more readily from PQQ-DH9 than from
GLDH.
3.3.6. Biotransformation of D-arabitol, 2,3-butanediol, cis-1,2-cyclohexanediol, and L-
ribose

I examined the oxidation products of D-arabitol, 2,3-butanediol, cis-1,2-cyclohexanediol,
and L-ribose obtained using the membrane fractions of s/dBA" and pqq9", as described in the
Materials and Methods section. The reaction products from the two membranes were eluted at
retention times were close to each other: 20.5, 30.3, 43.2, and 20.6 min for the oxidation products
of D-arabitol, 2,3-butanediol, cis-1,2-cyclohexanediol, and L-ribose, respectively (Fig. 3.S4).
Therefore, we concluded that the products resulting from the activity of PQQ-DH9 were the same
as those resulting from the activity of GLDH.

I found two peaks in the HPLC chromatogram of 2,3-butanediol at retention times of 31.9
and 32.9 min in the product of the 0-h reactions (Fig. 3.S4C), both of which were consumed as a
function of the duration of the oxidation reaction with the two membranes. I refer to the isoforms
eluted at 31.9 and 32.9 min as substrates A and B, respectively. Commercially available 2,3-
butanediol is a mixture of three isoforms: 25,35-, 2R,3R-, and the meso-form, and substrate B
would be one of these isoforms. Substrate B was consumed at a lower rate than substrate A (Fig.
3.S5) and oxidized more slowly by the pgq9" membranes than by the s/dBA" membranes (Fig.
3.S5B). Because the peak intensity of the oxidation product (30.3 min retention time) produced
by the sIdBA" membranes was higher than that produced by the pgg9" membranes (Fig. 3.S5C),
the difference in the peak intensities corresponded to the difference in the consumption of
substrate B (Fig. 3.S5B). Therefore, I suggest that PQQ-DH9 and GLDH oxidize 2,3-butanediol
in a stereoisomer-specific manner. The oxidation product of 2,3-butanediol would be acetoin,
which is a valuable biochemical used in the dairy, cosmetic, and pharmaceutical industries, as

well as in chemical synthesis. G. oxydans strain DSM2003 produces (35)-acetoin and (3R)-
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acetoin from (2S,35)- and (2R,3R)-2,3-butanediol, respectively, and it converts meso-2,3-
butanediol stereo selectively to (35)-acetoin {Wang et al., 2013}. Since (35)-acetoin and (3R)-
acetoin run on HPLC as a single peak {Wang et al., 2013}, the oxidation product (30.3 min

retention time) might contain the 3S- and 3R-isomers of acetoin.

3.4. CONCLUSIONS

Several attempts have been made to characterize the orphan PQQ-dependent
dehydrogenases of Gluconobacter oxydans from the metagenome {Mientus et al., 2017; Peters et
al., 2017; Peters et al., 2013}. I characterized the GLF 2583-2584 proteins as PQQ-DH9, which
was similar to GLDH but had different substrate specificities: PQQ-DH9 oxidized linear
substrates—such as glycerol, ribitol, and D-mannitol—at lower rates and with lower affinities
than GLDH, whereas it oxidized circular substrates—such as cis-1,2-cyclohexanediol and the
pyranose form of L-ribose—with affinities and rates comparable to those of GLDH. Since the
reaction products of the pgq9” membranes showed similar retention times to those of the s/dBA"
membranes on HPLC, it is plausibly speculated that 2-keto-cyclohexanol is produced from cis-
1,2-cyclohexanediol, and L-ribose is converted to L-ribono-1,5-lactone and subsequently to L-
ribonic acid, based on analogy with GLDH catalysis {Yakushi et al., 2018b}. I suggested that
PQQ-DHOY is a cryptic enzyme, since the activity of the chromosomal expression level was not
detected in our experiment. Culture conditions for the expression of PQQ-DH9 are the important

issues to understand the physiological role of this enzyme.
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TABLES AND FIGURES IN CHAPTER THREE

Table 3.1. Gluconobacter strains and plasmids used in this study.

Strains and plasmids  Relevant characteristics Source or reference

Gluconobacter sp.

CHM43 Wild type {Moonmangmee, 2000}
SEI46 CHM43 AadhBA {Yakushi, 2018b}
TORI4 CHM43 AadhBA AsldBA {Yakushi, 2018b}
Plasmid

pCM62 Broad-host-range vector, mob, Tc® {Marx, 2001}
p62SGLDH2-11 pCM62, GLF 2583-2584 This study
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Table 3.2. Substrate specificities of pyrroloquinoline quinone-dependent dehydrogenase 9 and

glycerol dehydrogenase

Reference pqq9" sldBA”*
Specific activity Specific A activity A activity (mU
(mU mg)” activity (mU mg) mg )
(mU mg)’
Glycerol 4.0+5 18 +£10 14 490
meso-Erythritol 0(n=2) 190 (n=2) 190 330
D,L-Threitol 0(n=2) 3.1 (n=2) 3.1 25
Xylitol 0(n=2) 0(n=2) 0 3.3
Ribitol 0(n=2) 28 (n=2) 28 260
D-Arabitol 0 170 +20 170 400
L-Arabitol 0 0 0 4.6
Galactitol 0(n=2) 0(n=2) 0 8.5
D-Mannitol 0 27+10 27 210
D-Sorbitol 2.8+3 55+10 52 410
Inositol 31+19 0+0 <0 <0
Isopropanol 8.0+8 35+£10 27 240
2-Butanol 26 (n=2) 140 (n=2) 114 380
2-Hexanol 7.0(n=2) 30(n=2) 23 78
1,2-Butanediol 2.1 (n=2) 80 (n=2) 78 460
1,3-Butanediol 11 (n=2) 65 (n=2) 54 140
2,3-Butanediol 26 £ 38 400 £ 50 370 770
2,4-Pentanediol 25+7 85+4 60 240
1,2-Cyclopentandiol 119 (n=2) 350 (n=2) 230 630
cis-
1,2-Cyclohexanediol 3513 550+90 520 240
trans-
1,2-Cyclohexanediol 0+0 1004 10 230
1-Cyclohexylethanol 6.3(n=2) 22 (n=2) 16 43
Cyclohexanol 51(n=2) 84 (n=2) 79 270
Glyceraldehyde 63 (n=1) 140 (n=1) 77 120
D-Xylose 220 +90 120 £ 50 <0 23
D-Ribose 14+3 90 +30 76 120
L-Ribose 25+2 200+ 7 180 210
D-Arabinose 9.8(n=2) 52(n=2) <0 18
L-Arabinose 157 (n=2) 120 (n=2) <0 16
D-Lyxose 55+3 100 + 10 95 &9
D-Galactose 240 + 100 130+ 10 <0 45
D-Gluconate 140 + 40 130+ 10 <0 82

“Specific activity was calculated from three independent enzyme assays, shown in mean value + standard deviation.

Otherwise, results of the numbers () of enzyme assays indicated in parentheses were used for the calculation of

mean value.

bA activity in the pgq9" membrane was calculated by subtracting the mean specific activity of the reference strain

from the corresponding mean specific activity of the pgq9™ strain.

“A activity in the s/dBA* membrane was calculated by subtracting the specific activity of the reference strain (n = 1)

from the corresponding specific activity of the s/dBA™ strain (n=1).
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Table 3.3. Ku values (mM) of membrane-associated dehydrogenases with regard to various

substrates”

Pqq9" sldBA"
Glycerol 450 £40 8.4+0.7
L-Ribose 41 +£2 61+3
D-Arabitol 88+ 4 55+03
2,3-Butanediol 94+04 1.8+0.2
cis-1,2-Cyclohexanediol 2.8+0.3 4.6 +0.6
trans-1,2-Cyclohexanediol 19+3 0.49 £0.07

“The Km values were determined by a phenazine methosulfate/2,6-dichlorophenol indophenol

assay using membranes from the pgq9" and s/dBA" strains grown on sorbitol medium with

various concentrations of the substrate in 50 mM Na'-acetate (pH 5.0) at 25°C, followed by data

analysis using KaleidaGraph (ver. 4.5, Synergy Software). See Fig. 3.S3.
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Figure 3.1. PQQ-DHY9 complements deficiency in L-sorbose production by the AadhAB
AsldBA strain.

Gluconobacter strains were cultivated on sorbitol medium. The wild-type strain harboring
pCM62 (WT, white circles), the AadhAB AsldBA strain harboring pCM62 (Ref, gray circles),
the AadhAB strain harboring pCM62 (sldBA", lime green circles), the AadhAB AsldBA strain
harboring pCM62 (Ref for the reference strain), and the AadhAB AsldBA strain harboring
p62sGLDH2-11 (pgq9", orange circles). D-Sorbitol and L-sorbose levels in the medium were
determined by high-performance liquid chromatography.
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Figure 3.2. D-arabitol dehydrogenase assay indicates the functional expression of PQQ-
DHO.

D-arabitol dehydrogenase activity in the membranes of the AadhAB strain harboring pCM62
(sldBA", lime green circles), the AadhAB AsldBA strain harboring pCM62 (Ref for the
reference strain, gray circles), and the AadhAB AsldBA strain harboring p62sGLDH2-11
(pqq9’, orange circles) grown on sorbitol medium were determined by PMS/DCPIP assay
with 100 mM D-arabitol in 50 mM Na'-acetate (pH 4.0, 5.0, and 6.0) at 25°C. The

membranes of the reference strain (Ref) had activities below the detection limit (0.001 U mg’

1).
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Figure 3.3. Effects of EDTA treatment on dehydrogenase activity.

The membranes of the AadhAB strain harboring pCM62 (sldBA", lime green circles) and the
AadhAB AsldBA strain harboring p62sGLDH2-11 (pgq9°, orange circles) were treated with 2,
5, 10, and 20 mM EDTA on ice overnight. Then, D-arabitol dehydrogenase activity in the
EDTA-treated membrane was determined by PMS/DCPIP assay in 50 mM Na'-acetate (pH

5.0) at 25°C. The remaining activity relative to that of the control membrane was expressed as

a percentage.
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Figure 3.4. Graphical abstract

Pyrroloquinoline quinone-dependent dehydrogenase 9 (PQQ-DH9) of G. frateurii CHM43
oxidizes cyclic secondary alcohols. Ox, ubiquinol oxidase; Q, ubiquinone.
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Figure 3.S1. Membrane-bound dehydrogenases in G. frateurii CHM43

IDH: Innositol dehydrogenase, PQQ7, ADH: alcohol dehydrogenase, ALDH: aldehyde
dehydrogenase, GLDH: glycerol dehydrogenase, PQQ9, PQQ4, SDH: sorbose
dehydrogenase, FDH: fructose dehydrogenase, GADH: gluconate 3-phosphate
dehydrogenase, GDH: glucose dehydrogenase.
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Figure 3.S2. Effects of EDTA treatment on dehydrogenase activity and recovery enzyme

The membrane suspension of 10 mg of protein/mL in 10 mM MES-KOH (pH 6.0) was
incubated with 20 mM in an ice bath for overnight. EDTA was removed from the membrane
suspension by ultracentrifugation at 90,000 x g for 60 min. The precipitate was resuspended
with 10 mM MES-KOH, pH 6.0, to wash EDTA out of the membrane fraction and then
followed by ultracentrifugation again under the same conditions. The resulting precipitate was
resuspended with the same buffer. This membrane suspension obtained was used as apo-
enzyme. Conversion of the apo-enzyme to holo-enzyme, PQQ and Ca*" were added to 5 uM

and 2 mM, respectively, and incubated for 30 min at 25°C.
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Figure 3.S3. Growth of the recombinant Gluconobacter strains on sorbitol medium. The
Gluconobacter strains were cultivated on sorbitol medium: the wild-type strain harboring
pCM62 (WT, white circles), the AadhAB AsldBA strain harboring pCM62 (Ref, gray circles),
the AadhAB strain harboring pCM62 (sldBA", lime green circles), and the AadhAB AsldBA
strain harboring p62sGLDH2-11 (pgq9", orange circles). The ODgoo (A) and pH (B) values of

the medium were determined.
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Figure 3.S4. The KM values of the pgq9" and sldBA"” membranes for the several
substrates.

Dehydrogenase activities of the pgq9” (A, C, E, G, 1, and K) and s/dBA" (B, D, F, H, J, and L)
membranes were measured with different concentrations of various substrates: glycerol (A
and B), L-ribose (C and D), D-arabitol (E and F), 2,3- butanediol (G and H), cis-1,2-
cyclohexanediol (I and J), and #rans-1,2- cyclohexanediol (K and L). Triplicate enzyme
assays were done at the each substrate concentration. The KM value was calculated on

KaleidaGraph ver. 4.5 (Synergy Software, Reading, PA, USA).
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Figure 3.S4. The KM values of the pgq9" and sldBA" membranes for the several
substrates.

Dehydrogenase activities of the pgq9™ (A, C, E, G, 1, and K) and s/dBA" (B, D, F, H, J, and L)
membranes were measured with different concentrations of various substrates: glycerol (A
and B), L-ribose (C and D), D-arabitol (E and F), 2,3- butanediol (G and H), cis-1,2-
cyclohexanediol (I and J), and #rans-1,2- cyclohexanediol (K and L). Triplicate enzyme
assays were done at the each substrate concentration. The KM value was calculated on

KaleidaGraph ver. 4.5 (Synergy Software, Reading, PA, USA).
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Figure 3.S5. High-performance liquid chromatography (HPLC) chromatograms of the reaction
products resulting from the action of the membranes on several substrates.
The reaction products were run on an organic acid column and were detected with a refractive index
(RI) detector. A and B: Reaction products resulting from the oxidation of D-arabitol by the s/dBA" (A)
and pqq9" (B) membranes for 24 h. The blue dashed line indicates the peaks attributable to the reaction
products. The black arrow indicates the peak attributable to the remaining substrate. C, D, and E: The
reaction products resulting from the oxidation of 2,3-butanediol by the s/dBA" (C and D) and pqq9* (E)
membranes for 0 h (C) and 24 h (D and E). The purple dashed line indicates the peaks attributable to
the reaction products. The red and blue arrow heads indicate the peaks attributable to the substrates A
and B, respectively. The black arrows indicate the peaks attributable to the remaining substrate B after
the 24-h reactions. F and G: The reaction products resulting from the oxidation of cis-1,2-
cyclohexanediol by the sldBA" (F) and pqq9' (G) membranes for 24 h. The blue dashed line indicates
the peaks attributable to the reaction products. H and I: The reaction products resulting from the
oxidation of L-ribose by the sidBA™ (H) and pgq9" (I) membranes for 12 h. The purple dashed line
indicates the peaks attributable to the reaction products. The gray dashed lines indicate the trough
attributable to water and the peak attributable to acetate, which was used as a buffer in the oxidation
reactions.
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Figure 3.S6. Time course of the oxidation of 2,3-butanediol by the membranes.
2,3-Butanediol was treated with the s/dBA" (lime green) and pgq9" (orange) membranes for 0,
6, 12, and 24 h. The reaction products were run on an organic acid column and detected with
a refractive index (RI) detector. The peak intensities of substrate A (31.9 min retention time),
substrate B (32.9 min retention time), and the product (30.3 min retention time) are shown in

panels A, B, and C, respectively.
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CHAPTER FOUR

Three different enzymes responsible for dihydroxyacetone phosphorylation in
Gluconobacter thailandicus NBRC3255

ABSTRACT

Gluconobacter sp. oxidize glycerol to dihydroxyacetone (DHA) then utilized DHA
produced in the cytoplasm. In this research, G. thailandicus NBRC3255 roughly consumed
DHA produced in 1 % glycerol while G. oxydans 621H did poorly. Both strains have DHA
kinase activity higher than DHA reductase activity. And DHA kinase activity of NBRC3255
strain was 18 times higher than that of 621H. According to draft genome sequence, NBRC3255
strain has two genes annotated with DHA kinase (WBRC3255 2003 (dhaK) and
NBRC3255 3084 (derK)) whereas 621H strain has one gene (GOX2222). The
NBRC3255AdhaK AderK strain showed DHA kinase activity similar to wild type so that we
purified DHA kinase in the AdhaK AderK cells. N-terminal amino acid sequence of the purified
DHA kinase was determined to match with that of glycerol kinase (NBRC3255 0651: glpK).
The NBRC3255 AglpK strain remained 10% DHA kinase activity of wild type. Several
combinations of deletions in dhak, derK and glpK were constructed. These mutant strains
lacked of both derK and gipk, lost DHA kinase activity and did not grow in glycerol medium.
However, the AderK AgipK strain consumed DHA in the later growth phase in YPGD medium.
Triple mutants lost DHA kinase activity, did not grow in glycerol medium and accumulated
DHA in YPGD medium. Therefore, DhaK, DerK and GIpK are involved in DHA metabolism
in G. thailandicus NBRC 3255.
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4.1. INTRODUCTION

Dihydroxyacetone is a valuable bioproduct in industry. It has been approved all over
the world to be a chemical in self-tanning-products for several decades {Rosaria, 2018}. At this
moment, there are many researches about produce DHA from oxidation of glycerol by
Gluconobacter sp. {Xi Lin, 2016} {Yu Peng Liu, 2013}. However, the DHA metabolism is
unknown.

In this study, G. thailandicus NBRC 3255 and G. oxydans 621H oxidize glycerol by
GLDH to produce dihydroxyacetone (DHA), then DHA is degraded. However, the ability of
degrading DHA is different between two strains. In 1 % glycerol medium, G. thailandicus
NBRC 3255 absolutely degraded DHA after 100 hours while few DHA was degraded and
accumulated later in case of G. oxydans 621H (Fig. 4.1). We suggest some difference in DHA
metabolism between NBRC 3255 strain and 621H strain.
NBRC 3255 strain has two pathways for DHA metabolism: DHA reductase and DHA kinase
(Fig. 4.2). The specific activity of DHA kinase (590 mU mg™) was much higher than the
specific activity of DHA reductase (with NADH: 20 mU mg"' and with NADPH: < I mU mg’
") (Table 4.2). The DHA kinase activity of NBRC 3255 was also much higher than that of 621H
strain (33 mU mg"). G. thailandicus NBRC 3255 has two putative genes for DHA kinase,
NBRC3255 2003 and NBRC3255 3084 {Matsutani et al., 2013} while 621H strain has only
one gene (GOX2222). There are two families of DHA kinases. One is ATP-dependent DHA
kinase with two subunits (DhaK and Dhal.) {Daniel et al., 1995; Siebold et al., 2003}. The
second is the phosphoenolpyruvate (PEP)-dependent DHA kinase with three subunits (Dhak,
DhaL and DhaM) {Gutknecht et al., 2001; Zurbriggen et al., 2008; Bachler et al., 2005}. Since
NBRC 3255 strain did not detect the activity of PEP-dependent DHA kinase, it has only ATP-
dependent DHA kinase. When BLAST was performed with UniProt (Swiss-Prot) as a target,
DHA kinase of Citrobacter freundii was the first hit for NBRC3255_ 2003, and D-erythrulose
kinase of Mycobacterium was the first hit for NBRC3255 3084. Therefore, NBRC3255 2003
was named DhaK, and NBRC3255 3084 was named DerK. I would like to understand the DHA
metabolism in G. thailandicus NBRC3255 and G. oxydans 621H

4.2. MATERIALS AND METHODS
4.2.1. Materials

Dihydroxyacetone was obtained from MP Biomedicals (Santa Ana, CA). Yeast extract
and polypeptone were obtained from Oriental Yeast (Osaka, Japan) and Nihon Pharmaceutical
(Tokyo, Japan), respectively. 5-Fluorocytosine was purchased from Fluorochem (Glossop, UK).
Restriction endonucleases and modification enzymes for genetic engineering were purchasd
from Toyobo (Osaka, Japan). All other materials were purchased from a commercial source of
analytical grade.

4.2.2. Bacterial strains and cultivation

The G. thailandicus strains used in this study are listed in Table 4.1. G. thailandicus
strain NBRC3255 was obtained from the NITE Biological Resource Center (NBRC,
https://www.nite.go.jp/nbrc/). G. thailandicus cells were cultivated in AP (10 g yeast extract,
10 g polypeptone, 5 g glucose, and 20 g glycerol per liter), YPGD (5 g yeast extract, 5 g
polypeptone, 5 g glycerol, and 5 g glucose per liter), YPG (5 g yeast extract, 5 g polypeptone,
and 10 g glycerol per liter), or YPDHA (5 g yeast extract, 5 g polypeptone, and 5 g DHA per
liter) medium. A stock solution of DHA at 40% (w/v) was freshly prepared and sterilized by
filtration (0.22 um). The cells were pre-cultivated in 2 mL of AP medium in a tube at 30°C with
shaking at 200 rpm. For the main cultivation, 1 mL of the pre-culture was transferred into a
100-mL medium in a 500-mL Erlenmeyer flask, and the cells were cultivated at 30°C with
shaking at 200 rpm. For G. thailandicus, kanamycin and ampicillin were used at final
concentrations of 100 and 50 pg mL™", respectively.

Escheria coli strains DH50. {Hanahan, 1983} and HB101 {Boyer and Roulland-
Dussoix, 1969} were used for plasmid construction and triparental mating, respectively. E. coli
cells were cultivated in modified Luria-Bertani (LB) medium {Sambrook and Russel, 2001},
which consists of 5 g of yeast extract, 10 g of polypeptone, and 5 g of NaCl per liter, adjusted
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pH to 7 with NaOH. For E. coli, kanamycin and ampicillin were used at final concentration of
50 pg mL™".
4.2.3. Construction of plasmids

The plasmids used in this study are listed in Table 4.1. Herculase DNA polymerase
(Stratagene, Santa Clara, CA, USA) was used for PCR. The DNA primers used in this study
are listed in Table S2. The nucleotide sequence of the PCR products was confirmed by Sanger
sequencing after DNA cloning. Genomic DNA used as the parental DNA for PCR was isolated
from G. thailandicus strain NBRC3255 as described by Marmur (Marmur, 1961), with some
modifications {Kawai et al., 2013}. To construct plasmids for the deletion of dhaK
(NBR(C3255-2003), a ca. 2.8-kb DNA fragment containing the 5" and 3’ flanking regions of
dhaK was amplified with a pair of the primers, namely AGTH2012-5-Pst(+) and AGTH2012-
3-Bam(-). The DNA fragment was digested with Ps?l, BamHI, and Sphl to obtain two DNA
fragments ca. 0.8-kb 5' region and ca. 0.8-kb 3’ region to be inserted into the Ps?l and BamHI
sites of pK18mobGll, yielding pEK12. To construct plasmids for the deletion of derk
(NBR(C3255-3084), a ca. 2.3-kb DNA fragment containing the 5" and 3’ flanking regions of
derK was amplified with a pair of primers, namely AGTH3096-5-Sal(+) and AGTH3096-3-
Bam(-). The DNA fragment was digested with Sa/l, BamHI, and Ncol to obtain two DNA
fragments, a ca. 0.7-kb 5’ region and ca. 0.6-kb 3’ region, to be inserted into the Sa/l and BamH]I
sites of pK18mobGll, yielding pEK15. pEK15 was treated with Sa/l and Smal to obtain the ca.
1.3 kb DNA fragment containing the AderK allele, which was then inserted into the
corresponding site of pKOS6b to yield pKH4.

glpK (NBRC3255_0651) was amplified with a pair of primers, AglpK-5-Hin(+) and
AglpK-3-Xba(-), and inserted into the EcoRV site of pT7Blue (Novagen) to yield pKH7. The
pKH?7 plasmid was treated with HindIIl and EcoRV to obtain a ca. 0.7-kb DNA fragment
containing the 5’ flanking region of g/pK. Then, the 3’ flanking region of g/lpK was obtained by
PCR with a pair of primers, AglpK-5-RV(+) and AglpK-3-Xba(-), and the PCR product was
treated with £coRV and Xbal. The 5" and 3’ regions of g/pK were inserted into the HindlIl and
Xbal sites of pKOS6b to yield pKH10.

The pKH7 plasmid carrying g/lpK (NBRC3255_0651) was treated with Smal and Sall
to obtain a ca. 2.7-kb DNA fragment containing g/pK. It was then inserted into the
corresponding site of pPBBRIMCS-4 to yield pKH18. To construct the plasmid for expression
of derK (NBRC3255 3084), a 2.1-kb DNA fragment was obtained with a pair of primers,
namely GTH3096-5-Kpn(+) and GTH3096-3-Sal(-). The DNA fragment was treated with Kpnl
and Sall to be inserted into the corresponding site of pPBBRIMCS-4 to yield pKH24. For the
dhaK (NBRC3255 2003) expression, the plasmid pEK20 was constructed by a similar
procedure with a pair of primers, GTH2012-5-Kpn(+) and GTH2012-3-Sal(-).

4.2.4. Construction of gene deletion mutants

G. thailandicus strain NBRC3255 was transformed with plasmids via a triparental
mating method, as described previously {Kawai et al., 2013}. In the case of pK18mobGII
derivatives, the first recombinants with kanamycin-resistant (Km®) and B-glucuronidase-
positive (GUS™) phenotypes were screened to conduct second recombination procedures. Non-
blue colonies were screened on AP agar in the presence of 20 pg mL™ 5-bromo-4-chloro-3-
indoyl-B-D-glucuronide (cyclohexylammonium salt). Thus, f-glucuronidase-negative (GUS")
and kanamycin-sensitive (Km®) second recombinants were isolated, and their target alleles
were confirmed by PCR. In the case of pKOS6b derivatives, the first recombinants with Km®
and S5-fluorocytocine-sensitive (5-FC®) phenotypes were screened to conduct second
recombination procedures. FC-resistant (5-FC®) colonies were screened on AP agar in the
presence of 60 pg mL™! 5-FC. Thus, 5-FC® and Km® second recombinants were isolated, and
their target alleles were confirmed by PCR. Second recombinants with only the allele deletion
were obtained and referred to as the deletion mutant strains.
4.2.5. Determination of glycerol and DHA

The glycerol and DHA concentrations in the media were analyzed using a high-
performance liquid chromatography (HPLC) system equipped with a refractive index (RI)
detector. Glycerol and DHA were quantified with a Pb** cation-exchange column [SP0810
(SUGAR), 8.0 mm I.D. x 300 mm L; Shodex, Showa Denko KK, Kawasaki, Japan] at 80°C
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using H>O as the mobile phase at a flow rate of 0.5 mL min™'. The retention times for glycerol
and DHA were 28.5 and 30.9 min, respectively.
4.2.6. Preparation of the soluble fraction

Gluconobacter cells were cultivated on YPG or YPGD medium until the late
exponential phase. After cultivation, the cells were collected by centrifugation at 9,000 x g for
10 min at 4°C. The collected cells were suspended in 50 mM K -phosphate (pH 7.0) and
disrupted using a French pressure cell press at 1,100 kg cm™. The cell debris was removed by
centrifugation at 9,000 x g for 10 min at 4°C. The resulting supernatant was centrifuged at
100,000 x g for 1 h at 4°C to separate the membranes. The supernatant was used as the soluble
fraction for measuring enzyme activity.
4.2.7. Enzyme assays

DHA kinase activity was measured using a coupled method by reducing
dihydroxyacetone phosphate with glycerol-3-phosphate dehydrogenase (G3PDH) (Sigma-
Aldrich, St. Louis, MO), as described previously {Siebold et al., 2003}. The assay mixture
consisted of 100 mM Tris-HCI (pH 6.5 or 7.0, as specified), 25 mM DHA, 5 mM MgCl, 2.5
mM ATP, 0.16 mM NADH, 2.5 U mL" G3PDH, 1 mM KCN, 7 mM NaNj3, and the appropriate
amount of enzyme. The activity was determined by the rate of decrease in the absorbance at
340 nm with a molecular coefficient of 6.22 mM™ cm™. The glycerol kinase activity was
measured in a similar way {Deutscher and Sauerwald, 1986}. The assay mixture consisted of
100 mM K,CO3-NaHCO; (pH 10), 2 mM glycerol, 4 mM MgCl,, | mM ATP, 3 mM NAD',
2.5 U mL" G3PDH, and an appropriate amount of enzyme. The activity was measured by the
rate of increase in absorbance at 340 nm by the oxidation of glycerol-3-phosphate with G3PDH.

NADH-dependent DHA reductase activity was measured by the rate of decrease in

absorbance at 340 nm concomitant with the oxidation of NADH. The assay mixture consisted
of 50 mM Tris-HCI (pH 7.5), 7 mM NaNs, 1 mM KCN, 0.125 mM NADH, 10 mM DHA, and
an appropriate amount of enzyme, as described previously {Adachi et al., 2008}. NADPH-
dependent DHA reductase activity was measured by the rate of decrease in absorbance at 340
nm with a molecular coefficient of 6.22 mM™ cm™. The assay mixture consisted of 50 mM
Tris-HCI (pH 7.5), 0.125 mM NADPH, 10 mM DHA, and an appropriate amount of enzyme,
as described previously {Adachi et al., 2008}. One unit of enzyme activity was defined as the
amount of enzyme catalyzing the phosphorylation or reduction of 1 pmol of substrate per min
under the assay conditions.
The protein content was determined by a modified Lowry method with bovine serum albumin
as the standard protein {Dulley and Grieve, 1975}.

4.3. RESULTS AND DISCUSSIONS
4.3.1. DHA metabolism in G. thailandicus NBRC3255
4.3.1.1. Glycerol kinase is one of DHA kinase enzyme
The three NBRC3255 derivatives AdhaK, AderK, and AdhaK AderK were constructed

as described in 4.2.3. All of the constructed strains showed DHAK activities and DHA
consumption similar to that of the wild type (Table 4.2) (Fig. 4.3). The result suggested that
there are another genes code for another DHA kinase. This DHA kinase remained in
AdhaKAderK strain was purified (Kaori, master thesis 2017). N-terminal amino acid sequence
of the purified DHA kinase was determined to match with that of Glycerol kinase
(NBRC3255 0651, GlpK). The gene NBRC3255 0651 was disrupted to construct the AglpK
strain. The DHA kinase activity of the AglpK strain was decreased to less than 10% of that of
the wild type (Table 4.2). The result showed that GlpK accounts for a major part of DHAK
activity in G. thailandicus NBRC 3255.
4.3.1.2. The involvement of DhaK and DerK in DHA metabolism

On the AglpK strain background, other derivatives were constructed with disruption on
dhaK and derK and triple mutant). The AdhaK AglpK strain showed considerable DHAK
activity (Table 4.2). On the other hand, the AderK AglpK double mutant strain showed DHAK
activity less than a detection limit of 0.5 mU mg"' (Table 4.2) and was unable to grow in a
glycerol or DHA as a sole carbon in the medium (Fig. 4.4). This result showed that DerK
accounted for remaining DHAK activity of G. thailandicus NBRC3255.
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Because the AdhaK AderK AglpK and AderK AglpK strains cannot grow on glycerol or
DHA as sole carbon sources, the medium contained glucose and glycerol (YPGD medium) was
used. The triple deletion strain showed worse growth than the double deletion strain,
particularly in the late phase of growth (Fig. 4.5). The two deletion derivatives maintained much
higher concentrations of DHA than the wild type. The triple disrupted AdhaKAderKAgipK
strain accumulated DHA accumulated higher DHA than the double deletion strain (Fig. 4.5).
These results suggest that DhaK plays a role in DHA metabolism in the late phase of growth,
although no roles of dhaK in DHA metabolism were found when the deletion derivatives were
cultivated in glycerol medium.

Each DHAK was forcibly expressed in the triple disrupted strain. When these strains were
grown in glycerol medium, all the DHAK expressing strains could all grow, although empty
vector could not (Fig. 4.6). Furthermore, it was these strains had DHA kinase activity (Fig. 4.6).
Therefore, it was suggested that these three DHAKSs are involved in glycerol metabolism and
act as DHA kinase.

4.3.2. DHA Metabolism in G. oxydans 621H

DHA kinase activity of 621H strain is much smaller than NBRC3255 strain so that
glycerol kinase activity of 621H strain is also smaller than 621H. Because glycerol kinase is
also DHA kinase that found in NBRC3255 strain (Fig. 4.7). So that the overexpress strain of
glpK (GOX2090) of 621H strain was constructed. This strain greatly increased both DHA
kinase and glycerol kinase activity (Fig. 4.8).

4.4. CONCLUSIONS AND DISCUSSIONS

The triple gene disrupted strain in which all three of dhaK, derK and glpK were disrupted
could not consume DHA and not detected growth on glycerol and DHA medium. In addition,
since this strain was unable to detect DHA kinase activity, so that dhak, derK and glpK are
independently involved in DHA metabolism.

The AglpK decreased the DHA kinase activity to approx. 10% compared with wild-type
strain. Therefore, it is suggested that GlpK accounts for the majority of the DHA kinase activity
in NBRC 3255. DerK was responsible for the remaining DHA kinase activity of AglpK. And
the DhaK is also DHA kinase that expressed in later growth phase.

There is a different in activity of GIpK between 621H and NBRC 3255, GIpK strain is
considered to have a lower expression level in 621H than in NBRC3255 strain. An explanation
is obtained from the genetic analysis. The predicted g/pK operon of 621H is shorter than that
of NBRC 3255, probably due to the abrogation of the N-terminus of glycerol-3-phosphate
regulon repressor upstream of g/lpK (Kaori, master thesis 2017).
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TABLES AND FIGURES OF CHAPTER FOUR

Table 4.1. Bacterial strains and plasmids used in this study.

Strains or plasmids ~ Description Source or
reference
Gluconobacter
thailandicus
NBRC3255 Wild type NBRC
KAO-1 NBRC3255 AdhaK This study
KAO-2 NBRC3255 AderK This study
KAO-3 NBRC3255 AdhaK AderK This study
KAO-4 NBRC3255 AgipK This study
KAO-5 NBRC3255 AdhaK AglpK This study
KAO-6 NBRC3255 AderK AglpK This study
KAO-7 NBRC3255 AdhaK AderK AglpK This study
Plasmid
pRK2013 Plasmid for conjugal plasmid transfer, Km® (Figurski and
Helinski, 1979)
pT7Blue Cloning vector, T7 promoter, Ap® Novagen
pK18mobGII Suicide vector, mob gusA, Km® (Katzen et al.,
1999)
pKOS6b Suicide vector, mob codBA, Km® (Kostner et al.,
2013)
pBBRIMCS-4 Broad-host-range plasmid, mob, lacZ promoter, (Kovach et al.,
Apt 1995)
pEK12 pK18mobGll, a 1.6-kb fragment of the AdhaK  This study
allele
pEK15 pK18mobGll, a 1.3-kb fragment of the AderK  This study
allele
pKH4 pKOSG6D, a 1.3-kb fragment of the AderK allele This study
pKH7 pT7Blue, a 2.7-kb fragment of glpK This study
pKH10 pKOSG6D, a 1.4-kb fragment of the AglpK allele = This study
pKHI8 pBBRIMCS-4, a 2.7-kb fragment of glpK This study
pKH24 pBBRIMCS-4, a 2.1-kb fragment of derK This study
pEK20 pBBRIMCS-4, a 1.8-kb fragment of dhaK This study
Gluconobacter
oxydans 621H wild type ATCC
Plasmid
pKH14 pSHOS, 1.7-kb fragment of the glpK*'™ This study
pKHI15 pBBRIMCS-4, 1.7-kb fragment of the This study

glpK621H

dhaK, NBRC3255_2003; derK, NBRC3255_3084; glpK, NBRC3255_0651
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Table 4.2. Enzyme activity in the soluble fraction of G. thailandicus NBRC 3255 and its
derivatives.”

Bacterial strain Enzyme Activity (mU mg™)
Wild type DHA reductase (NADH) 20+3
DHA reductase (NADPH) <1
DHA kinase 450 £ 60
Glycerol kinase 64 +3
AglpK DHA kinase 30+7
Glycerol kinase n.d.’
AdhaK AderK DHA kinase 590+ 10
AdhaK AglpK DHA kinase 56+6
AderK AglpK DHA kinase n. d.’
AdhaK AderK AglpK DHA kinase n. d.’

“The cells were cultivated in YPGD medium until the late exponential growth phase. The
soluble fraction was prepared by cell disruption on a French press followed by
ultracentrifugation for removal of cell membranes.

’n.d., not detected, less than a detection limit of 0.5 mU mg™.
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Figure 4.1. The DHA utilization ability of NBRC 3255 is higher than 621H.

NBRC 3255 and 621H were precultured on 2 ml of P” medium at 30°C for a day, and then
transferred to 100 ml of 0.5% YPG medium (1% glycerol). ODgoo, pH, glycerol and DHA
concentrations were measured three times per day. NBRC 3255 and 621H converted glycerol
to DHA, and DHA is accumulated in medium. NBRC3255 utilized DHA accumulated in the
medium, but 621H did little DHA.
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Figure 4.2. Potential metabolic pathway for glycerol and DHA in Gluconobacter
thailandicus NBRC 3255.

The metabolic pathways for glycerol and DHA were constructed from Adachi et al. (2008)
and from the genome information of G. oxydans ATCC621H and G. thailandicus
NBRC3255. Dashed arrows indicate the pathways where the responsible enzymes are missing
in the genome data. The gene products corresponding to the enzymes shown here are as
follows. Glycerol uptake facilitator (GlpF), NBRC3255 0655; PQQ-dependent glycerol
dehydrogenase (GLDH), NBRC3255 0026-27 or NBRC3255 0238-39; NADH-dependent
DHA reductase (NADH-DHAR), NBRC3255 0712; NADPH-dependent DHA reductase
(NADPH-DHAR), NBRC3255 1149; glycerol kinase (GlpK), NBRC3255 0654; NAD(P)'-
dependent glycerol-3-phosphate dehydrogenase (GpsA), NBRC3255 0877; acceptor-
dependent glycerol-3-phosphate dehydrogenase (GlpD), NBRC3255 0656; NADP"-
dependent glycerol dehydrogenase (GlyDH), NBRC3255 1138; DHA kinase (DHAK),
NBRC3255 2012 and NBRC3255 3096, Triosephosphate isomerase (Tpi),

NBRC3255 0730, NBRC3255 0831, NBRC3255 0667, or NBRC3255 3012.
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Figure 4.3. Growth and pH in medium and glycerol and DHA concentration in medium

of wild type NBRC 3255 and the deletion mutants on 1% glycerol medium.

DHA kinase activity in the soluble fraction were measured at pH 6.5 and 25°C. NBRC 3255,

blue; Adhak, ; AderK, pink; AdhaK AderK, purple.
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Figure 4.4. Growth, pH, and
metabolite profile of the wild-
type and deletion mutant
strains on glycerol and DHA.
Each strain was pre-cultivated
on AP medium overnight. The
pre-culture was inoculated into
YPG (panels A, B, and C) and
YPDHA (panel D) at a 1%
ratio. The ODsoo (solid lines in
panels A, C, and D) and pH
(dashed lines in panel A)
values, and glycerol (open
symbols in panel B) and DHA
(closed symbols in panel B)
concentrations in the medium
were measured. The mean
WT values and standard deviations

L *—9p were calculated from the

i S — triplicate cultivations in panels

20 30 40 50 60 70 80 A, B, and C. Wild type, black;
AglpK, blue; AdhaK AglpK,
orange; AderK AglpK, purple;
AdhaK AderK, magenta;
AdhaK AderK AglpK, red.
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Figure 4.5. Growth, pH, and metabolite profile of the wild-type and multiple gene
deletion strains on YPGD medium.

The wild-type, AderK AglpK, and AdhaK AderK AglpK cells were pre-cultivated overnight on
AP medium. Then, 1 mL of preculture was inoculated into 100-mL YPGD medium. The
ODsoo (solid lines in panel A) and pH values (dashed lines in panel A) and glycerol (open
symbols in panel B) and DHA (closed symbols in panel B) concentrations in the medium
were measured. The mean values and standard deviations were calculated from triplicate
cultivations. Wild type (WT), black; AderK AgipK, purple; AdhaK AderK AgIpK (AAA), red.
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Figure 4.6. The triple deletion mutant strain harboring the plasmid carrying dhak,
derK, or gipK.

(A) Growth of the recombinant strains on the YPG medium. Each strain was pre-cultivated on
AP medium overnight. The preculture was inoculated in YPG medium at a 1% (v/v) ratio. (B)
DHA kinase activity in the soluble fraction of each strain was measured at pH 7.0. Mean
values and standard deviations were calculated from triplicate enzyme assays.
AAA/pBBRIMCS-4 (vector), gray; AAA/PEK20 (dhaK), sky blue; AAA/pKH24 (derK), lilac;
AAA/pPKH18 (glpK), salmon pink.
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Figure 4.7. NADH-dependent DHA reductase and DHA Kkinase activities in the NBRC

3255 and 621H cells.

NADH-dependent DHA reductase and DHA kinase activities in the soluble fraction were

measured at pH 7.5 and 7.0, respectively, and 25°C.
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