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The role of the adhS gene product, alcohol dehydrogenase subunit I11, encoded
from adhS gene, on the function of PQQ-ADH was investigated by construction of the
adhS gene disruptant and mutants of Acetobacter pasteurianus SKU1108. The adhS
gene disruptant completely lost its PQQ-ADH activity and acetate-producing ability but
retained acetic acid toleration. In contrast, this disruptant grew well, even better than the
wild type, in the ethanol containing medium even though its ethanol oxidizing ability
was completely lost, while the NAD*-dependent ADH (NAD'-ADH) was induced. The
tentative promoter region of adhS gene is located at approximately 118-268 bp upstream
from an initiation codon. The essential amino acids for functional subunit 111 are 104Thr
and 73, but not the 22 amino acids at the C-terminal. However, the over-expressed adhS
gene did not enhance acetic acid production. To elucidate the genes expression of
cytosolic NAD*-ADHs, adhl and adhll genes were amplified and cloned into pGEM-T®
Easy Vector. The Open Reading Frame of adhl and adhll consist of 1,029 and 762 bp,
respectively. The deduced amino acids of ADH | and ADH Il were 342 and 253 amino
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NAD*-ADHSs. The reduction of growth was observed when the NAD*-adh gene
disruptants grown in ethanol medium. In E.coli, ethanol remarkably induced adhl and
adhll promoter activities about 1.5 and 2.0 times, respectively. The possible promoter
region of adhl and adhll genes are located at around 81-105 and 74-92 bp, in order,
from its ATG start codon and the repressor binding regions might be located closed to

these promoters.
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FUNCTIONAL ANALYSIS OF adhS GENE ENCODING
QUINOPROTEIN ALCOHOL DEHYDROGENASE SUBUNIT Il
AND CHARACTERIZATION OF NAD"-adh GENES FROM
Acetobacter pasteurianus SKU1108

INTRODUCTION

Acetic acid bacteria are obligate aerobes that belong to a-Proteobacteria, and
have the strong ability to oxidize ethanol, sugar alcohols and sugars into their
corresponding organic acids. Acetic acid fermentation, in which ethanol is oxidized to
acetic acid by acetic acid bacteria, is the most characteristic process in vinegar
production. This ethanol oxidation is catalyzed by two membrane bound enzymes,
quinoprotein alcohol dehydrogenase (PQQ-ADH) and aldehyde dehydrogenase
(ALDH) localized on the periplasmic side of the cytoplasmic membrane (Matsushita et
al., 1994). The PQQ-ADH has been shown to have pyrrologuinoline quinone (PQQ) as
the prosthetic group. PQQ-dependent ADH has been found in several other aerobic
bacteria such as Pseudomonas, Comamonas, or Ralstonia species. Among such PQQ-
ADHs, PQQ-ADH in acetic acid bacteria is rather unique because of consisting of
three different subunits. It contains additional prosthetic groups for multiple heme c,
and being present in the membrane, and thus termed as type Il quinoprotein ADH,
distinguished from other soluble type | and type Il ADHs. Two genes, adhA and adhB
encoding subunit I and Il form an operon and thus are co-transcribed, while adhS
encoding subunit I11 is located elsewhere. It has previously reported on cloning,
sequencing and characterization of adhS gene encoding subunit 111 of the three-
component membrane-bound alcohol dehydrogenase from A. pasteurianus NCI 1452
(Kondo et al., 1995). They found that some spontaneous mutants which lost subunit I11
showed a deficient phenotype of ADH activity deficient phenotype. It has been
suggested that this smallest subunit may involve in stabilizing dehydrogenase subunit |
and acts as a molecular coupler of subunit I and 11 on the cytoplasmic membrane
(Kondo et al., 1995). Laster, the adhS gene encoding subunit 111 from A. pasteurianus
SKU1108 was cloned and its determined nucleotide sequence was compared with the

previous cloned adhS gene (Vanittananon, 2005).



Acetic acid bacteria also have an additional ADH, which is more general NAD
(P)*-dependent enzyme, in the cytoplasm at lower level. The NAD(P)*-ADHs can be
divided into three groups: Group I, zinc-dependent long chain ADHSs; Group 11, zinc-
independent short chain ADHs; Group III, “iron-activated” ADHs (Jornvall et al.,
1987). Many organisms have been reported to contain multiple NAD*-dependent
ADHs, the physiological roles of which have sometimes been proven to be difficult to
disentangle (Ismaiel et al., 1993). In acetic acid bacteria, ethanol is oxidized
extensively by the membrane-bound quinoprotein ADH and only low NAD*-ADH
activity is detected in the cytoplasm (Matsushita et al., 1994).

Despite the long history of alcohol dehydrogenase in acetic acid bacteria, the
certain function of the PQQ-ADH subunit I11 is still unknown. In this study, in order
to elucidate the function(s) of subunit 11l of the three-component membrane bound
ADH from A. pasteurianus SKU1108; the adhS gene disruptant was constructed. This
strain was characterized comparing with wild type strain and the PQQ-ADH deficient
mutant CN6-2, which was previously isolated by NTG treatment (Chinnawirotpisan et
al., 2003b). Moreover, analysis of the regulation of adhS gene expression and the
effect of its mutagenized gene on PQQ-ADH activity, subunit localization and ethanol
oxidizing ability were performed. It has been proposed that PQQ-ADH is a key
enzyme involved in ethanol oxidation, whereas NAD"-ADH is involved in ethanol
assimilation in acetic acid bacteria (Chinnawirotpisan et al., 2003b). In PQQ-ADH
deficient mutant (CN6-2 and adhS gene disruptant), two NAD*-ADHs were induced
and the defect in PQQ-ADH leads to a global metabolic change from ethanol
oxidation to ethanol assimilation as adaptive response to ethanol stress
(Chinnawirotpisan et al., 2003b; Masud et al., 2010). There has been no report on the
genetic level of NAD*-ADH:s so far. Therefore, the NAD*-adhl and adhll gene were
cloned and characterized. The ethanol induction and analysis of the possible promoter
region of NAD"-adh genes were also analyzed.



OBJECTIVES

1. To construct and characterize the adhS gene disruptant from Acetobacter

pasteurianus SKU1108.

2. To investigate the function(s) of alcohol dehydrogenase subunit I11 in

Acetobacter pasteurianus SKU1108 and its adhS gene disruptant.

3. To clone, sequence and characterize the NAD"-adh genes, adhl and adhll,

from Acetobacter pasteurianus SKU1108.

4. To construct and characterize the NAD"-adh genes disruptants from

Acetobacter pasteurianus CN6-2 strain.



LITERATURE REVIEW

1. Acetic Acid Bacteria

1.1 General characteristics and classification

Acetic acid bacteria have been intensively studied for more than one
century. These bacteria are gram negative or gram variable, ellipsoidal to rod-shaped
cells, obligate aerobic bacteria that have the ability to incompletely oxidize alcohols or
sugar to organic acids as end products using oxygen as the terminal electron acceptor.
They are widespread in nature and most of them are capable to oxidize ethanol as
substrate to acetic acid and are particularly well adapted to sugar or alcoholic
solutions. These characteristics make that acetic acid bacteria are often involved in
foods and beverages, for example, beer, wine, cider, vinegar, honey and fermented
products. Acetic acid bacteria produce acetic acid from ethanol by two sequential
oxidation reactions of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH) localized at the outer surface of cytoplasmic membrane and their function
linked to the respiratory chain (De Ley et al., 1984; Matsushita et al., 1994). The
optimum growth temperature of these bacteria is 25 to 30°C and no growth at 37°C

for Gluconobacter.

Acetic acid bacteria are classified in the family Acetobacteraceae as a
branch of the acidophilic bacteria in the a-subdivision of the Proteobacteria based on
16S rDNA sequence analysis and conventional classification. Taxonomic studies of
acetic acid bacteria were historically considered. A single species of genus
Acetobacter, A. aceti, was first exposed in 1898. The genus Gluconobacter was
proposed in 1935 for strains with intense oxidation of glucose to gluconic acid rather
than oxidation of ethanol to acetic acid and no further oxidation of acetate. In 1984,
the genus Acetobacter was divided into two subgenera, Acetobacter and
Gluconacetobacter. The latter was elevated to the genus Gluconacetobacter in 1998.
The genus Gluconacetobacter was phylogenetically divided into two groups: the

Gluconacetobacter liquefaciens group and the Gluconacetobacter xylinus group. The



two groups were discussed taxonomically (Yamada and Yukphan, 2008). Currently,
the family Acetobacteraceae is composed of thirteen genera namely, Acetobacter,
Gluconobacter (De Ley et al., 1984), Acidomonas (Urakami et al., 1989),
Gluconacetobacter (Yamada et al., 1997), Asaia (Yamada et al., 2000), Kozakia
(Lisdiyanti et al., 2002), Swaminathania (Loganathan and Nair, 2004), Saccharibacter
(Jojima et al., 2004), Neoasaia (Yukphan et al., 2005), Granulibacter (Greenberg et
al., 2006), Tanticharoenia (Yukphan et al., 2008), Commensalibacter (Roh et al.,
2008) and Ameyamaea (Yukphan et al., 2009).

In addition to ethanol oxidation, acetic acid bacteria have a pronounced
tendency for incomplete oxidation converting alcohols to acids or secondary alcohols
to ketones. With the exception of Asaia, the most prominent process is the oxidation
of ethanol to acetic acid (YYamada et al., 2000; Katsura et al., 2001). Based on a
further utilization of acetate, the acetic acid bacteria can be divided in two physiologic
groups. The first group composes of the members of the genera Acetobacter,
Acidomonas, Asaia, Gluconacetobacter and Kozakia, which are able to oxidize acetate
and lactate completely to CO, (over oxidation) via the TCA cycle and the glyoxylic
acid shunt (Leisinger, 1965; Chinnawirotpisan et al., 2003b). The second one is
formed by members of the genus Gluconobacter. These organisms lack the glyoxylic
acid shunt and the TCA cycle is incomplete (Greenfield and Claus, 1972; Prust et al.,
2005). Therefore, they are not able to completely oxidize acetate to CO,.

1.2 Oxidative fermentation in acetic acid bacteria

Acetic acid bacteria, especially Acetobacter and Gluconobacter, are well
known for their potential to incompletely oxidize a wide variety of sugars, alcohols
and polyols. The corresponding products (aldehydes, ketones and organic acids) are
accumulated almost completely in the medium (Figure 1). Due to their capability of
rapid and nearly quantitative stero- and regiosepecifc incomplete oxidation reactions
they can be used in a wide variety of biological processes (Gupta et al., 2001;
Deppenmeier et al., 2002; Adachi et al., 2003a, 2003b). In this aspect, acetic acid
bacteria can be seen as ‘living oxidative catalysts’ that perform very specific oxidation

reactions and released electrons to molecule oxygen (Deppenmeier and Ehrenreich,



2009). These biological processes are called ‘oxidative fermentation’ (Adachi et al.,
2003a).

Oxidative fermentations have been well established for a long time,
especially in vinegar and in L-sorbose production. A wide variety of oxidation
products in acetic acid bacteria is carried out by two different types of membrane-
bound enzymes, quinoproteins and flavoproteins; no cytosolic NAD(P)*-dependent
dehydrogenase is involved in oxidation (Adachi et al., 2003a, 2003b; Raspor and
Goranovi¢, 2008). These enzymes have PQQ or FAD as the primary coenzyme,
respectively, and directly linked to the respiratory chain and generate bioenergy for
growth and thus they form the specific machinery in substrate oxidation as a
membrane-bound dehydrogenase-dependent oxidase system (Matsushita et al., 1994,
2002). Vinegar production and L-sorbose production are the most-typical examples of
oxidative fermentation and can be regarded as the classic microbial bioconversion.
This due to the individual enzymes from acetic acid bacteria catalyzes an incomplete
one-step oxidation reaction and equivalent amounts of oxidized substrates are
accumulated in the culture media. Moreover, a series of study on the shikimate
pathway revealed that there are many membrane-bound dehydrogenases involved in
the shikimate production by oxidative fermentation of Gluconobacter strains
including quinoprotein quinate dehydrogenase, 3-dehydroquinate dehydrogenase
(Adachi et al., 2003c, 2006a, 2006b, 2006¢, 2008), and 3-dehydroshikimate
dehydratase (Shinagawa et al., 2010).
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Figure 1 Respiratory chain of G. oxydans 621H. (1) Glycerol/sorbitol/gluconate
dehydrogenase (SIdAB), (2) sorbitol dehydrogenase, (3) PQQ-dependent
myoinositol dehydrogenase, (4) uncharacterized membrane-bound
quinoprotein, (5) uncharacterized membrane-bound quinoprotein, (6)
ubiquinol:cytochrome c oxidoreductase, (7) uncharacterized flavin
containing dehydrogenase, (8) quinol oxidase (bd type), (9) quinol oxidase
(bos-type), (10) NADH-dehydrogenase (type 1), (11) membrane-bound
transhydrogenase, (12) membrane-bound gluconate-2-dehydrogenase, (13)
PQQ-dependent glucose dehydrogenase, (14) membrane-bound acetal-
dehyde dehydrogenase, (15) PQQ-dependent alcohol dehydrogenase, (16)
membrane-bound lactate dehydrogenase. The membrane-bound dehydro-
genases transfer electrons to ubiquinone to form the reduced cofactor
ubiquinol (UQH,). Question marks indicate that the substrates and products

of the enzyme reaction are not known.

Source: Deppenmeier and Ehrenreich (2009)



1.3 Vinegar fermentation and thermotolerant acetic acid bacteria

It has been well established that acetic acid fermentation (or vinegar
production) is the most distinguish characteristics of acetic acid bacteria especially
Acetobacter species. Vinegar production has been known for centuries by natural
fermentation of alcoholic beverages. In 1862, the first explanation of vinegar
fermentation was emerged by Pasteur. He recognized that mother of vinegar was
naturally occurred in vinegar products and caused acetic acid fermentation. Then, in
1989 and 1924, Beijerinck and Kluyver and de Leeuw discovered acetic acid bacteria,
A. aceti and G. suboxydans. Vinegar was made by two distinct biochemical processes
with the action of microorganisms. The first step is called the alcoholic fermentation;
yeasts produce ethanol from carbohydrate source such as glucose under controlled
conditions. The second step is the biooxidation of ethanol to acetic acid or vinegar by
acetic acid bacteria. Vinegar has been produced from many other materials including
molasses, sorghum, fruits, berries, melons, coconut, honey, beer, potatoes, beets, malt,
grains and whey of nearly any other liquid containing sugar. The varieties of vinegar
were classified according to materials from which they were made and the methods of
manufacturing (Conner and Allgeier, 1976). Commercial vinegar is produced either
by fast or slow fermentation processes. Slow methods generally are used with
traditional vinegars and fermentation proceeds slowly over the course of weeks or
months. The longer fermentation period allows the accumulation of a nontoxic slime
composed of acetic acid bacteria and soluble cellulose, known as the mother of

vinegar.

The recent global warming has raised indoor temperatures beyond 30°C,
even at night time, in many countries. This is a serious problem for vinegar
fermentation and other fermentation industries, since they have to pay increased
energy costs to keep the fermentation at the optimum temperature. As the temperature
rises, chemical and enzymatic reactions in the cell proceed at more rapid rates, and
growth becomes faster. However, above a certain temperature, particular proteins may
be irreversibly damaged. Thus, as the temperature is increased within a given range,

growth and metabolic function increase up to a point where inactivation reactions set



in. Above this point, cell functions fall sharply to zero. Normally, the optimum

temperature is always nearer the maximum than the minimum (Madigan et al., 2000).

Domestic vinegar production by acetic acid bacteria is usually taken place
at 30°C; temperature control is necessary irrespective of whether the culture is static
or submerged. A temperature increase of 2-3°C causes a serious deterioration in both
the fermentation rate and efficiency. Industrial acetic acid production by a continuous
submerged culture requires precise control of fermentation temperature. A slight
increase in the temperature causes a remarkable decrease in fermentation rate and
yield of acetic acid. If favorable strains of acetic acid bacteria that can work optimally
at 37-40°C were available, the cooling expenses would be therefore reduced greatly
(Adachi et al., 2003b). The thermotolerant strains with high resistances to ethanol and
acetic acid are of interest. However, there have been few reports of vinegar
fermentation by thermotolerant acetic acid bacteria (Ohmori et al., 1980; Saeki et al.
1997b; Kanchanarach et al., 2010). Ohmori et al. (1980) isolated three Acetobacter
strains with the ability to produce acetic acid in continuous submerged culture at 35°C
and produced 45% of activity at 38°C, while the usual strain of A. aceti completely
lost its activity at 35°C. Then, isolation, identification, and characterization of
thermotolerant acetic acid bacteria were investigated to develop new microbial
resources for oxidative fermentation (Saeki et al. 1997a). The course of vinegar
fermentation at higher temperatures with the isolated strains, which able to grow at
37-40°C, was compared with mesophilic strains. Fermentation efficiency of vinegar
production with the thermotolerant strains at 38-40°C was almost the same as that of
mesophilic strains at 30°C. However, the thermotolerant strains worked rapidly, with a
higher fermentation rate at higher temperatures, at which the mesophilic strains were
unable to work. Thermotolerant acetic acid bacteria are thus useful for vinegar
fermentation at higher temperatures, allowing a possible reduction in cooling expenses
and other costs (Saeki et al., 1997a). Moreover, thermoresistant strains of A. tropicalis
and A. pasteurianus have been isolated and selected for their ability to grow and
produce acetic acid at high temperatures (Ndoye et al., 2006, 2007). Recently,
Kanchanarach et al. (2010) isolated and characterized several thermotolerant A.
pasteurianus strains and their quinoprotein ADHs were purified. The fermentation

ability at 37°C of these thermotolerant strains was higher than that of mesophilic
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strain. In addition, PQQ-ADH of the thermotolerant strains had a little higher optimal
temperature and heat stability than that of mesophilic strain. More critically, PQQ-
ADHs from thermotolerant strains exhibited a higher resistance to ethanol and acetic
acid than that from mesophilic strain at elevated temperature.

1.4 Enzymes responsible to acetic acid fermentation

In spite of the long history of vinegar production, biochemical and
molecular studies on responsible enzymes involved in this biological manner, ADH
and ALDH, were only started in the early 1980s (Adachi et al. 1978a, 1978b). This
biological process is carried out by two sequential oxidation reactions of membrane-
bound quinohemoprotein alcohol dehydrogenase, PQQ-ADH and membrane-bound
quinohemoprotein aldehyde dehydrogenase, ALDH (Matsushita et al., 1994).
PQQ-ADH and ALDH have been extensively investigated and are well characterized
(Matsushita et al., 1992a, 1992b, 1994; Matsushita and Adachi 1993a, 1993b). The
two enzymes are bound to the periplasmic side of the cytoplasmic membrane and
catalyze oxidation reactions in the periplasmic space. These two reactions are

described below.

1) The oxidation of ethanol to acetaldehyde by alcohol dehydrogenase.

CH3CH,OH + [0O] —> CH3CHO + H,O

ethanol acetaldehyde

2) The production of acetic acid by acetaldehyde dehydrogenase.

CH3CHO + [0] —> CH3;COOH
acetic acid

The dehydrogenase in acetic acid bacteria are divided into two groups,
NAD(P)*- dependent dehydrogenase located in the cytoplasm and NAD(P)” -
independent dehydrogenase located in the cytoplasmic membrane (Matsushita et al.,

1994). Alcohol dehydrogenase involved in acetic acid fermentation is NAD(P)"-
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independent dehydrogenase (Matsushita et al., 1992c, 1994, 1995). The membrane
bound dehydrogenase can be divided into quinoproteins and flavoproteins that have
pyrroloquinoline quinone (PQQ) and covalently bound flavinadenine dinucleotide
(FAD) as prosthetic groups, respectively. These quinoprotein and flavoprotein
dehydrogenases have been shown to function by linking to the respiratory chain which
transfers electrons to the final electron acceptor, oxygen and generating energy for
growth (Shinagawa et al., 1990; Matsushita et al., 1991, 1994). The quinoprotein
alcohol and aldehyde dehydrogenases play main role in vinegar production. In
addition, several quinoproteins have been newly found in acetic acid bacteria, all of
which can be applied to fermentative or enzymatic production of useful materials by

means of oxidative fermentation process (Adachi et al., 2003a).

ADH activity was reported to be largely decreased in A. pasteurianus
when cultivated without ethanol which seem to be required for the correct localization
of the dehydrogenase subunit in the membrane (Takemura et al., 1993). The incorrect
localization of dehydrogenase subunit responded for the lower ADH activity in the
absence of ethanol. The addition of acetic acid into the medium caused rapid decrease
in both ADH and ALDH activities (Theeragool et al., 1996). Another investigation
reported the decreasing in ADH activity of G. suboxydans was due to reversible
change from active to inactive form during cultivation under certain condition
(Matsushita et al., 1995). Moreover, in A. pasteurianus IFO 3283, membrane-bound
ADH and ALDH activities dramatically decrease during the stationary phase after the
complete consumption of ethanol, and these enzymes activities slightly increase again
during the overoxidation phase (Matsushita et al., 2005a).

The respiratory chain of acetic acid bacteria branches into the cytochrome
bos ubiquinol oxidase and a cyanide-insensitive bypass oxidase at the membranous
ubiquinone (Q) site, both of which reduce oxygen to water (Figure 2). Thus, PQQ-
ADH functions as the primary dehydrogenase in the ethanol oxidation respiratory
chain. Oxidation of ethanol takes place at the PQQ site by transferring electrons to
PQQ, heme c I site in subunit I, hemes c¢ 11, and 11, sites in subunit 1l and then to
tightly membranous-bound Q of subunit 11, which acts as the electron transfer

mediators. Finally, the enzyme reduces bulk Q and is further oxidized by the terminal
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uniquinol oxidase, cytochrome o or a; generating proton gradient across the
cytoplasmic membranes yielding bioenergy as shown in Figure 3 (Yakushi and
Matshushita, 2010).

acetal- acetic
ethanol dehvde acid

2H
h .
' Periplasm
Cyto-
chrome bo;
} (i Cytoplasmic
» _\ membrane
/'_m /"\C}_mplasm
g+ KCN lq.‘ H,O 1H* H,O
+ A +
120, L 120,

Figure 2 An overview of the ethanol oxidation respiratory chain of acetic acid
bacteria. Ethanol is oxidized to acetic acid by a sequential action of PQQ-
ADH and membrane-bound aldehyde dehydrogenase (ALDH), reducing Q
in the cytoplasmic membrane. Then, the respiratory chain branches to
energy-producing cytochrome boz ubiquinol oxidase and less energy-
producing cyanide insensitive oxidase CioAB, both of which reduce oxygen
to water. PQQ-ADH also participates in a cyanide insensitive respiratory
chain, but its electron acceptor remains unknown. Double arrow indicates a
possible interaction between PQQ-ADH and CioAB.

Source: Yakushi and Matsushita (2010)
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ethanol acetaldehyde Redox potential (pH 4.5)
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PQQ -17
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1« heme ¢ IT; 255
Q 220

Figure 3 Model for the intramolecular electron transport of PQQ-ADH. Left panel:
Electrons from ethanol are transported to PQQ and likely along the gray
arrows to bound Q through multiple hemes c. On the other hand, electrons
from ubiquinol are transported along the black arrows to the heme c 1l3 site
and then to unknown electron acceptor shown by question marks. Light
gray Q, bound Q; black Q, bulk Q. Right panel: Redox potentials at pH 4.5
for the redox cofactors in PQQ-ADH are shown in millivolts. The arrows
indicate a proposed intramolecular electron transport path upon ethanol:Q

oxidoreduction.

Source: Yakushi and Matsushita (2010)
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1.5 Enzyme involved in acetate assimilation

Among twelve genera of acetic acid bacteria, the genus Acetobacter and
Gluconacetobacter exhibit their ability to further oxidize acetic acid into carbon
dioxide and water, a phenomenon called “acetate oxidation” which is a nuisance for
vinegar fermenters. “Over-oxidation of acetate” or “acetate peroxidation” has been
used synonymously with acetate oxidation designing the phenomenon of aerobic
acetate catabolism by acetic acid bacteria (De Ley et al., 1984). An intensive
consumption of acetic acid is always accompanied by a corresponding increase in cell
biomass. Moreover, the addition of a small amount of energy source increased acetate
usage allowing the bacteria to grow on the medium. It could be suggested that ethanol
plays an important role as oxidizable substrate generating energy that supports the
initial part of microbial growth in a stage where the tricarboxylic acid (TCA) cycle
and NADH dehydrogenase system are not predominant (Matsushita et al., 1994). For
acetate overoxidation while cell biomass increases, the TCA cycle must be driven
smoothly, as enzymes in TCA cycle make citrate with acetyl-CoA. Enzymes involved
in the acetate overoxidation are not strengthened while ethanol remains in the culture
medium and the oxidative fermentation yielding acetic acid becomes predominant.
Cells oxidizing acetate may have increased enzyme activities in the TCA cycle
because of the flux of citrate from acetyl-CoA and oxaloacetate. The enzyme activities
of acetyl-CoA synthase, isocitrate lyase and malate synthase also increased
significantly in the cells when acetate was consumed. These results indicated that
acetic acid is converted to acetyl-CoA by acetyl-CoA synthase to put acetate into the
TCA cycle as well as to the glyoxylate cycle allowing the bacteria to grow rapidly on
acetic acid after ethanol exhaustion (Saeki et al., 1997b). Furthermore, isocitrate
dehydrogenase and fumarase activities were confirmed to be increased during acetate
oxidation. The mechanisms of acetate oxidation by acetic acid bacteria had been
clarified (Saeki et al., 1999; Matsushita et al., 2004, 2005a, 2005b) as shown in Figure
4. The finding suggested that strong acetate oxidation caused by acetyl-CoA synthase
or phosphotransacetylase activity, together with phosphoenolpyruvate carboxylase,
accompany with increased the biomass. Recently, a specialized citric acid cycle of A.
aceti 1023, which lacks malate dehydrogenase (Mdh) and succinyl-CoA synthase
(SCS) genes, was discovered (Mullins et al., 2008). They proposed that A. aceti
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contains a complete but unorthodox citric acid cycle in which Mdh and SCS are
functionally replaced by malate:quinine oxidoreductase (Mgo) and succinyl-
CoA:acetate CoA-transferase (SCACT), respectively. This bypass facilitates the
metabolic activation and oxidation of acetate and constitutes part of a conditionally
essential detoxification pathway that is required for survival at high acetate
concentrations at a low pH but is not required for growth at low acetate

concentrations, even at same pH. This citric acid cycle is shown in figure 5.

In ethanol culture, Acetobacter and Gluconacetobacter species show three
growth phases; they first grew by completely oxidizing ethanol to acetic acid (ethanol
oxidation phase), then stop growing and remained for a while in the stationary phase
where their viable cell number is decreased (first stationary phase) and finally start
growing again by utilizing the accumulated acetic acid, a growth phase called
“overoxidation of acetate”. A typical growth pattern of Acetobacter species in ethanol
culture is presented in Figure 6. It was thus conceivable that Acetobacter species have
two different phases related to acetic acid resistance, the ethanol oxidation and the
first stationary phases where the strains resist against acetic acid accumulated in the
culture medium without utilizing the acetate, and the overoxidation phase where the
strains just utilize the acetate for cell growth. Acetic acid was administrated as sole
carbon and energy sources. They grew rapidly and a typical biphasic growth curve
was observed. However, no distinct acetate oxidation took place when oxidizable
ethanol and other available carbon sources still remained in the culture medium
(Matsushita et al., 2005a).
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Figure 4 Ethanol respiration and the metabolic pathway responsible for the
overoxidation of Acetobacter species. The ethanol respiration consists of
alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH)
located on the outer surface of the cytoplasmic membrane as primary
dehydrogenases, ubiquinone pool (Q and QHy), and ubiquinol oxidase,

which generates a proton motive force. Acetic acid overoxidation is carried
out by acetyl CoA synthase (ACS) and TCA cycle enzymes such as

isocitrate dehydrogenase (LcDH), which are driven via NADH reoxidation

by NADH dehydrogenase linked to the respiratory chain. Phosphoenol

pyruvate carboxylase (PEPC) is also working to supply oxaloacetate via
phosphoenol pyruvate (PEP).

Source: Matsushita et al. (2005a)
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Figure 5 An unorthodox A. aceti CAC oxidizes acetate. The gray arrows indicate
CAC genes that are not found in a draft A. aceti 1023 genome sequence
(Kappock et al., unpublished). Each has a functional replacement. Using
periplasmic dehydrogenases, A. aceti produces large quantities of acetic
acid from ethanol and must contend with a constant influx of the former.
Together with a complete oxidative phosphorylation pathway, this variant
CAC functions in the eight electron oxidation of acetic acid: CH3COOH +
20, = 2CO, + 2H,0. This pathway skips AckA, Acs, and SCS (sucCD),
the only steps that would be directly influenced by cytoplasmic nucleotide
pools, and reduces the number of enzymes that have free CoA substrates
from two to one. The initial electron acceptors, two NAD", one FAD, and
one ubiquinone (presumed to be Q9 in A. aceti), would give a lower energy
yield than a canonical CAC but have an additional irreversible step, the
Mgo-mediated quinone reduction. Genes for the glyoxylate shunt enzymes

isocitrate lyase and malate synthase are not found in A. aceti 1023.

Source: Mullins et al. (2008)
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Figure 6 Typical growth pattern of Acetobacter species in ethanol culture.
Acetobacter species exhibits a biphasic growth curve in ethanol culture,
where during the first phase ethanol oxidation produces acetic acid, and
after the following stationary phase the overoxidation of acetic acid occurs
as the final phase. The ethanol oxidation and stationary phases correspond
to the acetic acid resistant phase.

Source: Matsushita et al. (2005a)
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1.6 Enzyme involved in ethanol assimilation

ADHs are involved in wide range of metabolism, especially in
microorganism. In the reductive reaction (or reverse reaction), NAD"-ADH results in
the production of alcohol and oxidized cofactor (NAD™). This occurs, for instance, in
the formation of alcohols during fermentation by anaerobic bacteria and yeasts where
the regeneration of NAD™ is essential for other oxidative and energy-yielding
metabolic processes to continue (Clark, 1989, 1992). Oxidation of alcohols results in
the production of aldehydes or ketones and reduced cofactor (NADH) and may be
involved in feeding alcohols into the central metabolism as carbon and energy sources
for growth. Such roles are common among alcohol oxidoreductase and they are
involved in functions as diverse as the growth of methylotrophs, and the oxidation of
aromatic alcohols that occurs in species of Pseudomonas and Acinetobacter
calcoaceticus (Reid and Fewson, 1994). The ethanol oxidizing system in P.
aeruginosa was reported that P. aeruginosa ATCC 17933 grows aerobically with
ethanol or acetic acid as sole carbon source by using a soluble quinoprotein alcohol
dehydrogenase, a periplasmic cytochrome ¢550, NAD"-dependent acetaldehyde
dehydrogenase (NAD'-ALDH), acetyl-CoA synthetase and malate:quinine
oxidoreductase (Kretzschmar et al., 2002). The mutant of Salmonella enterica serovar
Typhimurium is capable of growing in air on ethanol as sole carbon and energy source
by high expression level of novel alcohol dehydrogenase (Adh 1) that uses ethanol, 1-
propanol and 2-propanol as substrates (Dailly et al., 2001). Moreover, it has been
reported that the regeneration of NADH is essential for the production of xylitol at the
second step by NAD*-dependent xylitol dehydrogenase in G. oxydans ATCC 621
(Suzuki et al., 2002).

The ethanol assimilation in thermotolerant acetic acid bacterium, A.
pasteurianus SKU1108, has been clarified (Chinnawirotpisan et al., 2003b). In the
PQQ-ADH deficient mutant of this strain, the activities of two NAD*-ADHSs, ADH |
and ADH 11, present in a small amount in the wild-type strain, markedly increased in
the cytoplasm when cultured in a medium containing ethanol, concomitant to the
increase in the activities of the key enzymes in TCA and glyoxylate cycles, as shown

in Figure 7. Ethanol in the culture medium penetrates through cytoplasm of the cells
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of this mutant and induces NAD*-ADH | to oxidize ethanol at the initial stage, and
then induce NAD*-ADH I1 at the second stage. The acetaldehyde produced in the
cytoplasm seems to be oxidized to acetate by the NADP*-ALDH induced by the
substrate. Finally, acetate accumulated in the cytoplasm may induce acetate
assimilation, where acetate is converted into acetyl-CoA by acetyl-CoA synthetase or

acetate kinase, and then acetyl-CoA is metabolized via the TCA or glyoxylate cycle.
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Figure 7 Metabolic pathways of oxidative assimilation of ethanol into TCA and
glyoxylate cycles via acetyl-CoA. The enzymes involved in ethanol
assimilation are abbreviated in the figure: NAD-ADH, NAD-dependent
alcohol dehydrogenase; NADP-ALDH, NADP-dependent aldehyhe
dehydrogenase; ACS, acetyl-CoA synthetase; ICL, isocitrate lyase; and
ICDH, isocitrate dehydrogenase.

Source: Chinnawirotpisan et al. (2003b)
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1.7 Acetic acid stress response

The microenvironment during acetic acid fermentation exposes the acetic
acid bacteria to various stresses such as high temperature, ethanol and acetic acid.
Despite the adverse microenvironment, acetic acid bacteria exhibited relatively normal
growth patterns with a resistance to the unfavorable conditions. In respect to acetic
acid resistance, proteomic analysis of acetic acid bacteria revealed that 8 acetate stress
proteins (Asps) were induced specifically by exposure of unadapted A. aceti and G.
suboxydans cultures to 10 g/l acetate (Lakso et al., 1997). The acetate resistance
genes, aarABC, of a thermophilic A. aceti strain, were important for resistance to
acetate on solid media (Fukaya et al., 1990). They identified functions of the aarA and
aarC gene products in citrate synthase (Fukaya et al., 1990) and acetate uptake
(Fukaya et al., 1993), respectively. The result showed that these proteins confer
resistance by acetate assimilation via a local reduction of acetate concentrations on
solid media. In addition, a succinyl-CoA:acetate CoA-transferase (SCACT), AarC
homologue, was proposed (Mullins et al., 2008). SCACT is encoded by aarC gene
and involved in a specialized citric acid cycle conferring acetic acid resistance on A.
aceti. Further investigation of the changes in global protein expression levels during
long term adaptation of A. aceti to high acetate concentrations by two dimension
electrophoresis (2-DE) indicated that at least 50 proteins are specifically induced by
adaptation to acetate but not by other stress conditions (Steiner and Sauer, 2001). It
was further clarified that enhanced expression of aconitase raise acetic acid resistance
in A. aceti (Nakano et al., 2004). It has been later reported that A. aceti possesses a
proton motive force-dependent efflux system for acetic acid. It has been suggested that
this phenomenon is involved in acetic acid resistance. The most plausible mechanism
responsible for acetic acid-resistance is an efflux pump localized in the cytoplasmic
membrane which pumps out acetic acid and enables cells grow in the presence of high
acetic acid concentration (Matsushita et al., 2005a, 2005b), as shown in Figure 8.
Nakano et al. (2006) proposed that the putative ABC transporter is responsible for
acetic acid resistance in A. aceti. They analyzed its membrane fraction by 2-DE and
determined that 60 kDa protein, designated as AatA, was induced by acetic acid.
Further investigation of the responsible gene suggested that this protein is a putative

ABC transporter. It has also been suggested that overexpression of aatA gene could
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increase final yield of acetic acid production. In addition, Trcek et al. (2006) reported
the correlation between acetic acid resistance and characteristics of PQQ-ADH in
acetic acid bacteria. They suggested that higher ADH activity can produce a higher
energy pool for exporting acetate to the exterior of the cell which results in higher
acetic acid resistance. They also studied the adaptation against high acetic acid
concentration in Gluconacetobacter europaeus by changes in lipid composition,
morphological properties and PQQ-ADH expression (Trcek et al., 2007). The intrinsic
stability of intracellular proteins and general stress proteins such as chaperonins also
contribute to the phenotypic expression of acetic acid resistance (Nakano and Fukaya,
2008). In addition, Sintuprapa et al. (2008a, 2008b) elucidated an adaptive response to
acetic acid by isolation of acetic acid adapted strains from sequential cultivations of an
acetic-acid sensitive strain, A. syzygii SKU19, in a medium containing 1% acetic acid.
They suggested that these adapted strains exhibit a higher PQQ-ADH and ALDH
activities than the wild type strain and there are several mechanisms involved in the
acetic acid resistance in acetic acid bacteria, such as acetate assimilation and PQQ-
ADH functions.
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1.8 Mutation and genetic instability in acetic acid bacteria

Mutation provides decisive evidence that DNA is the genetic material. It
has been widely known that change in the sequence of DNA causes an alteration in the
consequent effects on the organisms, which typically resulted in the generation of a
new genotype and-or phenotype. The existence of many mutations in a gene may
allow many variant forms of a protein to be compared, and a detailed analysis can be
used to identify regions of the protein responsible for individual enzymatic or other
functions (Lewin, 1998). Mutation is divided into two types: spontaneous and induced
mutation. Spontaneous mutation can occur in nature without any external mutagenic
agent, but occurs at low frequencies. Induced mutation occurs by mutagens such as
chemical and physical mutagens. Normally, spontaneous mutation, which causes
heritable change, occurs at low frequencies. However, it has been frequently observed
that acetic acid bacteria show considerable genetic instability which causes high
frequency spontaneous mutations leading to deficiencies in various physiological
properties including ethanol oxidation (Ohmori et al., 1982; Okumura et al., 1985;
Takemura et al., 1991, Kondo and Horinouchi, 1997b), acetic acid resistance (Ohmori
et al., 1982) and cellulose formation (Cook and Colvin, 1980; Coucheron, 1991;
Nguyen et al., 2010). Prolonged cultivation of thermotolerant strain, A. aceti, was
reported to lead to the appearance of acetic acid sensitive mutants which are deficient
in ethanol oxidizing ability with high frequency as well as lost of acetic acid resistance
in A. pasteurianus (Takemura et al., 1991). Recently, Nguyen et al. (2010) proposed
that a novel type of spontaneous cellulose production mutation associated with Ga.
xylinus which is generated under conditions of nutrient limitation. They suggested that
different nutrient conditions may play a role in the selection of the spontaneous
mutant. The genetic instability has significantly influenced on the industrial use of
acetic acid bacteria. In contrast, sometimes when mutation is induced by mutagen, (N-
methyl-N"-nitro-N-nitrosoguanidine, NTG), in acetic acid bacteria, the obtained
mutants showed greater ability to produce acetic acid from ethanol than the parental
strain (Harada and Mori, 1971).

Insertion of DNA fragment into a gene will usually result in the

inactivation of that gene by the loss of its function. A number of types of genetic
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elements, including some types of both viruses and plasmid, can be inserted into the
bacterial chromosome. The simplest of these genetic elements are known as insertion
sequences or IS (Dale, 1994). Many investigations have revealed that multiple
insertion sequences play a major role in genetic instability leading to deficiencies in
various physiological properties. Insertion sequence 1S1380 was first reported as a
mobile DNA involving in the loss of ethanol oxidizing ability in A. pasteurianus by
insertion in the cytochrome c subunit (subunit Il) of ADH (Takemura et al., 1991). In
A. xylinum ATCC 23769 losing ability to produce cellulose was found to be associated
with the transposition of an indigenous insertion sequence, 1S1031 (Coucheron, 1991).
The further insertion sequence, 151452, was found to be responsible for the
inactivation of ADH by insertion in the adhS gene encoding subunit 11 of ADH in A.
pasteurianus (Kondo and Horinouchi, 1997a). Moreover, another insertion sequence
1S12528 was found to be associated with the inactivation of the ADH by insertion in
the adhA gene which encodes the primary dehydrogenase subunit (subunit I) of ADH
complex in G. suboxydans (Kondo and Horinouchi, 1997b).

2. Alcohol Dehydrogenase in Acetic Acid Bacteria

Alcohol dehydrogenases (ADH) are a group of dehydrogenase enzymes that
occur in many organisms, human, plant, and animal. They display a wide variety of
substrate specificities and they fulfill several vital but quite different physiological
functions. Some of these enzymes are involved in the production of alcoholic
beverages and of industrial solvents, others are important in the production of vinegar,
and still others participate in the degradation of naturally occurring and xenobiotic
aromatic compounds as well as in the growth of bacteria and yeasts on methanol. They
can be divided into three major categories: (1) The NAD"- or NADP*-dependent
dehydrogenases; (2) NAD(P)*-independent enzymes that use pyrroloquinoline
quinone (PQQ), heme or cofactor F4, as cofactor; (3) FAD-dependent alcohol
oxidases that catalyze an essentially irreversible oxidation of alcohols (Reid and
Fewson, 1994). ADH is most often an NAD(P)*-dependent enzyme present in the
cytoplasm. In contrast, PQQ-dependent or NAD(P)*-independent ADHSs are rather

unique and are found in only a narrow range of species of bacteria, the a, 3, and y-
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proteobacteria, and are localized only in the periplasmic fraction (Toyama et al.,
2004).

In acetic acid bacteria, ADH has been studied since the early of 1980s and
revealed that it belongs to type 111 of ADH containing PQQ and heme c as cofactor
(Adachi et al. 1978a, 1978b). Recently, in A. pasteurianus SKU1108; a thermotolerant
acetic acid bacterium, two types of alcohol dehydrogenases, quinoprotein ADH and
NAD"-dependent ADH, were observed. The quinoprotein ADH is extensively
involved in acetic acid production, while NAD*-dependent ADH only in ethanol
assimilation through the TCA and glyoxylate cycles in acetic acid bacteria
(Chinnawirotpisan et al., 2003b, 2003c; Masud et al., 2010).

2.1 PQQ-dependent alcohol dehydrogenase (PQQ-ADH)

ADHSs whose reaction is NAD(P)*- independent have been found in many
aerobic bacteria. Most of these enzymes contain PQQ as a prosthetic group. The PQQ
has been found in as many as 10 different species of enzymes working mainly on the
dehydrogenation of the primary or secondary hydroxyl group in alcohol or sugar.
They are a new class of oxidoreductase and called quinoproteins. In these enzymes,
PQQ is non-covalently bound to the apoenzyme. Some of these quinoproteins have,
together with PQQ, an additional prosthetic group, heme ¢ within a single

polypeptide; these are called quinohemoproteins (Matsushita et al., 2002).

PQQ-dependent ADH is the largest enzyme group within the quinoprotein
family. Its members consist of 18 different enzymes (Table 1) and are divided in to 3
groups, type I, 11, and 11l ADHs according to their molecular properties, catalytic
properties, and localization. Type | ADH is a simple quinoprotein having PQQ as the
only prosthetic group, while type Il and type Il ADHs are quinohemoprotein having
heme c as well as PQQ in the catalytic polypeptide. Type | ADH found in a limited
number of Proteobacteria is very similar to quinoprotein methanol dehydrogenase
(MDH) in methylotrophs. These are all soluble enzymes and seeming work in the
periplasm. Type Il ADH is a soluble enzyme in the periplasm and has a relatively

wide distribution among several Proteobacteria such as Pseudomonas, Ralstonia,
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Comamonas, etc. In contrast, type 111 ADH is a membrane-bound, working on the

periplasmic surface and is unique to acetic acid bacteria (Toyama et al., 2004).

Type 111 ADH of acetic acid bacteria is a quinohemoprotein-cytochrome c
complex and has been purified from different genera of acetic acid bacteria,
Acetobacter, Gluconobacter, Gluconacetobacter and Acidomonas (Adachi et al.,
1978a, 1978b; Tayama et al., 1989; Matsushita et al., 1992c; Kondo et al., 1995;
Frébortova et al., 1997; Trcek et al., 2006; Gomez-Manzo et al., 2008; Kanchanarach
et al., 2010), as summarized in Table 2. The purified ADH has been shown to consist
of three different subunits; subunit I, 11, and 111, except for PQQ-ADHs purified from
Gluconacetobacter species, which consist of only the subunits | and 1. The enzyme
complex contains one mole of pyrroloquiniline quinone (PQQ) and four moles of
heme c. The largest subunit (subunit I) is a quinoprotein catalytic subunit of
approximately 80 kDa in the molecular size containing one mole each of PQQ and
heme ¢ moiety as redox cofactors, functions as the catalytic site for ethanol. The
second subunit (subunit 1), a triheme cytochrome ¢ subunit of approximately 50 kDa
in the molecular size, contains three heme ¢ moieties (Inoue et al., 1992; Tamaki et
al., 1991) and presumably a Q, which is tightly bound to the protein (Matsushita et al.,
2008). The bound Q seems to work as the redox mediator to the bulk Q, the
physiological electron acceptor in the cytoplasmic membrane. Thus, the subunit 11
works as the electron mediator from the subunit | to the membranous Q. The smallest
subunit (subunit 111) of approximately 15 kDa in the molecular size is a peptide and
suggested to have no prosthetic groups related to redox reaction from biochemical
experiments and its predicted amino acid sequences (Kondo et al., 1995). Indeed,
PQQ-ADHs purified from Gluconacetobacter species do not contain the subunit 111
(Tayama et al., 1989). The subunit 11 seems to work as a molecular chaperone for
folding and/or maturation of the subunit I, which is speculated from the following
findings. The subunit 111 exists freely in the periplasmic space besides in the PQQ-
ADH complex on the cytoplasmic membrane. Mutant strains defective in the adhS
gene encoding subunit 111 of A. pasteurianus lose ADH activity because they produce
only the subunit Il but fail to produce the subunit I as well as the subunit 111 (Kondo et
al., 1995; Masud et al., 2010). All three subunits are indispensable for the ADH
activity except for the smallest subunit of ADH from G. oxydans IFO 12528, formerly
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G. suboxydans IFO 12528, which is not essential for ADH activity (Kondo and
Horinouchi, 1997a).

The PQQ-ADH deficient strain of A. pasteurianus SKU1108 grow even
better than the wild type in ethanol-containing medium, where two NAD"-dependent
ADHs, present in only a small amount in the wild strain, are dramatically increased in
the cytoplasm, concomitant to the increase of the key enzyme activities in TCA and
glyoxylate cycles (Chinawirotpisan et al., 2003b; Masud et al., 2010). Thus, it is
clearly shown that the quinoprotein ADH is extensively involved in acetic acid
production, while NAD*-dependent ADH is used only for ethanol assimilation

through the TCA and glyoxylate cycles.
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Table 1 Quinoprotein and quinohemoprotein alcohol dehydrogenases and related

enzymes
Enzymes Location® Sources
(SorM)
Quinoproteins able to oxidize alcohols
Methanol dehydrogenase (MDH) S Methylotrophs
Type | ADH (PQQ)

Ethanol dehydrogenase (qEDH) S Pseudomonas aeroginosa

Alcohol dehydrogenase (ADH I) S Pseudomonas putida

1-Butanol dehydrogenase (BOH) S Pseudomonas butanovora

Polypropyleneglycol dehydrogenase S Stenotrophomonas maltophilia

(PPGDH)

Other Quinoproteins able to oxidized
alcohols (PQQ)

Sorbose/Sorbosone dehydrogenase S Gluconobacter species
Pseudogluconobacter
saccharoketogenes

Glycerol dehydrogenase (GLDH) M Gluconobacter species

Quinohemoproteins able to oxidize alcohols
Type 11 ADH (PQQ/heme c)

Vanillyl alcohol or polyethyleneglycol S Rhodopseudomonas acidophila

dehydrogenase (PEGDH)

Ethanol dehydrogenase (qhEDH) S Comamonas testosterone

Alcohol dehydrogenase (ADH I1B) S Pseudomonas putida

Alcohol dehydrogenase (ADH I1G) S Pseudomonas putida

Polyvinylalcohol dehydrogenase (PVADH) S Pseudomonas sp.

Tetrahydrofurfuryl alcohol dehydrogenase S Ralstonia eutropha

(THF ADH)

1-Butanol dehydrogenase (BDH) S Pseudomonas butanovora

Type 111 ADH (PQQ/heme c¢/3 hemes c)
Alcohol dehydrogenase M Acetobacter aceti
Alcohol dehydrogenase M Acetobacter pasteurianus



Table 1 (Continued)
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Enzymes Izcs)c;rti'i)/lr;a Sources
Alcohol dehydrogenase M Gluconacetobacter
polyoxogenes
Alcohol dehydrogenase M Acidomonas methanolicus
Alcohol dehydrogenase M Gluconobacter suboxydans
Other related quinohemoproteins
Lupanine hydroxylase (PQQ/heme c) S Pseudomonas sp.
Amine dehydrogenase (CTQ/heme c) S Pseudomonas putida

Paracoccus denitrificans

% Soluble (S) or Membrane-bound (M)

Source: Toyama et al. (2004)
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Table 2 Molecular organizations of PQQ-ADHSs from various acetic acid bacteria

Molecular sizes

Species Strains References
of subunits (kDa)
I Il Il
A. lovaniensis IFO3284 72 50 15  (Matsushita et al., 1992c)
A. pasteurianus NCI11452 72 44 20  (Kondo et al., 1995)
KKP584 74 44 16  (Trceketal., 2006)
IFO3191 76 55 16  (Kanchanarach et al., 2010)
SKU1108 76 55 16  (Kanchanarach et al., 2010)
MSU10 76 55 16  (Kanchanarach et al., 2010)
Ga. polyoxogenes®  NBI11028 72 44 - (Tayama et al., 1989)
Ga. europaeus V3 72 45 - (Trcek et al., 2006)
Ga. intermedius JK3 72 45 - (Trcek et al., 2006)
Ga. diazotrophicus PALS5 7l 44 - (Gomez-Manzo et al., 2008)
Ga. xylinus” . 71 44 - (G6mez-Manzo et al., 2008)
G. oxydans IFO12528 85 49 14  (Adachietal., 1978b)
A. methanolicus JCM6891 80 54 8 (Frébortova et al., 1997)

 Formerly Acetobacter polyoxogenes

> Gluconacetobacter xylinus

Source: Yakushi and Matsushita (2010)



33

2.2 NAD"-dependent alcohol dehydrogenase (NAD*-ADH)

Many different NAD(P)*-dependent ADHSs from a wide variety of animals,
plants, and microorganisms show certain structural and functional similarities. The
alcohol dehydrogenase superfamily can be divided into three groups: Group I, zinc-
dependent long chain ADHs (containing approximately 350 residues per subunit);
Group 11, zinc-independent short chain ADHSs (containing approximately 250 residues
per subunit); Group III, “iron-activated” ADHs of subunit size of about 385 residues
(Jornvall et al., 1987).

Many different group | ADHSs have been characterized and they exist in
dimeric and tetrameric forms, represented by horse liver alcohol dehydrogenase
(HLADH) and the yeast Saccharomyces cerevisiae alcohol dehydrogenase | (SADHI),
respectively. HLADH is a dimer of subunit size of 40 kDa, each subunit containing
374 residues arranged in a catalytic domain and a coenzyme binding domain, divided
by a long cleft and zinc atom bind to each catalytic domain at the active site. The
GXGXXG fingerprint pattern of the coenzyme binding domain has been found to be
conserved in HLADH as well as in other NAD(H)-binding ADHs (Wierenga et al.,
1985). Group Il ADHs, as represented by Drosophila spp. alcohol dehydrogenase
(Villarroya et al., 1989), have been characterized from both prokaryotes and
eukaryotes. Microbial polyol/sugar dehydrogenases were first suggested to be related
to this group (Jornvall et al., 1981). Amino acid alignment of the group Il alcohol
dehydrogenase revealed that the GXXXGXG pattern is presented in all but not in
sorbitol-6-phosphate dehydrogenase from E. coli and the NodG protein from
Rhizobium meliloti (Debelle and Sharma, 1986; Yamada and Saier, 1987; Persson et
al., 1991). The active enzymes are dimers or tetramers, each subunit size is
approximately 27 kDa, with around 250 residues in the polypeptide chain (Peltoketo
et al., 1988). There is no evidence for a metal requirement in any of the enzymes so
far characterized. The group I11 ADHs represented by the second isozyme from
Zymomonas mobilis (Conway et al., 1989). The subunit size for the group 111 ADHSs is
approximately 40 kDa except for the multifunctional fermentative alcohol

dehydrogenase of E. coli, which is a 96 kDa protein of 891 residues (Goodlove et al.,
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1989) and the similar enzyme from Clostridium acetobutylicum that contains 862
residues (Fischer et al., 1993).

The NAD(P)*-ADHs have been isolated and characterized from many
microorganisms. They are for examples, the short-chain NAD(H)-dependent alcohol
dehydrogenase belonging to group 11 of NAD(P)*-ADHs from Thermus thermophilus,
a thermophilic microorganism (Pennacchio et al., 2008), two novel metal-independent
long-chain alkyl alcohol dehydrogenases from Geobacillus thermodenitrificans
NG80-2 (Liu et al., 2009), and a novel alcohol dehydrogenase (ADH) that belongs to
the medium chain dehydrogenase/reductase (MDR) superfamily from the

hyperthermophilic archaeon, Pyrobaculum aerophilum (Vitale et al., 2010).

On the other hand, in acetic acid bacteria, only NAD*-ADHs from A.
pasteurianus SKU1108 have been characterized (Chinnawirotpisan et al., 2003c).
There has been no report on the genetic level of NAD*-ADH in acetic acid bacteria so
far. Two NAD*-ADHSs, ADH | and ADH I1, were found in the cytoplasm when a
membrane-bound ADH-deficiency mutant of this strain was grown on ethanol.
Characterization of the two ADHSs indicated that ADH I is a member of the long-chain
family and shows a preference for primary alcohols and ADH 11 is a member of the
short-chain family and shows a preference for secondary alcohols. The relative
molecular masses obtained from SDS-PAGE revealed that ADH | is a trimer
consisting of an identical subunit of 42 kDa, while ADH 11 is a homodimer having a
subunit of 31 kDa.

2.3 Cloning and analysis of gene encoding quinoprotein alcohol

dehydrogenase

The PQQ-ADHSs have been purified and characterized from several acetic
acid bacteria. The purified PQQ-ADHSs are composed of two or three subunits
contingent on the bacterial species. The gene coding for the largest subunit (subunit I)
of the PQQ-ADH complex known as adhA has been cloned and sequenced from A.
aceti (Inoue et al., 1989) and Ga. polyoxygenes, formerly A. polyoxogenes (Tamaki et
al., 1991). The predicted amino acid sequences of the 72 kDa of A. aceti has about
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80% identity with the same protein from Ga. polyoxogenes and about 30% identity
with methanol dehydrogenase (MDH) from methylotrophic bacteria. Both of the
PQQ-ADHSs were predicted to have a longer than normal N-terminal signal sequence
of 35 amino acids, which was thought to be cleaved from the preprotein to generate
the mature protein. Later, cloning and characterization of the adhA gene from G.
oxydans was reported (Kondo and Horinouchi, 1997a). The amino acid sequences of
this subunit | showed significant similarity (approximately 70%) with subunit | from
Acetobacter sp. Two putative pyrroloquinoline quinone (PQQ)-binding motifs and a
heme-binding motif were observed. One molecule of PQQ is thought to be bound at
two PQQ-binding motifs. Recently, the expression of the adhA gene in A. aceti, A.
pasteurianus, Ga. hansenii and G. oxydans in different growth conditions with
glucose or ethanol as the carbon sources was reported. The adhA gene expression in
all the species was higher when grown in a medium containing ethanol, with the
exception of G. oxydans which did show any growth in such a medium. The increased
expression of the adhA gene was clearly observed in two Acetobacter species grown
in a medium containing ethanol. On the other hand, Ga. hansenii displayed strong
growth in such a medium without any significant changes in the adhA gene expression
(Quintero et al., 2009).

The adhB gene encoding subunit 1l was cloned from Ga. polyoxogenes
(Tamaki et al., 1991) and G. oxydans (Kondo and Horinouchi, 1997a). This adhB is
located in the same orientation and just downstream of adhA with no obvious
transcriptional signal. This phenomenon indicates that these two genes are within the
same operon and are co-transcribed (Tamaki et al., 1991). It was also observed that in
subunit l1-deficient mutant of A. pasteurianus NCI 1452, larger amount of subunit |
and 111 were present in the soluble fraction than in the membrane fraction. These
observations suggested that subunit 11 serves as an anchor for subunit I and 111 to be

fractionated in the membrane (Kondo et al., 1995).

The cloning, sequencing and characterization of the gene which encodes
the smallest subunit of ADH from A. pasteurianus NCI 1452 (Kondo et al., 1995), G.
oxydans IFO 12528, formerly G. oxydans IFO 12528 (Kondo and Horinouchi, 1997a),
A. pasteurianus NCI 1193 (Takamura et al., 2002) and A. pasteurianus SKU1108
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(Masud et al., 2010) were reported. The restriction map around the adhS gene
revealed that this gene was not located very close to the adhA and adhB gene cluster
(Takemura, et al., 1993). The nucleotide sequence of adhS gene showed that the 22
kDa protein was synthesized as a preprotein, with the 28 amino acids NH,-terminal
probably serving as its signal sequence for secretion from cytoplasm to periplasm. The
disruption of this gene resulted in the loss of PQQ-ADH activity in A. pasteurianus
NCI 1452. The absence of subunit Il led to a decrease in the amount of subunit | in
both membrane and soluble fractions, especially in the stationary phase. An additional
speculative function of subunit 111 may involve in stabilization of the dehydrogenase
subunit and acts as a molecular coupler of subunit I to subunit 1l on the cytoplasmic
membrane (Kondo et al., 1995). However, adhS gene of G. oxydans could not
complement a defect in the subunit 111 of A. pasteurianus. Cloning and sequencing of
the adhS gene from A. pasteurianus NCI 1193 was later reported and its deduced
amino acid sequences exhibited a 90.7% homology with the same protein from A.
pasteurianus NCI 1452 (Takakuwa et al., 2002).

Recently, adhS gene from A. pasteurianus SKU1108 was cloned and
sequenced. The adhS gene consisted of 618 bp for 205 amino acid residues with 99%
and 91% homology with alcohol dehydrogenase subunit 111 from A. pasteurianus NCI
1193 and A. pasteurianus NCI 1452, respectively (Vanittananon, 2005; Masud et al.,
2010). Moreover, adhA, adhB and adhS genes from A. pasteurianus MSU10,
SKU1108; thermotolerant strains, and IFO 3191; mesophilic strain, were cloned and
the amino acid sequences were compared (Kanchanarach et al., 2010). Interestingly,
the 94™ C common residue was observed in the enzyme of thermotolerant strain,
MSU10 and SKU1108, but not in the enzymes of mesophilic strain IFO 3191.

3. Gene Manipulation Principles
3.1 Polymerase chain reaction (PCR)
In 1984, Kary Mullis devised an ingenious method called the polymerase

chain reaction (PCR) for amplifying specific DNA sequences. PCR is a procedure for

generating large amounts of a specific DNA target in vitro by an enzymatic reaction.
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Millions of the target sequences can be readily obtained by PCR if the flanking
sequences of the target are known. It has rapidly become one of the most widely used
techniques for the molecular biologist and revolutionized molecular biology. PCR
provides a sensitive, selective, and extremely rapid means of amplifying a desired
sequence of DNA. PCR is a complicated process with many reactants. A typical
amplification reaction consists of target DNA, thermostable DNA polymerase, two
oligonucleotide primers, deoxynucleotide triphosphates (dNTPs), reaction buffer,
magnesium chloride (MgCl,), and optimum additives. Early PCR reactions used an E.
coli DNA polymerase that was destroyed by each heat denaturation cycle. Substitution
of a heat-stable DNA polymerase from Thermus aquaticus, called “Taq” polymerase,
(or the corresponding DNA polymerase from other thermophilic bacteria), an
organism that lives and replicates at 70-80 °C, obviates this problem and has made
possible automation of the reaction, since the polymerase reactions can be run at
70°C. This has also improved the specificity and the yield of PCR product. This
polymerase was capable of remaining active throughout the high denaturation
temperatures required at the beginning of each amplification cycles despite of repeated
heating during many cycles of amplification. Moreover, DNA thermal cycles were
invented that use a computer to control the precise repetitive temperature changes
require for PCR. The PCR similarly replicates DNA by repeated cycles of three steps:
denaturation, annealing and extension. PCR specificity is based on the use of two
oligonucleotide primers that hybridize to complementary sequences on opposite
strands of DNA and flank the target sequence. The DNA sample is first heated to
separate the two strands; the primers are allowed to bind to the DNA,; and each strand
is copied by a DNA polymerase, starting at the primer site. The two DNA strands each
serve as a template for the synthesis of new DNA from the two primers. Heat
denaturation, annealing of the primers to their complementary sequences, and
extension of the annealed primers with DNA polymerase are repeated and result in the
exponential amplification of DNA segments of defined length.

3.2 Nucleotide sequencing

The term of nucleotide sequencing refers to sequencing methods for

determining the order of the nucleotide bases, adenine (A), guanine (G), cytosine (C),
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and thymine (T), in a molecule of DNA. Knowledge of DNA sequences has become
indispensable for basic biological research, other research branches utilizing DNA
sequencing, and in numerous applied fields such as diagnostic, biotechnology,
forensic biology and biological systematics. The advent of DNA sequencing has
significantly accelerated biological research and discovery. The rapid speed of
sequencing attained with modern DNA sequencing technology has been instrumental
in the sequencing of the human genome, in the Human Genome Project. Related
projects, often by scientific collaboration across continents, have generated the

complete DNA sequences of many animal, plant, and microbial genomes.

The first DNA sequences were obtained in the early 1970s by academic
researchers using laborious methods based on two-dimensional chromatography.
Following the development of dye-based sequencing methods with automated analysis
(Olsvik et al., 1993), DNA sequencing has become easier and orders of magnitude
faster (Pettersson et al., 2009). RNA sequencing was one of the earliest forms of
nucleotide sequencing. The major landmark of RNA sequencing is the sequence of the
first complete gene and the complete genome of Bacteriophage MS2, identified and
published by Walter Fiers and his coworkers at the University of Ghent (Ghent,
Belgium), between 1972 and 1976 (Min Jou et al., 1972; Fiers et al., 1976). Prior to
the development of rapid DNA sequencing methods in the early 1970s by Frederick
Sanger at the University of Cambridge, in England and Walter Gilbert and Allan
Maxam at Harvard (Maxam and Gilbert, 1977), a number of laborious methods were
used. For instance, in 1973, Gilbert and Maxam reported the sequence of 24 bp using
a method known as wandering-spot analysis (Gilbert and Maxam, 1973). The chain-
termination method developed by Sanger and coworkers in 1975 soon became the
method of choice, owing to its relative ease and reliability (Sanger and Coulson, 1975;
Sanger et al., 1977).

3.3 Mutagenesis of the cloned gene

Genes and other genetic elements are frequently characterized by

correlating specific changes in the DNA sequence with effects on function. The

classical genetic approach to this problem has been to obtain mutations by selecting
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for organisms that have new properties. The relevant wild-type and mutant genes can
then be cloned and subjected to DNA sequence analysis. The advent of recombinant
DNA technology has made it possible to reverse the procedure of classical
mutagenesis. Mutations are first generated in cloned segments of DNA by using a
variety of chemical and enzymatic methods. This methods can produce mutations at
an extremely high frequency (approaching 100% in some cases), and essentially all
possible mutations can be generated. Once generated, the mutations can be obtained in
a systematic manner without regard to their phenotype. The end result is that the

functions of a given region of DNA can be investigated in much more detail.

In addition, over three decades ago, a variety of efficient and reliable
methods have been developed for the construction of site-directed mutations in DNA
using synthetic oligonucleotides. This has revolutionized the study of gene regulation
and protein structure and function. All of these mutagenesis methods fall into one of
three broad strategies. One approach uses an oligonucleotide complementary to part of
a single-stranded(ss) DNA template but containing an internal mismatch(es) to direct
the desired mutation. A second strategy is to replace the region of interest with a
synthetic mutant fragment generated by annealing complementary oligonucleotides, or
by hybridization and ligation of a number of oligonucleotides. The third and most
recent strategy has been to harness the power of the polymerase chain reaction (PCR)
to generate a mutant fragment starting from a double-stranded(ds) DNA template

using mismatched oligonucleotides (Carter, 1991).

Most of the PCR-based methods of mutagenesis in current use are direct
descendants of techniques originally described in the late 1980s, soon after the
introduction of thermostable DNA polymerase to PCR (Higuchi et al., 1988, Ho et al.,
1989, Kadowaki et al., 1989, Vallette et al., 1989). At that time, it was already known
that centrally located single-base mismatches in hybrids between oligonucleotide
primers and the target DNA did not affect the efficiency of amplification. Early
investigators shows that these mismatches could be converted into mutations located
in the primer regions of PCR products, which, in turn, could be substitututed for the

homologous wild-type segment in, for example, a recombinant plasmid. Examples of
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the important advantages of PCR-based methods for site-directed mutagenesis are

high rates of recovery of mutants and availability of commercial kits.

Initially, PCR has been used mostly for the accurate amplification of
known DNA sequences, but PCR based gene manipulation has become invaluable for
the alteration of genetic information at the molecular level. This tool is permitting site-
directed mutagenesis of PCR products at an arbitrary distance from the ends of the
template sequence. Random mutagenesis of a defined region of DNA is performed by
error-prone PCR (EP-PCR), which takes advantage of the inherently low fidelity of
Taq DNA polymerase to introduce mutations. Using the optimized conditions, which
is decreased further by adding Mn?*, increasing Mg®* concentration, and using
unequal dNTP concentrations, this enzyme can incorporate incorrect nucleotides at a
frequency of ~0.07% per position. Errors accumulate by performing exponential
amplification by PCR. The boundaries of the mutated region are defined by the choice
of PCR primers, making it possible to mutagenize an entire gene or any defined
segment of a gene. The average number of mutations per DNA fragment can be
controlled as a function of the number of EP-PCR doublings performed. EP-PCR is
extremely simple, fast, and versatile. It can be used to generate wide spectrum of
nucleotide substitutions. It is the method of choice for introducing random mutations
into a defined segment of DNA that is too long to be chemically synthesized as a

degenerate sequence.
3.4 Southern blot hybridization

Hybridization is the artificial construction of a double stranded nucleic acid
by complementary base pairing of two single stranded nucleic acids. When a solution
of DNA has been heated and allowed to cool slowly, many of the complementary
strands reassociate and the original double stranded complex reforms reannealing. The
reannealing occurs only if the base sequences of the two strands are complementary.
Thus, nucleic acid hybridization permits the formation of artificial double stranded
hybrids of DNA, RNA or DNA and RNA. This procedure is a powerful one for
studying the genetic relatedness between nucleic acids. It also permits the detection of

pieces of nucleic acid that are complementary to a single stranded molecule of known
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sequence. Such a single stranded molecule of known sequence is called a probe. For
example, a radioactive nucleic acid probe can be used to locate, in an unknown

mixture, a nucleic acid sequence complementary to the probe.

A Southern blot is a method used in molecular biology for detection of a
specific DNA sequence in DNA samples. Southern blotting combines transfer of
electrophoresis-separated DNA fragments to a filter membrane in a format known as
either dot blot or slot dot and subsequent fragment detection by probe hybridization.
Single stranded DNA is first bound to the membrane, the probe is added that which
does not form hydrogen bonds via complementary base pairing to the DNA on the
membrane is washed off. The probe binding to the attached DNA on the membrane is
of course kept with the membrane. Then the detection of the probe can be carried out
depending upon the method of labeling. The method is named after its inventor, the
British biologist Edwin Southern (Southern, 1975). Other blotting methods (i.e.,
northern, western, eastern, southwestern blotting) that employ similar principles, but
using RNA or protein, have later been named in reference to Edwin Southern's name.
The northern blotting is a technique used in molecular biology research to study gene
expression by detection of RNA (or isolated mRNA) in a sample (Alwine et al.,
1977). The western blot is an analytical technique used to detect specific proteins in a
given sample of tissue homogenate or extract (Burnette, 1981). The eastern blotting is
a technique to analyze proteins, lipids, or glycoconjugates, and is most often used to
detect carbohydrate epitopes (Towbin et al., 1979). The southwestern blotting, based
along the lines of Southern blotting and first described by Bowen et al. (1980), is a lab
technique which involves identifying and characterizing DNA-binding proteins by
their ability to bind to specific oligonucleotide probes. Proteins are separated by
electrophoresis and blotted onto a nitrocellulose membrane similar to Western blotting
but the proteins are identified when they bind labeled DNA Probe (as with Southern
blotting) instead of antibodies.

The Southern blot hybridization method is useful in determining the
presence of a gene or a specific DNA sequence in a pool of DNA. Changes in the
molecular weight of a gene due to mutation such as deletion, and identification of a

single base mutation of a gene fragment, which may be an indication of a disease
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state, can be determined. The disadvantages of this method are that it may sometimes
take days to perform unless a relatively expensive, commercially available, partially
automated device is used. Most of the time, the Southern hybridization is used for
qualitative analyses of DNA or a gene of interest (Dangler, 1996).

4. Analysis of Nucleotide sequences

4.1 Homology search analysis

Analysis of nucleotide sequence is the last and may be the most important
step in nucleotide sequencing. The goal is to determine the function of the sequence
obtained. The most frequent analysis of an unknown sequence is to perform homology
search, which is a search for sequence similarity with known sequence in the database.
These are three international DNA databases available, which provide sequence
information as no cost over the internet (Table 3). All databases exchange their data
daily to update the sequence information. The database search is necessary to decide
what types of sequences will be compared: DNA, protein, or DNA as protein. A
homology search can be carried out either with nucleotide sequence or amino acid
sequence. However, homology search with nucleotide sequence rarely gives valuable
information (Brown, 1998). Since the DNA sequence information is so simple, just
four different bases (A, T, G, and C). As a result, unrelated sequence can have high
degree of similarity and the identification for biologically significant homology is very
difficult. On the contrary, amino acid sequence information is relatively complex (20
different amino acid), and amino acid similarity between proteins often indicates a
corresponding similarity in the structure and function. By the comparison of protein
sequences have proven to be much more effective tool. Thus, the determination for the
structure and function of unknown proteins is easily achieved by comparing amino
acid sequence of an unknown protein with previously characterized proteins. Protein-
level searches are valuable for detecting evolutionary related genes, while DNA
searches are best for locating nearly identical regions of sequence (see Table 4 for
available comparison programs and the corresponding types of comparison) (Higgins
and Tayler, 2001).



Table 3 List of international primary sequence database
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Database Sponsor Location (URL)
DNA Data Bank of Japan National Institute of http://www.ncbi.nlm.nih.gov/
Genetics
EMBL Data Library European Molecular http://ebi.ac.uk/embl.html/

Biology Laboratory

GenBank National Center for http://www.ncbi.nlm.nih.gov/

Biotechnology Information

Source: Higgins and Taylor (2001)

Table 4 Comparison programs and the type’s comparison

Program Query  Database @ Comparison

Common use

blastn, fasta search DNA DNA DNA-level

blastp, fasta search  Protein Protein Protein-level

blastx, fastx DNA Protein Protein-level
tblastn, tfasta, tfasx Protein DNA Protein-level
tblastx DNA DNA Protein-level

Identical DNA sequences
and splicing patterns
Homologous proteins
Query new DNA to find
genes and homologous
proteins

Search for genes in
unannotated DNA

Discover gene structure

Source: Higgins and Taylor (2001)
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4.2 Open reading frame analysis

DNA sequence can potentially be translated into protein sequence in no
less than six different ways. The triplet genetic code allows for six possible reading
frames. An open reading frame (ORF) is defined as a sequence stretch that begins with
an initiation codon, usually ATG (alternatively GTG, TTG or any codon), and ends
with a termination codon (TAA, TAG or TGA). In addition, homology search is more
useful when carried out with an amino acid sequence translated from an ORF located
in the DNA sequence. Because of the similarity nature of DNA sequence information,
unrelated sequences can have degrees of similarity and the identification of significant
homologies is very difficult. The determination of an ORF as an unknown sequence
can be accomplished either by using computational software tools or from the

database search tools available on the internet.

4.3 Sequence alignment

Sequence alignment is the procedure of comparing two (pair-wise
alignment) or more (multiple sequence alignment) sequences by searching for a series
of individual characters or character patterns that are in the same order in the
sequences. Two sequences are aligned by writing them across a page in two rows.
Computational approaches to sequence alignment generally fall into two categories:
global alignments and local alignments. Calculating a global alignment is a form of
global optimization that forces the alignment to span the entire length of all query
sequences. By contrast, local alignments identify regions of similarity within long
sequences that are often widely divergent overall. Local alignments are often
preferable, but can be more difficult to calculate because of the additional challenge of

identifying the regions of similarity.

Pairwise sequence alignment methods are used to find the best-
matching piecewise (local) or global alignments of two query sequences. Pairwise
alignments can only be used between two sequences at a time, but they are efficient to
calculate and are often used for methods that do not require extreme precision (such as

searching a database for sequences with high similarity to a query). Multiple sequence
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alignment is an extension of pairwise alignment to incorporate more than two
sequences at a time. Multiple alignment methods try to align all of the sequences in a
given query set. These methods are often used in identifying conserved sequence
regions across a group of sequences hypothesized to be evolutionarily related.
Alignments are also used to aid in establishing evolutionary relationships by
constructing phylogenetic trees (Higgins and Taylor, 2001; Mount, 2004). A more
complete list of available software categorized by algorithm and alignment type is
available at sequence alignment software, but common software tools used for general
sequence alignment tasks include ClustalW and T-coffee for alignment, and BLAST
and FASTAS3x for database searching.

4.4 Phylogenetic tree analysis

A phylogenetic tree or evolutionary tree is a branching diagram or "tree"
showing the inferred evolutionary relationships among various biological species or
other entities based upon similarities and differences in their physical and/or genetic
characteristics. The taxa joined together in the tree are implied to have descended
from a common ancestor. Today, this technique has become an important tool for
studying the evolutionary history of bacteria to humans. In addition, it is also
important for clarifying the evolutionary of multigene families as well as for
understanding the process of adaptive evolution at the molecular level. Phylogenetic
trees among a nontrivial number of input sequences are constructed using
computational phylogenetics methods. Distance-matrix methods such as neighbor-
joining or UPGMA, which calculate genetic distance from multiple sequence
alignments, are simplest to implement, but do not invoke an evolutionary model.
Many sequence alignment methods such as ClustalW also create trees by using the
simpler algorithms (i.e. those based on distance) of tree construction. Maximum
parsimony is another simple method of estimating phylogenetic trees, but implies an
implicit model of evolution. More advanced methods use the optimality criterion of
maximum likelihood, often within a Bayesian Framework, and apply an explicit
model of evolution to phylogenetic tree estimation. Identifying the optimal tree using

many of these techniques is NP-hard, so heuristic search and optimization methods are
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used in combination with tree-scoring functions to identify a reasonably good tree that
fits the data.

5. Principles and Techniques of Immunoblotting Analysis

Immunoblotting (also known as Western Blotting) is an analytical technique
used to detect specific proteins in a given sample of tissue homogenate or extract. It
uses gel electrophoresis to separate native or denatured proteins by the length of the
polypeptide (denaturing conditions) or by the 3-D structure of the protein (native/ non-
denaturing conditions). The proteins are then transferred to a membrane (typically
nitrocellulose or polyvinylidene fluoride; PVDF), where they are probed (detected)
using antibodies specific to the target protein (Towbin et al., 1979; Renart et al.,
1979). This method is used in the fields of molecular biology, biochemistry,
immunogenetics and other molecular biology disciplines. Other related techniques
include using antibodies to detect proteins in tissues and cells by immunostaining and
enzyme-linked immunosorbent assay (ELISA). The method originated from the
laboratory of George Stark at Stanford. The name western blot was given to the
technique by W. Neal Burnette and is a play on the name Southern blot, a technique
for DNA detection developed earlier by Edwin Southern. Detection of RNA is termed
northern blotting and the detection of post-translational modification of protein is

termed eastern blotting.

The goal of “western blotting” and related techniques (e.g. “Northern blot” and
“Southern blot” experiments) is to separate proteins as a function of MW to blot or
electroblot to a membrane, nitrocellulose, which binds protein well. The rest of the
membrane is saturated (blocked) with non-antigen protein, usually bovine serum
albumin (BSA) or non-fat dry milk, to prevent non-specific immunoglobulin binding
to the membrane. The membrane is treated with a “probe” then with an antibody.
When this antibody recognizes an “antigenic determinant” on the blotted protein
pattern, the corresponding band (or bands) binds a secondary antibody that carries an
attached conjugated moiety (an “immunoconjugate”). The conjugate is then supplied
with a substrate that reacts to yield a colored (or otherwise detectable) product. Color

only develops in the vicinity of the blot-bound antigen and attached primary antibody



47

(Hardin et al., 2001). The basic blotting procedure can be divided into six steps: 1)
preparation of the antigen sample, 2) resolution of the sample by gel electrophoresis,
3) transfer of the separated polypeptides to a membrane support, 4) blocking
nonspecific binding sites on the membrane, 5) addition of the antibody and 6)

detection.



MATERIALS AND METHODS

The overall procedures followed in this study are shown in the following

diagram:
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1. Chemicals

NAD", NADH were obtained from Sigma. Yeast extract, polypeptone,
tryptone, glucose and glycerol were obtained from Merck & Co., Inc. (New Jersey,
USA). Restriction enzymes were purchased from Takara Bio Inc. (Tokyo, Japan) or
Toyobo Co., Ltd. (Osaka, Japan). Substrate for enzyme assays: acetaldehyde, acetic
acid and ethanol were supplied by Wako Inc., (Osaka, Japan). 3, 3°, 5, 5°-
tetramethylbenzidine (TMBZ) was obtained from Dojindo Ltd. (Kumamoto, Japan).
Standard DNA marker and 6X loading dye were obtained from Fermentas Inc.,
(Maryland, USA). Pre-stained protein marker was purchased from Bio-Rad
Laboratories, Inc., (California, USA). ortho-Nitrophenyl-f-galactoside (ONPG) was
obtained from Nacalai Tesque Co. (Kyoto, Japan). All other chemicals used in this

study were reagent grade and obtained from commercial sources.

2. Bacterial Strains, Culture Media and Culture Conditions

2.1 Acetic acid bacteria

Acetobacter pasteurianus SKU1108, a strain with potential for acetic acid
production (Saeki et al., 1997a), CN6-2 (adhAB mutant); which was previously
constructed (Chinnawirotpisan et al., 2003b), DPS (adhS gene disruptant) derived
from A. pasteurianus SKU1108 and NAD*-adh disruptants derived from
CNG6-2 were used in this study. The procedure for construction of the DPS and NAD"-
adh genes disruptants are described in 3.1 and 4.2, respectively, of Materials and
Methods section. The stock cultures were maintained on a potato medium (Appendix
A) containing 0.5% CaCOj3 and 1.5% agar. All isolates of acetic acid bacteria were
preserved in potato medium containing 50% glycerol at -80°C and were maintained on
a potato agar slant. YPGD or Seed Culture Medium (SCM, Appendix A) and YPG
medium (Appendix A) were used for general cultivation to determine bacterial growth,
acetic acid production and enzyme activity. Ethanol and/or acetic acid were added
aseptically when indicated. Five ml of overnight culture in potato medium was
inoculated into 100 ml of YPGD or YPG medium in a 500-ml Erlenmeyer flask.

Cultivation was performed at 30°C on a rotary shaker at 200 rpm. The growth was
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periodically measured with a Klett Summerson photometer or Spectrophotometer. The
acidity of the culture medium was measured by titration with 0.8 N NaOH using
phenolphthalein as the pH indicator and expressed as acetate concentration according
to the analytical method described by Saeki et al. (1997a). The genotype of acetic acid

bacteria used in this study is shown in Table 5.

2.2 Escherichia coli

Escherichia coli DH5a and S17-1 were routinely cultured and maintained
in Luria-Bertani (LB) broth (Sambrook et al., 1989) containing appropriate antibiotic
and incubated at 37°C. The ingredients of LB medium are shown in Appendix A. The
genotype of E. coli DH5a and S17-1 strains are shown in Table 5. Ampicillin (50
pg/ml), kanamycin (50 pg/ml), tetracycline (25 pg/ml) and gentamicin (12.5 pg/ml)

were added to the medium when necessary to maintain plasmids.



Table 5 Bacterial strains and plasmids used in this study

o1

Bacterial strains

and plasmids

Relevant characteristics

Reference

Strains

A. pasteurianus
SKU1108
CN6-2

DPS

DPI

DPII

DPI-11

E. coli
DH5a

S17-1

Plasmids
pGEM®-T Easy
vector

pCM62

pUC4K
pRP2012
pTKm

Wild type

adhAB mutant of SKU1108 isolated
from NTG treatment

adhS gene disruptant of SKU1108 with
insertion by Km' cassette from pUC4K
adhl gene disruptant of CN6-2 with
insertion by Tc' cassette from pKRP12
adhll gene disruptant of CN6-2 with
insertion by a non-polar Km' cassette
from pTKm

adhl-adhll genes double disruptant of
CN6-2; adhl::Tc", adhll::Km'

SupE44 AlacU169 (®80lacZAM15)
hsdR17 recAl endAl gyrA96 thi-1
relAl

Tpr Smr recA, thi, pro, hsdR-M+RP4:
2-Tc:Mu: Km Tn7 Apir

Cloning vector, Ap', lacZ

Acetobacter-E. coli shuttle vector,
Tc', lacZ

Km' cassette

Tc' cassette

Non-polar Km' cassette

Theeragool et al. (1996)
Saeki et al. (1997a)
Chinnawirotpisan et al.
(2003b)

This study

This study

This study

This study

Promega

Marx and Lidstrom
(2001)

Taylor and Rose (1988)
Reece and Phillips (1995)
Yoshida et al. (2003)
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Bacterial strains and

plasmids

Relevant characteristics Reference

pCMadhS10

pCMadhS14

pGEM®-Tadhl

pGEM®-Tadhll

pGEM®-Tadhl::Tc'

pGEM®-Tadhll::Km'

Tc', lacZ containing 2 kb EcoRl This study
DNA fragment carrying adhS from

A. pasteurianus SKU1108 in the

opposite orientation from Plac

Tc', lacZ containing 2 kb EcoRl This study
DNA fragment carrying adhS from

A. pasteurianus SKU1108 in the

same orientation from Plac

Ap', lacZ carrying a 2.1 kb adhl This study
gene which encodes NAD'-ADHI

from A. pasteurianus SKU1108

Ap', lacZ carrying a 1.86 kb adhll  This study
gene which encodes NAD*-ADHII

from A. pasteurianus SKU1108

Ap', Tc', lacZ carrying a Tc' This study
disrupted adhl gene at Hindlll site

Ap', Tc', lacZ carrying a Km' This study
disrupted adhll gene at HindlIlI site
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3. Functional Analysis of adhS Gene Encoding Membrane-Bound Alcohol

Dehydrogenase Subunit 111
3.1 Construction of adhS disruptant

The adhS disruptant (DPS) was constructed by replacing the internal part of
adhS gene of A. pasteurianus SKU1108 with Km" cassette (npt) from pUC4K (Figure
9) using the homologous recombination strategy. The procedures are described briefly
as follows: The plasmid pUC18 was first digested with Pstl, followed by end-blunting
with Blunting High (Toyobo, Osaka, Japan) and self-ligation. The 2 kb EcoRI DNA
fragment with the adhS gene obtained from the EcoRI-digested pUCadhS1
(Vanittananon, 2005) was inserted into pUC18 (with blunted Pstl site) at the EcoRl
location. Then, a 1.2 kb Pstl DNA fragment with kanamycin cassette from the Pstl-
digested pUC4K was inserted at the Pstl site located in the coding sequence of adhS
gene. The subsequent plasmid pUCadhS::Km" was electroporated into A. pasteurianus
SKU1108 by gene pluse Il as described by Mostafa et al. (2002) and adh-deficient
mutants were selected on a YPGD medium containing 50 pg/ml kanamycin, 0.5%
CaCOg3 and 4% ethanol. Colonies deficient in ethanol oxidizing ability were screened
on the basis of the clear zone absence and confirmed by PCR amplification and
Southern hybridization, compared with wild type strain. PCR amplification was
performed by using PCR Kit (Ready-To-Go™ PCR Beads of Amersham Pharmacia
Biotech Inc., USA.) The forward primer or FadhS is 5’-ATGAAACTGATTGCCG
TA-3’ and the reverse primer or RadhS is 5’-TTACGAAACAGAACTGGT-3". A
Thermal Cycler (Gene Amp® PCR System 2400; Perkin Elmer) was used with a
temperature profile of 5 min at 95°C followed by 30 cycles of 94°C for 1 min, 50°C
for 1 min and 72°C for 3 min and a final extension at 72°C for 10 min. The PCR
amplification products were analyzed by 1.2% agarose gel electrophoresis in 1x TAE
buffer. Agarose gel was stained in ethidium bromide solution (0.5 mg/ml) and
examined under UV-transilluminator (UVP Inc.) to visualize PCR products. A 1 kb
DNA ladder and A/HindIll fragment was used as DNA size marker. The procedure of
Southern hybridization was described below. The obtained disruptant was further
analyzed for their abilities to produce ADH subunit I, 11 and 111 by heme staining and

immonoblotting analysis as well as subunit localization and ADH activity.
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Pst {1657 Pst 417"
Sal | {1663)" Sal {411}
BamH | {1663)" BamH | {405)"
EcoR | {1678)" % i EcoR | (396)

pUC4K pBR3ZZ

3066 bp ari

" Site not unique

Figure 9 Structure and physical map of plasmid pUC4K.

Source: Amersham biosciences (2004)

3.2 Southern hybridization of adhS gene

The chromosomal DNA of A. pasteurianus SKU1108 and DPS strains were
digested by EcoRl restriction enzyme and hybridized with the 618 bp adhS gene DNA
probe. The agarose gel containing DNA was placed in 200 ml of 0.25 N HCI solution
(Appendix B) for 5-10 min twice. The gel was then washed with nuclease free distilled
water. Then, the denaturation solution (Appendix B) was added and incubated at room
temperature for 45 min with gentle shaking. The denaturation solution was poured off
and the gel was rinsed twice with nuclease free distilled water. The neutralization
solution (Appendix B) was added and incubated at room temperature with gentle
shaking for 30 min twice. After the gel had been treated with the neutralization
solution for the indicated time, the transfer was performed. The strip of Whatman
3MM paper was cut to the same size as the gel. This strip was soaked with 2x SSC
solution (Appendix B). It was placed on the bottom of the tray containing 10x SSC
solution. The prepared gel was put up side down on the Whatman paper. Then, the
Hybond-N membrane was cut to the same size as the agarose gel and carefully placed

on the gel. The air bubbles trapped between membrane and the gel surface were
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completely removed. The double layers of Whatman paper were placed on the
membrane. Then, five to ten cm high of the desired dimensions paper towels were
placed on the Whatman paper. A weight (~500 g) was put on the top of the paper. The
transfer was allowed to proceed for 18-24 h. Then, the transfer set was disassembled
and the membrane was washed in 2x SSC solution and allowed to dry at room
temperature. The membrane was transferred into UV transilluminator to crosslink
DNA by irradiation both side of membrane, each for 5 min. All following incubation
were performed with shaking or mixing unless state otherwise. The membrane was
placed in a sealable bag containing 1-2 ml of prehybridization solution (Appendix B)
and incubated at 42°C at least 1-2 h (prehybridization) and transferred the membrane
to a new bag. The hybridization solution containing the labeled 618 bp adhS gene
DNA probe or 1.2 kb Km" probe was added and incubated at 42°C for 18-24 h
(hybridization). After the incubated period, the membrane was washed with shaking at
65°C with the solutions as follows: 2x SSC for 10 min twice, 2x SSC containing 0.1%
SDS for 30 min, 0.1x SSC for 10 min. Then, the membrane was soaked in 2x SSC at
65°C for 5 min. Finally, the hybridization product was detected as follows: the nylon
membrane was soaked in a small volume of buffer Il (Appendix B) at 65°C for 30
min. The membrane was then incubated for 10 min at room temperature in diluted
Digoxigenin-AP conjugate solution (1:5000 in buffer I). After the incubation period,
unbound antibody conjugate was removed by washing in 50 ml of buffer I for 15 min
twice and in 50 ml of buffer 111 for 5-10 min. The membrane was transferred into the
sealable bag containing a freshly prepared color-substrate solution (NBT/BCIP
solution in buffer I11, Appendix B) and incubated in the dark until the purple/blue
precipitates was formed. The reaction was stopped by washing the membrane in buffer
IV (Appendix B). The membrane was dried at 80°C for 1-2 min and stored in the

sealed plastic bag.

3.3 Complementation of adhS gene in adhS disruptant

A 2 kb EcoRI DNA fragment with the adhS gene from A. pasteurianus
SKU1108 was obtained from the EcoRI-digested pCMadhS1 and further inserted into
a broad host range vector pCM62 (Marx and Lidstrom, 2001) as shown in Figure 10 at
the applicable site. The three types of constructed plasmids were pCMadhS10 (adhS
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gene inserted in an opposite orientation from Plac), pCMadhS14 (adhS gene inserted
in the same orientation with Plac) and pCMadhS11 (two copies of adhS gene inserted
in the same orientation with Plac). Each plasmid as well as pCM62 was individually
transferred conjugationally (Appendix C) into the adhS disruptant and the desired
clones were selected on a YPGD medium containing 4% ethanol, 25 pg/mi
tetracycline, 50 pg/ml kanamycin and 0.5% CaCO3 for an incubation period of two to
three days at 30°C. The conjugants were designated as DPS-62, DPS-10 and DPS-14.
The conjugants with adhS gene complementation produced a clear zone surrounding
their colonies. Among those adhS complemented strains, DPS-10 was selected for

further studies because it possessed its own transcriptional signal for gene expression.
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ColE1 ori

L on

BamHI Ecll3611

N

ATGAT G AGGAT CCCCG GGTAC CGAGC TCGAAR TICAC TGGCC GICGT...
TACTA ATIG C TCCTA GGGGC CCAIG GCTCG AGCTIT AAGIG ACCGG CAGCA...S5'

Sphl Xbal AspTlel EcoRI

Figure 10 Plasmid maps depicting the relevant features (A) and multiple cloning

sequence (B) of the versatile broad-host range vector pCM62.

Source: Marx and Lidstrom (2001)
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3.4 Deletion analysis of adhS gene

In order to analyze the regulatory region of adhS gene, three constructions
of the adhS gene were obtained by PCR amplification using oligonucleotide primers as
follows: The three forward primers composed of the EcoRI restriction site
(underlined); FEPadhS1: 5'-CCGGAATTCTCCCGCTTGTCGTTTC-3', FEPadhS2:
5-CCGGAATTCTTTTCGTGTTGTGGTG-3' and FEPadhS3: 5'-CCGGAATTCTTG
CGGAAAAACCCG-3' and the reverse primer with the BamHI restriction site
(underlined), RBPadhS: 5'-GGCGGATCCCTTCTGTTGTTCTT-3', were designed to
cover the 532", 268™ and 118" nucleotide upstream from the ATG start codon,
respectively, to the 15th nucleotide downstream from TAA stop codon of the adhS
gene. These three sets of primers, RBPadhS and FEPadhS1 or FEPadhS2 or
FEPadhS3, produced PCR products of 0.75, 0.9 and 1.17 kb, respectively. Each of
them was digested with EcoRI and BamHI and introduced into the appropriate sites of
pCMG62 in an opposite direction from Plac, resulting in plasmid pCMadhS10/1,
pCMadhS10/2 and pCMadhS10/3. The adhS derivative plasmids were separately
transferred to adhS disruptant by conjugation and the desired conjugants were selected
on a YPGD medium containing 4% ethanol, 25 pg/ml tetracycline, 50 pg/mi
kanamyecin and 0.5% CaCOs.

3.5 Random mutagenesis of adhS gene

In order to analyze the essential amino acids of subunit I11 which involved
in molecular coupling with subunit I, random mutagenesis based on error-prone PCR
was performed by application of the GeneMorph® 11 Random Mutagenesis Kit
(Stratagene, La Jolla, CA). Two oligonucleotide primers composed of certain
restriction enzymes recognition sequences, FEPadhS2 and RBPadhS, were
synthesized. The 2 kb EcoRI DNA fragment with the adhS gene was used as a DNA
template for PCR amplification. To produce a low mutation rate (0-4.5 mutations/kb),
low amount of target DNA (100 ng) was amplified for 20-25 cycles. The 50-ul PCR
mixture contains 100 ng of target adhS gene (or 220 ng of 2 kb EcoRI DNA fragment),
1x Mutazyme® 11 reaction buffer, 200 pM dNTP, 0.25 puM primers and 2.5 U

Mutazyme® 11 DNA polymerase. The PCR amplification was carried with a
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temperature profile of 5 min at 95°C followed by 25 cycles of 94°C for 1 min, 58°C
for 1 min and 72°C for 45 sec and a final extension at 72°C for 10 min. The obtained
PCR products were analyzed by 0.8% agarose gel electrophoresis and a 0.9 kb PCR
product was recovered by GeneJET™ GelExtraction Kit (Fermentas Inc., Maryland,
USA) as described in Appendix C. The mutagenized adhS genes were digested with
EcoRI and BamHI and inserted into pCM62 and further conjugationally transferred
into adhS gene disruptant. The conjugants were selected on the YPGD medium
containing 4% ethanol, 25 pg/ml tetracycline, 50 pg/ml kanamycin and 0.5% CaCOs.
The plasmid profiles of those transconjugants were analyzed. The nucleotide
sequences of the mutagenized adhS gene were determined. The desired conjugants
harboring mutagenized adhS gene were analyzed for ethanol oxidizing abilities, PQQ-
ADH activity and immunoblotting of subunit I11.

3.6 Characterization of growth characteristics

3.6.1 Time course of growth and acetic acid production

A. pasteurianus SKU1108, CN6-2 and DPS strains were precultured
in 5 ml of the potato medium and incubated at 30°C under vigorous shaking (200 rpm)
and their growth was measured by Klett Summerson photometer until reached to log
phase. Then, the 5% of seed culture was inoculated into 100 ml of YPGD medium
containing 0 or 4% ethanol in a 500-ml Erlenmeyer flask. Cultivation was performed
at 30°C on a rotary shaker at 200 rpm. The growth was periodically measured with a
Klett Summerson photometer. The acidity of the culture medium was measured by
titration with 0.8 N NaOH using phenolphthalein as the pH indicator and expressed as
acetate concentration (Appendix C).

3.6.2 Analysis of ethanol oxidizing ability and acetic acid resistance

A. pasteurianus SKU1108, CN6-2 and DPS strains were cultured in 5
ml of the potato medium and incubated at 30°C under vigorous shaking (200 rpm).
Overnight culture was measured the turbidity by spectrophotometer and adjusted to an

initial absorbance of approximately 1.0 (OD 540 nm). Then, serial 10-fold dilution
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was performed to dilute the culture at 10, 10 and 107. Three pl of each dilution was
spot on the YPGD agar containing 4% ethanol and 0.5% CaCO3 or 0, 0.25, 0.5, 0.75,
1.0, 1.5, 2.0, 2.5 and 2.75% acetic acid. The cultures were incubated overnight at 30°C
to determine the acetate-producing ability or for 7 days to determine the acetic acid

resistance.
3.7. Preparation of crude enzyme solution

Cells of the wild-type and mutant strains were cultivated for 48 h in
YPGD medium supplemented with or without ethanol. The cells were harvested by
centrifugation at 9000 rpm for 10 min, and washed twice with ice-cold 50 mM
potassium phosphate buffer (KPB) pH 7.5 (Appendix B), containing 1 mM
ditriothreitol (DTT) and 1 mM MgCl,. The washed cells were resuspended at about 1
g of wet cells per 4 ml in the same buffer and passed twice through a French pressure
cell press (American Instruments, Silver Spring, MD., USA) at 16,000 psi. Cell debris
was removed by centrifugation at 9000 rpm for 10 min; the supernatant was
centrifuged at 40,000 rpm for 90 min to separate the soluble fraction from the
membrane fraction. The supernatant was used directly as a soluble fraction, while the
precipitate was homogenized with pre-chilled 10 mM KPB pH 6.0 (Appendix B) and

used as a membrane fraction.
3.8 Heme staining of membrane and soluble fractions

The protein samples containing 100 pug of protein were mixed with sample
buffer for heme staining and then heated at 60°C for 30 min. The samples were
applied on a slab gel composed of 5% acrylamide stacking gel and 12.5% acrylamide
separating gel. Pre-stained molecular weight markers (low range, Bio-Rad
Laboratories Inc., USA) were used for standard marker proteins. After electrophoresis,
the gel was stained in the staining buffer containing 9 mg of TMBZ in 6 ml of
methanol and 14 ml of 0.25 M acetate buffer pH 5.0 (Appendix B) with gentle shaking
at room temperature for 1-2 h. The blue color was developed by adding 60 ul of
hydrogen peroxide into the staining buffer. The reaction was stopped by adding 6 ml
of isopropanol and 14 ml of 0.25 M acetate buffer (pH 5.0) into gel.
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3.9 Immunoblotting analysis of ADH subunit I11

Immunoblotting of ADH subunit 111 was modified from Burnette (1981).
Preparation of antibody was performed by the method of Toyama et al. (1995). One
hundred pg of the proteins samples were separated by 12.5% SDS-PAGE in a vertical
electrophoresis system with a standard molecular size protein. The gel was immersed
in the anode buffer 11 solution (Appendix B) and allowed it to equilibrate for 15 min.
A piece of Immobilon™-P membrane (Millipore Co., Massachusetts, USA) was cut
and wet in 100% methanol for 15 seconds. The membrane was then transferred to a
container of Milli-Q water for 2 min and equilibrated for at least 5 min in the anode
buffer Il solution. The transfer stack for a semi-dry system was assembled as follows:
two sheets of filter paper were wet in the anode buffer | solution (Appendix B) and
placed in the center of the graphite anode electrode plate. A sheet of filter paper was
wet in the anode buffer Il and placed on top of the first two filter paper sheets followed
by the membrane, the gel and three pieces of filter paper which was wet in the cathode
buffer solution (Appendix B). The cathode electrode plate was then covered on top of
the assembled transfer stack (Figure 11). The transferring was done at 2.5 mA/cm? for
30-45 min.

Once the electrotransfer complete, the membrane was completely dried by
incubated at 37°C for 1 hour or placed on a lab bench at room temperature for 2 hours
before continuing to rapid immunodetection procedure. In immunodetection, a specific
antibody identifies the location of a membrane-bound antigen. Immunodetection on
Immobilon™-P membrane does not require blocking or lengthy wash steps if the
membrane was thoroughly dried after protein transfer; drying the membrane returns it
to hydrophobic state. Antibodies can then bind specifically to the proteins on the
membrane surface, but not to the membrane itself, eliminating the blocking step. After
drying, the blot was incubated for 1 hour with an anti-ADH subunit 111 antibody from
A. aceti diluted in blocking buffer (Appendix B) which contains 0.05% Tween®-20
wetting agent and washed twice in PBS (Appendix B) for 10 seconds. Then, the blot
was incubated for 30 min with a protein A-peroxidase conjugant diluted in blocking
buffer containing 0.05% Tween®-20 and washed twice for 10 sec in PBS. The protein

band was visualized by the addition of the freshly prepared solution of 50 ml PBS
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which contains 30 pl of hydrogen peroxide and 10 ml of cold methanol containing 30
mg of a color reagent (diaminobenzidine, DAB). The color was developed until the
signal reached to the desired contrast. The reaction was stopped by washing the

membrane with distilled water for several times.

| I —— Cathode electrode plate

:l Filter paper wet in cathode buffer,
three sheets

A —— Gcl

Membrane
Filter paper wet in anode buffer II,
one sheet

“}— Filter paper wet in anode buffer I,
two sheets

| I —— Anode electrode plate

Figure 11 The transfer stack for a semi-dry system.

Source: Millipore Coorperation (2005)

3.10 Enzyme activity assays

All enzyme assays of the membrane and soluble fractions were performed
at 25°C as follows: Membrane-bound PQQ-ADH (EC 1.1.99.8) activity was measured
colormetrically with potassium ferricyanide according to the standard method
described by Adachi et al. (1978a, 1978b) with slight modifications (Matsushita et al.,
1995). NAD'-ADH (E.C. 1.1.1.1) activity was measured according to the method
described by Bernt and Gutmann (1974). One unit of enzyme activity was defined as
the amount of enzyme catalysis of the oxidation of 1.0 pmol of substrate per minute
under the conditions indicated. The procedures of enzymatic activity assay are
described in Appendix C.
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3.11 Other analytical procedures

SDS-PAGE was performed on a 12.5% slab gel in Tris—glycine running
buffer, pH 8.5 (Laemmli, 1970). The samples were treated with 3% SDS and 50 mM
DTT at 60°C for 30 min before application. Protein content was measured by a

modified Lowry method with bovine serum albumin as the standard (Appendix C).
4. Cloning, Sequencing and Characterization of the NAD*-adh Genes
4.1 Cloning and nucleotide sequencing of the NAD"-adh genes

Molecular cloning of adhl and adhll genes encoding NAD*-ADH I and
ADH 11, respectively, were performed by PCR cloning into pPGEM®-T Easy Vector
(Promega, Medison, W1, USA). The physical map of pGEM®-T Easy Vector is shown
in Figure 12. Two specific primer sets were designed from nucleotide sequences of a
draft A. pasteurianus SKU1108 genome sequence (unpublished data). FadhlI (5’-GCG
AATTCGTCAGCGTATTTTTAATGCC-3) and Radhl (5’-ATCTGCAGGTCTTCA
CCTGCTCTTCG-3") were designed to cover the 1,001"™ nucleotide upstream from
the ATG start codon to the 86™ nucleotide downstream from the TGA stop codon of
the adhl gene. Fadhll (5- ATGAATTCCCATCCGTTGGTCAATGTGG-3’) and
RadhlI (5’-ATCTGCAGGATCAAATCCTCACGTGTCG-3’) were designed to cover
the 999™ nucleotide upstream from the ATG start codon to the 94™ nucleotide
downstream from the TAA stop codon of the adhll gene. PCR was performed in a 25
ul of reaction volume of illustra™ puReTaq Ready-To-Go PCR Beads (Amersham
Biosciences, Buckinghamshire, UK) and the PCR conditions are shown in Table 6.
The obtained 2.0 and 1.86 kb PCR products responsible to the expected sizes of adhl
and adhll, respectively, were recovered from 0.8% agarose gel by the application of a
MagExtractor-Plasmid-kit (Toyobo, Osaka, Japan) and introduced into a pGEM®-T

Easy Vector for PCR cloning and determination of the nucleotide sequences.

The ligation mixture contains 3 pl of 100 ng purified DNA fragment, 1 pl
of pPGEM®-T Easy Vector (50 ng), 2x Rapid Ligation Buffer, T4 DNA ligase (5 unit)
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and 5 pl of sterile deionized water to give the total volume of 10 pl. The ligation
reaction was carried out at 16°C overnight and used to transform into E. coli DH5a by
heat shock (Appendix C) and selected on LB agar containing 50 pg/ml of ampicillin
and 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal) and incubated at 37°C
overnight. The recombinant clones were selected from white colonies formed on the
plate. The recombinant clones were further used for recombinant plasmid isolation by
using alkaline lysis method (Sambrook et al., 1989, Appendix C) and MagExtractor-
Plasmid-kit (Toyobo, Osaka, Japan). The resulting plasmid designated as pGEM-
Tadhl and pGEM-Tadhll were confirmed by the PCR amplification. The nucleotide
sequences were subsequently determined by applying the chain termination method
using an ABI PRISM 310 genetic analyzer. The obtained nucleotide sequences were
searched for an open reading frame (ORF) using Clone Manager (Scientific and
Education Software, Cary, NC, USA) and ORF finder (http://www.ncbi.nlm.nih.gov/
gorf.html). Homology search and alignment analyses were performed by BLAST
(http://blast.ncbi.nim.nih.gov/Blast.cgi) and ClustalW (www.ebi.ac.uk/clustalw/),
respectively.
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Nde | Sac | BstX | Nsil

Figure 12 The physical map (A) and multiple cloning sequence of pGEM®-T Easy
vector (B).

Source: Promega corporation (2010)
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Table 6 PCR conditions

PCR condition

Primer ';'f(r)?ipl)srature Denaturing Annealing Extension eF;?jrllsion Cycles
Fadhl and 95°C, 94°C, 57°C, 72°C, 72°C, 30
Radhl 5 min 1 min 1 min 1 min 10 min

Fadhll and 95°C, 94°C, 61°C, 72°C, 72°C, 30
Radhll 5 min 1 min 1 min 1 min 10 min

4.2 Construction of NAD"-adh disruptants

The NAD"-adh gene disruptants were constructed by replacement of the
internal parts of the adhl and adhll genes of CN6-2 parental strain with tetracycline
and kanamycin resistant cassettes by the homologous recombination strategy. The
procedures are briefly described as follows: The plasmid pGEM-Tadhl was first
digested with HindlIl and further inserted with a 1.9 kb HindlIl digested pRP2012
which carried the Tc' cassette (Reece and Phillips, 1995), resulting in plasmid pGEM-
Tadhl::Tc". In order to construct the adhll gene disrupted plasmid, the plasmid pGEM-
Tadhll was digested with Hindlll and followed by end-blunting with Blunting High
(Toyobo, Osaka, Japan). The 900 bp EcoRV DNA fragment which carried a non-polar
Km' cassette from plasmid pTKm (Yoshida et al., 2003) was inserted into the blunted
pGEM-Tadhll, which yielded a plasmid pGEM-Tadhll::Km'. The subsequent
plasmids pGEM-Tadhl::Tc" and pGEM-Tadhll::Km" were separately electroporated
into CN6-2. The NAD"-adh gene disruptants were selected on a YPGD medium
composed of 25 pug/ml tetracycline or 50 pg/ml kanamycin. Tetracycline or kanamycin
resistant colonies were collected and confirmed with PCR amplification. Moreover, an
adhl-adhll double disruptant was also constructed by insertion of the Km" cassette into
the internal part of adhll gene on the chromosome of adhl gene disruptant. The double
disruptant was selected on a YPGD medium containing 25 pg/ml tetracycline and 50

pug/ml kanamycin and confirmed by PCR amplification.
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4.3 Determination of growth characteristics

A. pasteurianus SKU1108 PQQ-ADH deficient mutant, CN6-2 and its
NAD"-adh gene disrupted strains were precultured in 5 ml of the potato medium and
incubated at 30°C under vigorous agitation (200 rpm) for 18 h. The turbidity of the
cells was measured by a spectrophotometer at a wave length of 540 nm. The cell
cultures were inoculated into 100 ml of YPG or YPGD medium (Appendix A)
containing 0 or 4% ethanol in a 500-ml Erlenmeyer flask at an initial absorbance of
approximately 0.05. Cultivation was performed at 30°C on a rotary shaker (200 rpm).
The growth was periodically measured and the acidity of the culture medium was
assessed by titration with 0.8 N NaOH using phenolphthalein as the pH indicator and
expressed as acetate concentration as previously described by Saeki et al. (1997a;
Appendix C).

4.4 Induction Analysis of NAD"-adh genes by ethanol

A promoter probe vector, pGSA, with the promoterless lacZ gene
(Soemphol, 2008) was used for the construction of the transcriptional adh-lacZ gene
fusion. This plasmid was constructed by the combination of pGG9 (Petruschka et al.,
2002) at the Hindlll site with a 4-kb DNA fragment from pSA19, a shuttle vector for
acetic acid bacteria (Tsuchida and Yoshinaga, 1997). Two DNA fragments with a 500
bp upstream region and a part of structural NAD-adh genes, adhl and adhll, were
amplified with PCR amplification. FPadhl-P (5"-GCCTGCAGGCACAACAGAAA
CTTTACG-3") and RPadhl-B (5"-GCGGATCCTTCTTCAATGGTCAGTGG-3")
were designated to cover the 513" nucleotide upstream to the 63" nucleotide
downstream from the ATG start codon of the adhl gene. FPadhlI-P (5"-GCCTGCAG
ATATGGTGATTGCACAGG-3") and RPadhll-B (5"-GAGGATCCCTTGCCAATG
CCATTAGC-3") were designated to cover the 520™ nucleotide upstream to the 60"
nucleotide downstream from the ATG start codon of the adhll gene. The Pstl and
BamHI restriction sites in the forward and reverse primers, respectively, are
underlined. The 0.58 kb PCR products were digested with Pstl and BamHI and further
ligated into the Pstl-BamHI digested pGSA. The resulting plasmids, pGSAPadhl and
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pGSAPadhll, which comprised pGSA were separately introduced into E. coli DH5a
by heat shock and selected on a LB medium composed of 12.5 pg/ml gentamicin and
20 pg/ml X-gal. The recombinant plasmids were confirmed with PCR amplification
and nucleotide sequencing. E. coli DHS5a harboring the transcriptional adh-lacZ fusion
plasmids were precultured in 5 ml of LB medium for 18 h and measured for turbidity
with a spectrophotometer at a wave length of 600 nm. The cell cultures were
inoculated into 100 ml of LB medium (Appendix A) containing 0, 2 or 4% ethanol in a
500-ml Erlenmeyer flask at an initial absorbance of approximately 0.05. Cultivation
was performed at 37°C on a rotary shaker at 200 rpm for 48 h. The growth was
periodically measured with a spectrophotometer. Five ml of cell cultures were
harvested and centrifuged at 12,000 rpm for 1 min using a refrigerated centrifuge MR-
150 (Tomy Seiko Co., Ltd., Tokyo, Japan). The cell pellets were washed with
deionized water and stored at -20°C for further determination of B-galactosidase
activity according to the standard method described by Miller et al. (1972) with slight
modifications (Appendix C).

4.5 Deletion Analysis of NAD"-adh genes

In order to analyze the regulatory region of NAD"-adh genes, eight
constructions of the NAD*-adh genes were obtained by PCR amplification with
specific oligonucleotide primers. The forward and reverse primers composed of Pstl
and BamHI restriction sites, respectively. Nucleotide sequences and position in the
adhl or adhll genes of those primers are described in Table 7. The obtained PCR
products were digested with Pstl and BamHI and separately introduced into the
appropriate sites of pGSA. The resulting plasmids are described in Table 8. Each of
the adh-lacZ fusion plasmid was separately transferred to E. coli DH5a by heat shock
and selected on a LB medium containing 12.5 pg/ml gentamicin and 20 pg/ml X-gal.
The recombinant plasmids were confirmed with PCR amplification and nucleotide
sequencing. Schematic representation of the resulting plasmids was described in
Figure 12. E. coli DH5a harboring the transcriptional adh-lacZ plasmids inclusive the
promoter probe vector pGSA were cultured in 100 ml of a LB medium in a 500-ml

Erlenmeyer flask and cultivated at 37°C on a rotary shaker at 200 rpm for 18 h. Five
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ml of cell cultures were harvested; the cell pellets were collected and stored at -20°C

for further B-galactosidase activity assay (Appendix C).



Table 7 Nucleotide sequences and position of oligonucleotide primers used in this study

Primer designation

Sequence (5" —=3")*

Position

adhl
FPadhl-1-P
FPadhl-2-P
FPadhl-3-P
FPadhl-4-P
RPadhl-B

adhll
FPadhll-1-P
FPadhll-2-P
FPadhlI-3-P
FPadhll-4-P
RPadhlI-B

GCCTGCAGATGATAGTTTCGCTACAACG
GCCTGCAGCAGGCGTTGGATATTCTG
GCCTGCAGGAAGCTGTCAAAAGTCTTGG
GCCTGCAGTCCTGAGCATGACAAGG
GCGGATCCTTCTTCAATGGTCAGTGG

GCCTGCAGCACAGTTACCCTTAATGG
GCCTGCAGAATTGTTGGATACGG
GCCTGCAGTTGCAAGAATTGATGCAGG
GCCTGCAGGTCATGGTTGGGATATCTG
GAGGATCCCTTGCCAATGCCATTAGC

The 356™ nucleotide upstream from the ATG start codon
The 203" nucleotide upstream from the ATG start codon
The 105™ nucleotide upstream from the ATG start codon
The 81° nucleotide upstream from the ATG start codon

The 63" nucleotide downstream from the TGA start

The 348™ nucleotide upstream from the ATG start codon
The 228™ nucleotide upstream from the ATG start codon
The 92™ nucleotide upstream from the ATG start codon
The 74" nucleotide upstream from the ATG start codon

The 60" nucleotide downstream from the TAA start

2Pstl and BamHI restriction sites are underlined

0.



Table 8 Plasmids used in this study
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Plasmid Relevant characteristics® Reference

pGSA Gm', promoter probe vector carrying the Soemphol (2008)
promoterless lacZ gene

pGSAPadhl-1 Gm', carrying a 356 bp promoter region This study
of adhl gene

pGSAPadhl-2 Gm', carrying a 203 bp promoter region This study
of adhl gene

pGSAPadhl-3 Gm', carrying a 105 bp promoter region This study
of adhl gene

pGSAPadhl-4 Gm', carrying a 81 bp promoter region This study
of adhl gene

pGSAPadhll-1 Gm', carrying a 348 bp promoter region This study
of adhll gene

pGSAPadhll-2 Gm', carrying a 228 bp promoter region This study
of adhll gene

pGSAPadhll-3 Gm', carrying a 92 bp promoter region This study
of adhll gene

pGSAPadhll-4 Gm', carrying a 74 bp promoter region This study

of adhll gene

# The indicates length excluded some part of structural gene, adhl (63 bp) and adhl|

(60 bp)



RESULTS AND DISCUSSION

1. Functional Analysis of Alcohol Dehydrogenase Subunit 111

1. 1 Disruption of the adhS gene

The genomic adhS gene was disrupted by homologous recombination
using a kanamycin resistant cassette in order to examine the function of subunit 111 on
the PQQ-ADH activity. One kanamycin resistant colony designated as DPS, was
isolated and confirmed by PCR amplification and Southern hybridization analysis
(Figure 13) compared with the wild-type strain. For PCR amplification using two
specific primers of adhS gene, FadhS and RadhS, the 1.8 and 3.6 kb PCR products
were obtained when chromosomal DNA of DPS strain was used as a template
compared with the 618 bp of that from SKU1108. The result from Southern
hybridization using the 618 bp adhS gene DNA probe showed that the positive
hybridization signals were detected with 2.0 and 5.1 kb from the EcoRI-digested
chromosome from A. pasteurianus SKU1108 and DPS, respectively. In addition, 1.8
and 3.6 kb positive signals were detected from PCR products of DPS strain compared
with the positive signal of the 618 bp adhS gene of wild type. In case of the 1.2 kb
Km" cassette was used as DNA probe, the same positive signal size, 5.1 kb from
digested chromosome and 1.8 and 3.6 kb from PCR amplification, were detected. In
contrast, there is no positive signal of wild type when used this probe. These results
suggested that the adhS gene of DPS strain was inactivated with two copies of
adhS::Km" DNA fragment. The schematic representation of the inactivated adhS gene
of DPS strain by the 1.2 bp Km' cassette is shown in Figure 14. Acetate-producing
ability of wild type SKU1108 and DPS were compared on YPGD agar containing 4%
ethanol and the result showed that DPS was completely lost ethanol oxidizing ability
(Figure 15). It has been suggests that the smallest subunit is essential for the PQQ-
ADH activity similar to the previous observations of the disruption of the
corresponding gene in A. aceti (Kondo et al., 1995) and the inclusion of the insertion
sequence element, 1S1452, in the adhS gene of A. pasteurianus (Kondo and
Horinouchi, 1997b), which were found to be associated with the inactivation of the

alcohol dehydrogenase.
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Figure 13 Agarose gel electrophoresis (left) and Southern hybridization pattern
(right) of the EcoRI-digested genomic DNA and adhS gene PCR products
form A. pasteurianus SKU1108 and DPS strains. The 618 bp adhS gene
and the 1.2 kb Km' cassette were used as DNA probe (A and B,
respectively). Lane M =1 kb DNA ladder, 1 = EcoRI-digested genomic
DNA of SKU1108, 2 = EcoRI-digested genomic DNA of DPS strain, 3 and
4 = PCR products using chromosome of SKU1108 and DPS as templates,
respectively, 5 = the 618 bp adhS probe or the 1.2 kb Km' probe. For PCR

amplification, FadhS and RadhS primers were used.
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Figure 14 Schematic representation of the inactivated adhS gene of DPS strain by the
1.2 kb Km' cassette. A 2.0 kb EcoRI DNA fragment carrying adhS gene of
wild type SKU1108 (A) and a Km' cassette inserted adhS gene of DPS

strain (B) were shown. Distance of each fragment was indicated.

Figure 15 Comparison of ethanol oxidizing ability between A. pasteurianus
SKU1108 and adhS gene disruptant (DPS). These strains were spot-
inoculated on YPGD medium containing 0.5% CaCO3 and 4% ethanol and
incubated for 24 h at 30°C. The clear zone surrounding bacterial colony
indicated a hydrolysis of CaCOj3 to H,COj3 by acetic acid which is a
product obtained from ethanol oxidation.
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1.2 Restoration of the adhS gene

Three derivative plasmids were constructed by insertion of the 2 kb EcoRl
DNA fragment carrying the adhS gene into a broad host range plasmid, pCM62. The
resulting plasmids were designated as pCMadhS10, pCMadhS11 and pCMadhS14.
One copy of the 2 kb EcoRI fragment was observed in pCMadhS10 and pCMadhS14,
while two copies of that were detected in pCMadhS11. The adhS gene of pCMadhS10
was inserted in an opposite orientation from Plac, in contrast, the adhS gene of
pCMadhS11 and pCMadhS14 were inserted in the same orientation with Plac.
Agarose gel electrophoresis of the adhS complemented plasmids digested with Pstl
restriction enzyme and physical map of these plasmids are shown in Figure 16. Each
plasmid as well as pCM62 was individually transferred conjugationally into the adhS
disruptant. The conjugants were designated as DPS-62, DPS-10, DPS-11 and DPS-14
and plasmid profiles of these strains were analyzed (Figure 17). The ethanol oxidizing
ability of A. pasteurianus SKU1108, DPS and those transconjugants grown on a
YPGD medium supplemented with 4% ethanol and 0.5% CaCO3 were compared. All
of the conjugants with adhS gene complementation produced a clear zone surrounding
their colonies (Figure 18). Among those adhS complemented strains, DPS-10 was
selected for further studies because it possessed its own transcriptional signal for gene

expression.

The membrane and soluble fractions were prepared from A. pasteurianus
SKU1108, DPS harboring pCM62 (DPS-62) and adhS complemented strain (DPS-10)
grown in a YPGD medium containing the appropriate antibiotics and 4% ethanol at
30°C for 48 h. Heme staining and immunoblot analysis with anti-ADH subunit 111
from A. aceti of both membrane and soluble fractions are shown in Figure 19A and
19B, respectively. All of the three subunits of PQQ-ADH were found in the
membrane and soluble fractions of the wild type and DPS-10 (adhS complemented
strain), whereas no band corresponding to subunit 111 was detected in both fractions of
the DPS-62 strain. The pale band correlative to subunit 11 detected in soluble fraction
may be a result of the leakage of membrane-bound proteins or a nascent protein that
yet has to be secreted to the periplasmic space and persisted in the cytoplasm. A pale

band of subunit | in soluble fraction was discerned and no bands in both fractions of
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DPS-62 strain grown in a YPGD medium supplemented either without and with 4%
ethanol, respectively, was distinguished. These results imply that the adhS defect
caused the instability of subunit I and hence might be easily degraded, while no effect
on subunit Il was detected. The result is a clear indication that the DPS strain is
deficient in the production of subunit I1l. The PQQ-ADH activities of those strains
grown at the same conditions as mentioned above were compared (Figure 19C). It was
discovered that no PQQ-ADH activity was detected in the membrane fraction
prepared from DPS strain grown in any medium. The complete loss in PQQ-ADH
activity of DPS indicated that subunit 111 was essential for formation of the active
ADH complex. In contrast, the PQQ-ADH activity in the membrane fraction was
dramatically increased about 3-4 times when the cells of A. pasteurianus SKU1108
and DPS-10 were grown in the medium of 4% ethanol content. In addition, a dark
band of subunit I11 was detected in soluble fractions of those strains when the cells
were grown in the medium without ethanol supplementation. This result corresponded
well with the previous report of Takemura et al. (1993) showing that PQQ-ADH is
produced as an inactive form in the absence of ethanol and the activity was activated

by ethanol.
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Figure 16 Agarose gel electrophoresis and structure of the adhS complemented
plasmids. A, Lane M =1 kb DNA ladder, 1-4 = uncut plasmid, 5-8 = Pstl-
digested plasmid; 1 and 4 = pCM62, 2 and 5 = pCMadhS10, 3 and 6 =
pCMadhS11, 4 and 7 = pCMadhS14. B, the pCMadhS10 and pCMadhS14
contain one copy of a 2 kb EcoRI fragment carrying adhS gene in pCM62,

while the pCMadhS11 holds two copies of that fragment. Bold arrow and

light arrow indicated the direction of adhS gene and Plac of plasmid,

respectively.
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Figure 17 Plasmid profiles of transconjugants harboring a broad host range plasmid
pCM62 and adhS complemented plasmids. Lane 1 = adhS gene disruptant
(DPS), 2-4 = adhS complemented strains; DPS-10, DPS-11 and DPS-14,
respectively, 5 = DPS carrying pCM62 (DPS-62), 6 = pCMadhS10, 7 =
pCMadhS14, 8 = pCMadhS11, 9 = pCM62.

SKU1108
DPS-62 DPS-10

DPS-11 DPS-14
DPS

Figure 18 Comparison of ethanol oxidizing ability between A. pasteurianus
SKU1108, adhS gene disruptant (DPS), DPS harboring pCM62 (DPS-62)
and adhS complemented strain (DPS-10, DPS-11 and DPS-14). These
strains were spot-inoculated on YPGD medium containing 0.5% CaCO3

and 4% ethanol and incubated for 24 h at 30°C.
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Figure 19 Heme staining (left) and immunoblot analysis (right) of PQQ-ADH with
the membrane (A) and soluble fractions (B) and PQQ-ADH activity (C) of
A. pasteurianus SKU1108, adhS gene disruptant (DPS-62) and adhS

complemented strain (DPS-10). These strains were grown in YPGD

medium containing 0% (black) or 4% ethanol (white). The antisera used

were anti-ADH subunit 11l from A. aceti.
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1.3 Effect of PQQ-ADH defect on growth, acetic acid production and acetic

acid resistance

Time course of growth and acidity in culture broth of the cells grown in the
YPGD medium supplemented with 4% ethanol and/or 1% acetic acid were compared
with A. pasteurianus SKU1108 and its derivative mutants, CN6-2 and DPS (Figure
20). In the medium of 4% ethanol content, SKU1108 rapidly oxidized ethanol without
any lag time and accumulated nearly 4% acetic acid in the culture medium.
Surprisingly, the DPS strain grew well, even better than wild-type strain SKU1108, in
the medium containing 4% ethanol even though it completely lost the ethanol
oxidizing ability. This phenomenon was also observed in the CN6-2 strain, with the
inactivated adhAB gene cluster (Chinnawirotpisan et al., 2003b). It has been suggested
that the addition of ethanol to the culture medium significantly enhances its growth,
concomitant with ethanol consumption instead of ethanol oxidation. In addition,
growth and acetic acid production of these strains grown in a medium containing 1%
acetic acid or 1% acetic acid plus 4% ethanol indicates that most strains assimilated
acetic acid via the TCA or glyoxylate cycle. These results implicate that one of the
acetic acid resistant mechanism is acetate assimilation similar to those previously
reported on enhanced expression of aconitase (an enzyme in TCA cycle) raise acetic
acid resistance in A. aceti (Nakano et al., 2004). It was further observed that the
acetate assimilation is inhibited or delayed by ethanol which was clearly detected in a

YPGD medium of ethanol and acetic acid contents.

In addition, the toleration to acetic acid of A. pasteurianus SKU1108, NTG
mutant CN6-2 and DPS strains were compared on YPGD agar supplemented with 0,
0.25,0.5,0.75, 1.0, 1.5, 2.0, 2.5 and 3.0% acetic acid grown at 30°C for 1-7 d. As
shown in Figure 21, the wild type SKU1108 exhibited the highest resistance to acetic
acid (up to 3%) among those strains. DPS could able to tolerate up to 2.0% acetic acid
concentration, whereas CN6-2 could able to grow only at 1.0% acetic acid. The result
suggested that a PQQ-ADH defect not only affected on the ethanol oxidizing ability
but also influenced in the acetic acid resistance. It corresponded well with the
observation in the spontaneous mutants of A. aceti (Okumura et al., 1985) and A.

pasteurianus (Takemura et al., 1991). They reported that a reduction of growth in the
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presence of acetic acid was associated with the loss of membrane-bound ADH.

However, not much alteration of acetic acid resistance was observed in the adhS gene
disruptant of A. pasteurianus SKU1108.
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Figure 20 Time course of growth (left) and acidity in culture broth (right) of A.
pasteurianus SKU1108 (A), adhS gene disruptant DPS (B) and NTG
mutant CN6-2 (C). These strains were cultured in 100 ml of (O) YPGD
medium supplemented with (CJ) 4% ethanol or (A) 1% acetic acid or (<)

1% acetic acid and 4% ethanol. Bacterial growth was measured on the

basis of turbidity (Klett unit). Acetic acid concentration was titrated under

the standard conditions as described in Materials and Methods.
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Figure 21 Comparison of acetic acid resistance capacity of the PQQ-ADH deficient
mutants. A. pasteurianus SKU1108, NTG mutant CN6-2 and DPS were

spot-inoculated on YPGD agar supplemented with various acetic acid

concentrations as indicated.
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1.4 Comparison of enzyme activity involved in ethanol oxidation

To understand the defect of PQQ-ADH activity in the mutant strains, the
activities of the enzymes involved in ethanol oxidation were assayed in both
membrane and soluble fractions of the cells grown in the YPGD medium
supplemented either with or without ethanol (Figure 22). It was established that the
PQQ-ADH activity was remarkably induced by the addition of ethanol to the culture
medium in SKU1108 and was completely lost in DPS and CN6-2 mutant strains. On
the other hand, NAD*-ADH activities in those mutants including DPS strain were
increased when they were grown in media containing ethanol. This suggests that a
defect in the PQQ-ADH activity at the adhS gene may change the global metabolic
pathway from ethanol oxidation to ethanol assimilation; this is concurrent with our

previous report in CN6-2 (Chinnawirotpisan et al., 2003b).
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Figure 22 Comparison of PQQ-ADH activity in membrane fractions (A) and NAD"-
ADH activity in soluble fractions (B). A. pasteurianus SKU1108, NTG
mutant CN6-2, and adhS gene disruptant DPS were cultured in YPGD
medium containing 0% (black) or 4% (white) ethanol. Enzymatic analysis

was described in Materials and Methods.
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1.5 Deletion analysis of the regulatory region of adhS gene

In order to analyze the regulatory region of adhS gene expression, three
derivatives of the adhS gene were obtained by PCR amplification using three sets of
oligonucleotide primers. The three forward and reverse primers were designed to
cover the 532", 268" and 118" nucleotide upstream of ATG start codon, respectively,
to the 15" nucleotide downstream of the TAA stop codon of the adhS gene of A.
pasteurianus SKU1108. Three sets of primers generated PCR products of 0.75, 0.9
and 1.17 kb, respectively (Figure 23). Each of them was subcloned into the pCM62 in
an opposite direction of Plac, resulting in plasmid pCMadhS10/1, pCMadhS10/2 and
pCMadhS10/3 (Figure 24A). The adhS derivative plasmids were individually
transferred to adhS gene disruptant by conjugation and selected on a YPGD medium
containing 4% ethanol, 25 pg/ml tetracycline, 50 pg/ml kanamycin and 0.5% CaCOs.
It was discerned that only pCMadhS10/1 and pCMadhS10/2 with 532 and 268 bp
upstream of the ATG start codon of the adhS gene could restore the PQQ-ADH
activity in the adhS disruptant. The partial restoration of ethanol oxidizing ability and
the PQQ-ADH activity were observed in pCMadhS10/3 with 118 bp upstream region
of the ATG start codon (Figure 24B and 24C). Immunoblotting analysis of subunit 111
of DPS which displayed those adhS deletions indicated that less amount of subunit I11
was synthesized by pCMadhS10/3 (Figure 24D). The result suggested that the
tentative promoter region of adhS gene might be located at around 118 to 268 bp
upstream of the initiation codon of the adhS gene. In addition, heme staining of
membrane and soluble fractions of those strains was also analyzed (Figure 25). A
normal amount of PQQ-ADH subunit I and Il were detected in the membrane and
soluble fractions of the adhS derivative mutants, except in the soluble fraction of DPS
strain carrying pCMadhS10/3 grown in the ethanol condition. In the latter fraction,
less amount of subunit I was found, but higher than occurred in the adhS gene
disruptant at the same condition. It has been implied that lower amount of PQQ-ADH

subunit I in this strain may cause an unstabilized subunit | and could degrad easiler.
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Figure 23 Agarose gel electrophoresis of PCR products obtained from primers
designed for deletion analysis of adhS gene. Lane M = 100 bp DNA
ladder, 1 = adhS10/3, 2 = adhS10/2, 3 = adhS10/1.
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Figure 24 Structures of adhS derivatives (A), ethanol oxidizing ability (B) PQQ-
ADH activity in membrane fractions (C) and immunoblot analysis with
membrane (left) and soluble (right) fractions (D) of DPS harboring various
pCMadhS. pCMadhS10 contains 2 kb EcoRI DNA fragment in pCM62.
pCMadhS10/1, pCMadhS10/2 and pCMadhS10/3 contain various sizes of
DNA fragments carrying adhS gene which constructed by PCR
amplification. These strains were spot-inoculated on YPGD agar
containing 0.5% CaCO3, 4% ethanol, 50 pug/ml kanamycin and 25 pg/ml
tetracycline and incubated at 30 °C for 24 h. The antisera used were anti-
ADH subunit 111 from A. aceti.



88

A

SKU1108 DPS DPS-62 S10/1 $10/2  S10/3 DPS-10
I A 1 I A 1 I A 1 I A 1 r L 1 I A 1 I 1
kDa M - 4g = 4FE = 4E - 4E kDa M - 4E = 4E = 4E
106.5 — 1 - s 106.5 —
97.6 — . - & " e «Subl 97.6 — B
—_— ou
_ ; ~ e ¢ “SubI
g
36.9 — 369 — . Sub Il
28.9 — 28.9 — - —
19.9 — 19.9 —
1108 DPS-62 DPS-10 S10/1  S10/2 S10/3 DPS
‘—H ‘—‘ﬁ '—‘—| r A A I L 1 I A 1 I L 1
kDa M - 4E - 4E - 4F kDa M - 4E - 4E - 4E - 4E
106.5 - 106.5 _ <
o7.6 - ' 97.6 NS
S d — <«Subl — J— <« Subl
50.2 - «subar  S02- «SubII
36.9 —
36.9 -
28.9 28.9 —
19.9 —
19.9 -

Figure 25 Heme staining of membrane (A) and soluble fractions (B) of A.
pasteurianus SKU1108, adhS gene disruptant (DPS), DPS harboring
pCM62 (DPS-62) and DPS harboring various pCMadhS. The membrane
and soluble fractions were prepared from the cells grown in YPGD

medium supplemented 0 or 4% ethanol.
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1.6 Random mutagenesis of adhS gene

Random mutagenesis based on error-prone PCR was used to analyze the
essential amino acids involved in the molecular coupling of subunit I. The amino acid
and nucleotide substitutions in mutagenized adhS gene are summarized in Figure 26A
and B, respectively. The effect of random mutagenized adhS genes on the ethanol
oxidizing ability on YPGD agar comprised of 0.5% CaCO3, 4% ethanol, 50 pg/ml
kanamycin and 25 pg/ml tetracycline and incubated at 30°C for 24 h and their PQQ-
ADH activities are shown in Figure 27A and B. It was ascertained that a complete loss
of ethanol oxidizing ability and the PQQ-ADH activities were caused by mutants
devoid of 73 (A2) and 140 (A46) amino acid residues at C-terminal on pCMAadhS2
and pCMAadhS46, respectively. The nucleotide sequencing indicated a single deletion
of one base, 268thA, in adhS gene on pCMAadhS2, with the ramification of a frame
shift and nonsense mutation by the TAA stop codon at 397™ nucleotide. This
mutagenized adhS gene generated 43 different amino acids at 90" to 132" and stop at
133" amino acid. Moreover, the nucleotide sequence of the mutagenized adhS gene on
pCMAadhS46 revealed the deletion of one base, A, at 184" nucleotide caused a frame
shift and nonsense mutation by TGA stop codon at 196" nucleotide, similar to
pCMAadhS2. This phenomenon provided a short polypeptide consisting of 65 amino
acid residues with 4 different residues at the C-terminal. In addition, some alteration
of amino acid residues such as Leul8GIn, Ala26Val, Val36lle, Val54l1le, Gly55Asp,
Val70Ala and Val107Ala did not show any affect on the ethanol oxidizing ability.
Interestingly, amino acid alteration at the 104™ position from Thr to Lys in the mutant
m18 on pCMmadhS18 led to complete loss of ethanol oxidizing ability. Furthermore,
the mutant devoid of the 22 amino acid residues at C-terminal of subunit 11l in the
mutant A14 on pCMAadhS14 exhibited no effect on the ethanol oxidizing ability and
its nucleotide sequences revealed that there were three points of mutation in the adhS
structural gene; 234Ala—Thr, 378Cys—Thr and 551Thr—Ala, and one point at the
position 45 bp upstream of the initiation codon, C—T. The alteration of 551Thr led to
nonsense mutation by the TAG stop codon and resulted in a shorter protein. This
corollary infers that the 22 amino acid residues at the C-terminal of subunit 111 might
not be involved in the PQQ-ADH activity, while the amino acid at the 104" position is

an indication for the correlation of the molecular coupling of subunit I and subunit I11.
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Nevertheless, an alteration of nucleotide sequences at the position 150Gly—Ala (m8),
460Thr—Cys and 513Ala—Gly (m12) produced a silent mutation, with no change in
amino acid residues. However, the mutant with a point mutation at the tentative
promoter region from 15C to T (m5) and 117T to C (m53) exhibited low ethanol
oxidizing ability. In contrast, alteration of 96G—A and 186C—T (m61) retained the
ethanol oxidizing ability. This result corresponded well with the analysis of adhS
regulatory sequences revealed that the possible promoter region might be located at
approximately 118 to 268 bp upstream the initiation start site. In addition,
immunoblotting was used to analyze the PQQ-ADH subunit Il in those mutagenized
strains (Figure 28). The result corresponded to the result of PQQ-ADH activity as
mentioned above. Interestingly, little amounts of PQQ-ADH subunit I11 was observed
in mutant m18, which lost PQQ-ADH activity. It has been suggested that only one
amino acid alteration from 104Thr to Lys in this mutant may cause a misfold protein
and easily degraded by protease enzyme in cytoplasm of the cell. Unfortunately, no
report about the three dimensional structure of the PQQ-ADH, especially subunit 111,

is available, therefore, the actual functions of this residue is still unknown.
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Figure 26 Summarization of amino acid substitution in mutagenized adhS gene (A)

and nucleotide substitution at upstream region of adhS gene (B). A,

different amino acid residues between wild type and mutant indicated by

asterisk, nonsense mutations indicated by crosses and the position of

amino acid residue indicted by number above the wild type sequence. B, a

possible ribosome binding site (RBS) indicated by underline, start codon

indicated by italic and underline, nucleotide substitution indicated by italic

letters and position of nucleotide sequence indicated by numbers.
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Figure 27 Comparison of ethanol oxidizing ability (A) and PQQ-ADH activity (B) of
adhS disruptant carrying mutagenized genes (B). These strains were spot-
inoculated on YPGD agar containing 0.5% CaCOj3, 4% ethanol, 50 pg/ml
kanamycin and 25 pg/ml tetracycline and incubated at 30°C for 24 h. The
PQQ-ADH activity was measured with membrane fraction prepared from

cell grown in YPGD medium containing 0 or 4% ethanol at late log phase.
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Figure 28 Immunoblotting analysis of membrane (left) and membrane fractions
(right) of DPS harboring mutagenized adhS gene. These strains were
grown in 100 ml of YPGD medium supplemented with or without 4%

ethanol. The antisera used were anti-ADH subunit 111 from A. aceti.
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2. Cloning, Nucleotide Sequencing and Characterization of NAD"-adh Genes
2.1 PCR cloning of NAD"-adh genes

The adhl gene was amplified by Polymerase Chain Reaction (PCR) using
two specific primers, Fadhl (5’-GCGAATTCGTCAGCGTATTTTTAATGCC-3") and
Radhl (5’-ATCTGCAGGTCTTCACCTGCTCTTCG-3"). For amplification of adhll
gene, the forward and reverse primers are Fadhll (5-ATGAATTCCCATCCGTTGGT
CAATGTGG-3) and RadhlI (5’>-ATCTGCAGGATCAAATCCTCACGTGTCG-3").
Chromosomal DNA of A. pasteurianus SKU1108 was used as template and PCR
reaction was performed by using the illustra™ puReTaq Ready-To-Go PCR Beads as
described in Material and Methods. The obtained 2.1 and 1.86 kb PCR products of
adhl and adhll genes, respectively, were cloned into pGEM-T®-Easy Vector. The
resulting plasmids were designated as pGEM-Tadhl and pGEM-Tadhll. Both genes
were inserted in an opposite orientation from Plac of pGEM-T®-Easy vector. Agarose
gel electrophoresis of the obtained PCR products and the EcoRI-digested recombinant
plasmid are shown in Figure 29. The complete nucleotide sequences of 2.1 and 1.86
kb DNA fragment carrying adhl and adhll genes, respectively, were obtained from
sequencing reaction using four forward and reverse primers. The sequencing strategy
is shown in Figure 30. The nucleotide sequences and the position of primers used for

sequencing are shown in Table 9.



adhl >

_> <—_
Fadhl Radhl
{ adhll >
_’ ‘—
Fadhll RadhII
A M 1 2
Size (bp)
19,329 N
6,223 —
2,690 — 2.1kb
1,882 7| = 1.86 kb
925
Size (bp)
10,000
8,000
6,000
3,000 <+« 3.0kb
2.000 2.1kb
" 1.86 kb
1,500

and the EcoRI-digested recombinant plasmids carrying adhl and adhll
genes (B) from A. pasteurianus SKU1108. A, lane M; = Styl-digested A
DNA marker, 1 = adhl gene, 2 = adhll gene. B, lane M, =1 kb DNA
ladder, 1-3 = pGEM-Tadhl, pGEM-Tadhl and pGEM-T digested with
EcoRlI, respectively.

95

Figure 29 Agarose gel electrophoresis of the adhl and adhll genes PCR products (A)
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Figure 30 Sequencing strategy used to determine the nucleotide sequence of 2.1 and
1.86 kb PCR products of adhl (A) and adhll genes (B), respectively.
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Table 9 Nucleotide sequences of primers used for sequencing of adhl and adhll

genes

Primer designation Sequence (5'—3") Position
adhl gene sequencing

Universal M13F GTAAAACGACGGCCAGT -

Fadhl-2 GATGTTAAGTTTGCCATCC 534-552
Fadhl-3 ATGTCCGGAAAAATGAAAGC 1,002-1,021
Fadhl-4 GCCAGAAATACAGATCCG 1,565-1,673
Universal M13R CAGGAGACAGCTATGAC -

Radhl-2 ACTTTTACAGGGTCTACG 1,424-1,441
Radhl-3 CCAAGACTTTTGACAGC 900-916
Radhl-4 ACGCTAGATGCATAACG 429-445
adhll gene sequencing

Universal M13F GTAAAACGACGGCCAGT -

Fadhll-2 ATATGGTGATTGCACAGG 480-497
FadhllI-3 ATGGCACGTGTAGCAGGCAAG 1,000-1,020
Fadhll-4 ATCAATGCCTGAATACGG 1,489-1,507
Universal M13R CAGGAGACAGCTATGAC -

Radhll-2 GATTGATAGACTGAACGC 1,325-1,342
Radhll-3 ACGTTTGCCATGAACAC 846-862
Radhll-4 ATCAATGCCTGAATACGG 349 -366
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2.2 Nucleotide and deduced amino acid sequences of adhl gene

The complete nucleotide sequences of the DNA fragment carrying adhl
gene and its deduced amino acid sequence is shown in Figure 31. Based on E. coli
sigma 70 promoter recognition program (BPROM tool of Softberry), the predicted -35
and -10 sequences of sigma 70, TTTATT and TGTTTGTAAAAT, were located at
961% to 966™ and 976™ to 987" nucleotide (nt) of adhl gene, respectively.The possible
open reading frame (ORF) corresponding to ADH | consisted of 1,029 bp, started with
ATG at the 1,002™ to the 1,004™ nt and terminated with TGA at the 2,028™ to the
2,030" nt. The possible ribosome-binding sequence, AGGAAG, was presented at the
989" to the 994™ nucleotide (6 nt upstream from the start codon). The deduced amino
acid sequence of adhl gene was 342 residues. Although the complete sequences of
NAD*-ADH in acetic acid bacteria have not been published, the genome sequences,
for instance Acetobacter pasteurianus IFO 3283 (Azuma et al., 2009), G. oxydans
(Prust et al., 2005), Ga. hansenii (lyer et al., 2010) and Ga. diazotrophicus (Bertalan
et al., 2009) are distributed in the GenBank database. In addition, the BLAST search
sequences were compared with the published data on Sulfolobus solfataicus
(Ammendola et al., 1992), Thermus thermophilus (Henne et al., 2004), Gluconobacter
oxydans (Prust et al., 2005), Rhodobacter sphaeroides (Lim et al., 2009), Comamonas
testosterone (Ma et al., 2009) and some annotations in the GenBank database.
Homology search using tblastX and blastP revealed that ADH I is identical to a
member of Zn-dependent alcohol dehydrogenases, which is group | NAD*-dependent
alcohol dehydrogenase (Reid and Fewson, 1994). ADH | showed high similarity to the
same proteins as follows: A. pasteurianus IFO 3283 (99.71%), Ga. hansenii ATCC
23769 (78.07%), Ga. diazotrophicus PAI 5 (78.08%), G. oxydans 621H (76.38%),
Comamonas tertosteroni CNB-2 (67.26%), Ralstonia eutropha JMP134 (67.07%),
Pseudomonas aeruginosa PAO1 (63.39%) and Acinetobacter johnsonii SH046
(60.53%). This protein showed a lesser similarity (31.70%) to Zn-dependent ADH of
the thermoacidophilic archaebacterium Sulfolobus solfataricus DSM 1617. The
summary of the sequence similarity percentages is shown in Table 10. Amino acid
sequence alignments of the deduced polypeptides of Zn-dependent ADHs found in
blastP search was performed with ClustalW program (Figure 32). The results from the
PPSearch (http://www.ebi.ac.uk/Tools/ppsearch/index.html), the NCBI Conserved
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Domain Search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the
ScanProsite (http://expasy.org/tools/scanprosite/) revealed that a zinc-containing
alcohol dehydrogenase signature was observed. This motif was found as Gly-His-Glu-
Gly-Val-Gly-Thr-Val-Val-GIn-Val-Gly-Ser-Glu-Val in ADH | of A. pasteurianus
(position 64 to 78) which contains the conserved second ligand (65His) of the catalytic
zinc atom (Jornvall et al., 1987; Reid and Fewson, 1994). In addition, the conserved
sequence of glycine residues directly involved in the cofactor-binding domain (Gly-X-
Gly-X-X-Gly) and a highly conserved aspartate (Jornvall et al., 1987; Lesk, 1995;
Reid and Fewson, 1994, Sun and Plapp, 1992) were found as Gly-Val-Gly-Gly-Leu-
Gly (position 176 to 181) and 199Asp, respectively. In addition to the zinc-containing
ADH signature, the Pfam search (www.sanger.ac.uk/resources/software/) showed that
ADH | contains an alcohol dehydrogenase GroES-like domain at N-terminus. This is
the catalytic domain of ADHSs and has a GroES-like structure. Taken together, all
these results indicated that the ADH | of A. pasteurianus SKU1108 is a member of the
group | NAD"-dependent ADHs (Reid and Fewson, 1994). This group is the Zn-
dependent long chain ADHs which form dimers (typically higher plants, mammals) or
tetramers (yeast, bacteria). The predicted molecular mass of the deduced polypeptide
of adhl gene was calculated to be 36.3 kDa with the application of the Molecular
Weight Calculation of Protein Information Resource (PIR) via URL: http://pir.
georgetown.edu/pirwww/search/comp_mw.shtml. Chinnawirotpisan et al. (2003c)
showed that molecular mass of ADH | of A. pasteurianus SKU1108 analyzed with
SDS-PAGE and gel filtration is 42 and 130 kDa, respectively. They proposed this
enzyme to exist as a trimer consisting of three identical subunits, which is different
from other Zn-dependent long chain ADHs which form a dimer or tetramer. On the
other hand, the molecular mass prediction of ADH | obtained from the present study is
36.3 kDa which implied the active form of this enzyme has the potential to form a
tetramer (typical form of this enzyme) instead of a trimer. The difference in MW of
ADH 1 derived from SDS-PAGE analysis and MW prediction is likely the result of its
hydrophobicity or several impurities which can retard mobility of the protein (Lin et
al., 1999).
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Figure 31 Nucleotide and deduced amino acid sequences of 2.1 kb DNA fragment

carrying the adhl gene from A. pasteurianus SKU1108. The possible

ribosome-binding site is in a box. The predicted -10 and -35 sequences are

underline.
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Table 10 Comparison of the identity percentage of deduced amino acid sequence of
adhl gene of A. pasteurianus SKU1108 with Zn-dependent ADH proteins
from related bacteria.

Strain® % identity SKU1108
Acetobacter pasteurianus IFO 3283 (YP_003186562) 99.71
Gluconacetobacter hansenii ATCC 23769 (ZP_0683484829) 78.07
Gluconacetobacter diazotrophicus PAI 5 (YP_002275125) 78.07
Gluconobacter oxydans 621H (YP_190752) 76.38
Comamonas tertosteroni CNB-2 (YP_003280308) 67.26
Ralstonia eutropha JMP134 (YP_297879) 67.06
Pseudomonas aeruginosa PAO1 (NP_254114) 63.39
Acinetobacter johnsonii SH046 (ZP_006064662) 60.53
Sulfolobus solfataricus DSM 1617 (AAB24546) 31.70

8 GenBank Accession No. are in the parentheses
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—--MPAMMKAAVVRAFGAPLTIDEVPVPQPGPGQVQVKIEASGVCHTDLHAADGDWP—--—
MTLPQTMKAAVVHAYGAPLRIEEVKVPLPGPGQVLVKIEASGVCHTDLHAAEGDWP--—-—
MSLPQTMKAAVVRSFGKPLTIEEMPVPRPTDDQILVKIAASGVCHTDLHAAEGDWP--—-—
—--MPKMMKAAVVTAFNKPLEIKEMPIPEVTAGKVLVKIIATGICHTDLHAMQGDWP——--—
—--MSGKMKAAVVHEFGKPLTIEELDIPTIKPTQILVKMIACGVCHTDLHAASGDWP-——--—
—--MSGKMKAAVVHEFGKPLTIEELDIPPIKPTQILVKMIACGVCHTDLHAASGDWP---—
—--MTGKMKAAVVREFGKPLTIEELDIPSIRPDQILVKMDACGVCHTDLHAARGDWP-—--—
--MADTMLAAVVREFGKPLSIERLPIPDIKPHQILVKVDTCGVCHTDLHAARGDWP---—
—--MAGKMKAAVVREFGKPLSIEELDIPSIRPNQILVKVDACGVCHTDLHAARGDWP-——--—
—————— MRAVRLVEIGKPLSLQEIGVPKPKGPQVLIKVEAAGVCHSDVHMRQGRFGNLRI
* * . . * x [ : '*: * . ** * * *
GHEXXGXXXXXGXXV
—---VKPTLPFIPGHEGVGYVSAVGSGV-SRVKEGDRVGVPWLYSACGYCEHCLQGWETLC
—---VKPPLPFIPGHEGVGYVAAVGSGV-TRVKEGDRVGIPWLYTACGCCEHCLTGWETLC
—---VKPHPPFIPGHEGVGHVAAVCKNV-KHVKEGDRVGVPWLHSACGFCRHCIGGWETLC
--—-IKPTLPFIPGHEGVGEVVEIGAGI-DHLKVGDVVGIPWLYSACGHCDHCYAGWETLC
—---KKPHLPFIPGHEGVGTVVOVGSEV-DWVKEGDVVGVPWLYSACGHCEHCLAGWETLC
—---KKPHLPFIPGHEGVGTVVOVGSEV-DWVKEGDVVGVPWLYSACGHCEHCLAGWETLC
—-—--VKPNPPFIPGHEGVGHVVSVGSAV-KWVKLGDVVGVPWLYSACGHCEHCLGGWETLC
—-—-—-SKPNPPFIPGHEGVGHIVAVGSOVGDEFVKTGDVVGVPWLYSACGHCEHCLGGWETLC
—---TKPKPPFIPGHEGIGHVVEVGAAV-DWIKTGDVVGVPWLYSACGHCEHCLGGWETLC
VEDLGVKLPVTLGHEIAGKIEEVGDEVVGYSKGDLVAVNPWQ——GEGNCYYCRIGEEHLC
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EKQONTGYSVNGGYGEYVVADPNYVGLLPDKVGFVEIAPILCAGVTVYKGLKVTDTRPGQ
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KLOQNSGYSVNGSFAEYCLADGEYVGVIPEGVDLLAIAPILCAGVTVYKGLKMTEAKTGN
AKQEETGYSVNGCFAEYVVADPNY IAHLPKGVDPVKVAPVLCAGLTVYKGLKMTDTRAGN
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ASQDDTGYTVNGCFAEYVVADPSYVAHLPKT IDPLQVAPVLCAGLTVYKGLKMTDTKPGD
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EKQEDTGYSVNGCFAEYVVADPNYVAHLPKDIDPIRTAPVLCAGLTVYKGLKMTDTRAGE
DSPRWLGINFDGAYAEYVIVPHYKYMYKLRRLNAVEAAPLTCSGITTYRAVRKASLDPTK
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Figure 32 Amino acid sequence alignment of Zn-dependent ADH. ReADH,
Ralstonia eutropha JMP134; ADH I, A. pasteurianus SKU1108 ADH;
ApADH, A. pasteurianus IFO 3283, GadADH, Ga. diazotrophicus PAI 5;
GOoADH, G. oxydans 621H; GahADH, Ga. hansenii ATCC 23769;
CtADH, Comamonas testosteroni CNB-2; PaADH, Pseudomonas
aeruginosa PAO1; AJADH, Acinetobacter johnsonii SH046; SSADH,

Sulfolobus solfataricus DSM 1617. The sequence alignment was

performed with the application of ClustalW. NAD" and catalytic Zn

binding motifs are enclosed by black and grey boxes, respectively.

Aspartate conserved residue for NAD" binding is indicated by a box.

Genbank accession no. is indicated.
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LOKEIG-GAHGVLVTAVSPKAFSQAIGMVRRGGTIALNGLPPGDFGTPIFDVVLKGITIR
LORDIG-GAHGVLVTAVSNSAFGQAIGMARRGGTIALVGLPPGDFPTPIFDVVLKGLHIA
LOREIE-GAHGVLVTAVSPKAFEQALGMVRRGGTISLNGLPPGDFPLPIFSMVLKGITVR
LAATGE-GCHGVLVTAVSPKAFEQAVAIVRRGGTMVLNGLPPGKFDLSIFDMVLDGITVR
MQEKVG-GVHGGLITAVSTKAFSQAMGYVRAGGTLVLNGLPPGDFPISIFDVVMNAITIR
MQEKVG-GVHGGLITAVSTKAFSQAMGYVRAGGTLVLNGLPPGDFPISIFDMVMNAITIR
IQSQVG-GAHGALVTAVSRSAFSQAMGFARRGGTIVLNGLPPGEFPISIFDMVMAGTTVR
IQQQIG-GAHGALVTAVGRTAFSQAMGYARRGGTIVLNGLPPGDFPVSIFDMVMNGTTIR
IRQKTG-GTHGVLVTAVSNTAFTQAIGYARRGGTIVLNGLPPGEFPISIFDMVMNGTTVR
RRITESKGVDAVIDLNNSEKTLSVYPKALAKQGKYVMVGLFGADLHYHAPLITLSEIQEV
. * . .

* . . * x

GSIVGTRSDLQESLDFAAHGDVKATVS-TAKLDDVNDVFGRLREGKVEGRVVLDESR 342
GSIVGTRADLQEALDFAGEGLVKATIH-PGKLDDINQILDOMRAGQIEGRIVLEM-- 342
GSIVGTRLDLQESLDFAAQGKVKATVS-TDKLENINDIFARMHEGKIEGRVVLDIAA 344
GSIVGTRLDLKEALDIAAKGKVKAHIS-VEPIENINDIFSRMEHGKIDGRIVVDMRL 343
GSIVGTRLDMIEALSFFAEGKVTSVTT-TDRIDNINAIFDALKNGRVEGRVVLDERN 342
GSIVGTRLDMIEALSFFAEGKVTSVTT-TDRIDNINAIFDALKNGRVEGRVVLDERN 342
GSIVGTRLDMIEAVSFFADGKVKTVIE-PDRLENINQIFTDLEEGKIQGRKVLDFRQ 342
GSIVGTRLDMIEAMDFFARGKVKSVVT-PGKLENINTIFDDLONGRLEGRTVLDFRS 343
GSIVGTRLDMIEALSFFTEGKVSTVVA-TDKLENINDIFDRLOHGQVAGRIVLDERN 342
SLVGNQSDFLGIMRLAEAGKVKPMITKTMKLEEANEAIDNLENFKAIGRQVLIP-- 347
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Figure 32 (Continued)
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2.3 Nucleotide and deduced amino acid sequences of adhll gene

The complete nucleotide sequences of the DNA fragment carrying adhl|
gene and its deduced amino acid sequence is shown in Figure 33. Based on E. coli
sigma 70 promoter recognition program (BPROM tool of Softberry), the predicted -35
and -10 sequences of sigma 70, TTGAGA and TGCAAGAAT, were located at 885"
to 890™ and 909" to 917" nt of adhll gene, respectively. The possible ribosome-
binding sequence, AGGGAAG, was presented at the 989" to the 995" nt (4 nt
upstream from the start codon). The complete nucleotide sequence of the DNA
fragment carrying adhll gene contains one ORF with the length of 762 bp, encoding
253 amino acid residues. The adhll gene started with ATG at the 1,000™ to the 1,002™
nt and terminated with TAA at the 1,759" to the 1,761 nt. The predicted molecular
mass of the deduced polypeptide was calculated to be 26.3 kDa by using Molecular
Weight Calculation of Protein Information Resource (PIR) via URL.: http://pir.
georgetown.edu/pirwww/search/comp_mw.shtml. The deduced amino acid sequence
of ADH Il was analyzed using BLAST search tool (http://www.ncbi.nlm.nih.gov/
BLAST/). The similarity search results revealed that ADH Il was identical to a short-
chain dehydrogenase/reductase (SDR), which is a group 11 NAD*-dependent alcohol
dehydrogenase (Reid and Fewson, 1994). ADH Il showed high similarity to the same
proteins of other acetic acid bacteria and related bacteria as follows: A. pasteurianus
IFO 3283 (99.60%), Ga. hansenii ATCC 23769 (78.16%), Ga. diazotrophicus PAI 5
(77.87%), Lactobacillus reuteri DSM 20016 (55.33%), Geobacter metallireducens
GS-15 (54.90%), Bacillus tusciae DSM 2912 (53.75%) and Rhodobacter sphaeroides
KD131 (51.16%). Surprisingly, only 27.57% identity was observed with a short-chain
dehydrogenase in the genome of G. oxydans 621H. In addition, ADH Il showed
31.10% similarity to a short-chain dehydrogenase of the thermophilic bacterium
Thermus thermophilus HB27. The summary of the sequence similarity percentages is
shown in Table 11. Amino acid sequence alignments of the deduced polypeptides with
SDR proteins available from GenBank database was performed with ClustalW
program (Figure 34). The results from the PPSearch (http://www.ebi.ac.uk/Tools/
ppsearch/index.html) and the ScanProsite (http://expasy.org/tools/scanprosite/)
revealed that a short-chain dehydrogenases/reductases family signature was observed.
This motif was found as Ser-1le-Glu-Gly-Leu-lle-Gly-Asp-Pro-Met-Leu-Ala-Ala-Tyr-
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Asn-Ala-Ser-Lys-Gly-Gly-Vla-Arg-Leu-Phe-Thr-Lys-Ser-Ala-Ala (position 142 to
170) and 155Tyr is an active site residue in ADH |1 of A. pasteurianus SKU1108. In
addition to that the SDR signature, a Rossmann-fold NAD(P)H/NAD(P)" binding
(NADB) domain was found from the result of the NCBI Conserved Domain Search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The NADB domain is found
in numerous dehydrogenases of metabolic pathways such as glycolysis, and many
other redox enzymes. The conserved sequences of the SDR superfamily, i.e., the N-
terminal cofactor-binding pattern Gly-X-X-X-Gly-X-Gly (Rossmann-fold motif) and a
common Ser-X,-Tyr-X-X-X-Lys sequence in active sites were found. These two
motifs were Gly-Ala-Ala-Asn-Gly-lle-Gly (position 13 to 19) and Ser-lle-Glu-Gly-
Leu-lle-Gly-Asp-Pro-Met-Leu-Ala-Ala-Tyr-Asn-Ala-Ser-Lys (position 142 to 159),
respectively (Jornvall et al., 1995; Kallberg et al., 2002). An aspatate residue at
position 37 of ADH Il is a critical role in discriminating NAD(H) from NADP(H)
(Filling et al., 2002; Kallberg et al., 2002). This preference corresponded well with the
results from Chinnawirotpisan et al. (2003c) that ADH Il was NAD*-specific but not
NADP*-specific. These highly conserved sequences indicated that ADH 11 belongs to
the SDR superfamily or group 11 of NAD*-dependent ADHSs (Reid and Fewson, 1994)
and extended to the cD2 subfamily of the classical SDRs (Kallberg et al., 2002).
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Figure 33 Nucleotide and deduced amino acid sequences of 1.86 kb DNA fragment

carrying the adhll gene from A. pasteurianus SKU1108. The possible

ribosome-binding site is in a box. The predicted -10 and -35 sequences are

underline.
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Table 11 Comparison of the identity percentage of deduced amino acid sequence of
adhll gene of A. pasteurianus SKU1108 with short-chain
dehydrogenase/reductase proteins from related bacteria.

Strain® % identity SKU1108
Acetobacter pasteurianus IFO 3283 (YP_003188543) 99.60
Gluconacetobacter hansenii ATCC 23769 (ZP_06835581) 78.16
Gluconacetobacter diazotrophicus PAI 5 (YP_002275223) 77.87
Lactobacillus reuteri DSM 20016 (YP_001272235) 55.33
Bacillus tusciae DSM 2912 (YP_003589160) 53.75
Rhodobacter sphaeroides KD131 (YP_002521229) 51.16
Geobacter metallireducens GS-15 (YP_385169) 54.90
Thermus thermophilus HB27 (YP_004276) 31.01
Gluconobacter oxydans 621H (YP_191035) 27.57

8 GenBank Accession No. are in the parentheses



ADH II
ApSDR_YP_003188543
GadSDR_YP 002275223
GahSDR_ZP_ 06835581
LrSDR_YP 001272235
BtSDR_YP 003589160
GmSDR_YP 385169
RSSDR_YP_ 002521229
GoSDR_YP_ 191035
TtSDR_YP_004276

ADH 1T
ApSDR_YP_003188543
GadSDR_YP 002275223
GahSDR_ZP_ 06835581
LrSDR_YP 001272235
BtSDR_YP 003589160
GmSDR_YP 385169

RSSDR_YP_ 002521229
GoSDR_YP_ 191035

TtSDR_YP 004276

ADH IT

ApSDR_YP 003188543
GadSDR_YP 002275223
GahSDR_7ZP_06835581
LrSDR_YP 001272235
BtSDR_YP_ 003589160
GmSDR_YP_385169
RsSDR_YP_ 002521229
GoSDR_YP_191035
TtSDR_YP_ 004276

ADH IT

ApSDR_YP_ 003188543
GadSDR_YP 002275223
GahSDR_ZP 06835581
LrSDR_YP_ 001272235
BtSDR_YP_ 003589160
GmSDR_YP 385169
RSSDR_YP_ 002521229
GoSDR_YP_191035
TtSDR_YP_ 004276

GXXXGXG
—————— MARVAGKVAIVSENNEMEKA TAQL LAKEGAKVVIGDLKEEDGQKAVAE IKAAG
—————— MARVAGKVAIVSENNEMEK A TAQL LAKEGAKVVIGDLKEEDGQKAVAE IKAAG
—————— MARVSGKVAIVTONINEMEK ATALMLAREGARVAVADLKEDEGOAVVAEIGAAG
————— MMGRVSGKVALV T[S NNREREK A TAQLLAKEGAKVV I ADLKAAEGQAAVAE I TAAG
—————— MGRLDNKVAT I TfeRJXEMEA A VAKKF IEEGAKVVLTARKMDEGOKVADQL-—-G
—————— MERVKGKVAIVTENNNENEAAEARL LAKEGAKVCLTDVLVDEGRTVAEELQKEG
—————— MGRVEGKVAIVT/ENNJEIMEr 2 SARLLAREGARVV I TDINVKDGQALANSL---G
—————— MDRLYGKTV IV T NEMERACVERMAGEGAKVAVEDLLVSEGRALADALTASG
MVLPFRIPSRVPRVALVT[CRINNREAA L VEMLAEQGFAVATHCR--DSTSEAEALLERIG
______________ MVV T[GXRIORE0A T ALELLRRGARVAAVDLRSEGLOETMAKAGSLG
P

*  x . * * *

GEAAFVKLNVTDEAAWKAAIEQTLKLYGRLDIAVNNAGIAYSGS-VESTSLEDWRRVQSI
GEAAFVKLNVTDEVAWKAAIEQTLKLYGRLDIAVNNAGIAYSGS-VESTSLEDWRRVQST
GEALFVPLDVSSEDAWTQAMAAVTGRFGRLDIAVNNAGIAFSGT-VESTDLAEWRRVQST
GEAMFVELNVGQEDDWKKAIAAIIARFGQLDIAVNNAGILYSGS-VESTDLDDWRRVQSI
DNAIFIQQODVARKGDWDRVIRQTVQVFGKLNIVVNNAGIAEYAD-VEKTDAEIWDKTIAV
YDTVFERLDVTDPKAWQTVVEGVIQRYGKIDILVNNAGILAMEG-VEDTTLEIWNRVLSV
EGAIFLRHDVSDEAQWVAIIEQTLSRFGRLDILVNNAGVVVVAD-VEHTTVEDWREVNAV
REVAFWRVDVADEAAMRTAIDAAADRFGWLHVMVNNAGISGSPNPTDAVSEAEWDRVQAV
GKGCVLQADLQREEEVEALLHRTSAALGPVGILVNNASAFIRDE-MGSVTRESWDLHLET
EGLSLHPLDITDKEKVAALPEEVERVHGQVDGLINNAGIIQPFKRLLDLDEAAMERVMRV
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NLDGVFLGTKFAVAAMKDHG--GSIINLSSIEGLIGDPTLAAYNASKGGVRLFTKSAALH
NLDGVFLGTKYAVEAMKPNRR-GSIINLSSIEGLVGDPMLAAYNASKGGVRLFTKSAALH
NLTGTMWGTKLGIEAMKNNGEKNSIINMSSIEGLIGDPDLEAYNASKGGVRLLTKSAALD
NLTGVFLGMKTVLPYMKQQORS-GSIINTSSIYGLIGSGCGAAAYOATKGAVRILTKTAAVE
GTDGTFFGCKHAIPAMRRSGG-GSIVNLSSLAGIGCGYPLVEAYSASKGAIRAMTKSVAVH
NVKGVLFGTKHAIPHLRAAGG-GSIVNLSSTIAGLVGVGCLAAYHASKGAVRLMTKNDAIT

NLRAPFVLSQAMAQALPEGAE-GLILNMLDORVANLEPHEVSYTLSRTGLWTLTQTMALA
NFWGTLHMTRAFLPRLLKRPE-AHLVNVSSMGAEVPVPGOALYGASKAAVMLLTEALWAE
. . . . ek * .. . o k.
CAKSGYKIRVNSVHPGY IWTPMVAGLT----KEDAAARQKLVDLHPIGHLGEPNDIAYGI
CAKSGYKIRVNSVHPGY IWTPMVAGLT----KEDAAARQKLVDLHPIGHLGEPNDIAYGI
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Figure 34 Amino acid sequence alignment of short-chain dehydrogenase/reductase.
ADH 1, A. pasteurianus SKU1108 ADH; ApADH, A. pasteurianus IFO
3283, GadADH, Ga. diazotrophicus PAI 5; GahADH, Ga. hansenii ATCC
23769; LrSDR, Lactobacillus reuteri DSM 20016; BtSDR, Bacillus
tusciae DSM 2916; GmSDR, Geobacter metallireducens GS-15; RsSDR,
Rhodobacter sphaeroides KD131; GoSDR, G. oxydans 621H; TtSDR,

Thermus thermophilus HB27. The sequence alignment was performed with

the application of Clustalw. NAD" binding motif and a common sequence

in active site are enclosed by black and grey boxes, respectively. The major

determinant of the coenzyme specificity is indicated by a box. Genbank

accession no. is indicated.
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2.4 Phylogenetic tree analysis

The phylogenetic tree of ADH | and ADH 11 of A. pasteurianus SKU1108
was analyzed with the application of the MEGA 4 software based on the neighbour-
joining method. As shown in Figure 35, ADH | and ADH Il were compared with 22
sequences which cover the Zn-dependent ADHs, SDRs, and Fe-dependent ADHs
available from the GenBank database. The results show the Zn-dependent ADHs from
acetic acid bacteria to be clustered together and clearly separated from the Zn-
dependent ADHs of other bacteria. Moreover, the SDRs from acetic acid bacteria
were in the same cluster with the exception of the SDR of G. oxydans 621H, which is
phylogenetically only remotely related to this group. These results were in line with

the protein similarity search aforementioned described.
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Figure 35 Phylogenetic tree derived from amino acid sequences of NAD(P)'-
dependent ADH family of A. pasteurianus SKU1108 and related bacteria.

Zn-ADH, Zn-dependent alcohol dehydrogenase; SDR, short-chain
dehydrogenase/reductase; Fe-ADH, iron-containing alcohol
dehydrogenase. The analysis based on the neighbor-joining method was

performed with the MEGA 4 software. The amino acid sequences were

obtained from GenBank database.
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2.5 Disruption of NAD"-adh genes

The recombinant plasmids carrying the NAD"-adh disrupted genes were
constructed with the insertion of an antibiotic resistant cassette into the genomic
NAD"-adh genes of the CN6-2 strain, as previously described in Materials and
Methods. Two recombinant plasmids were isolated and the resulting plasmids were
designated as pGEM-Tadhl::Tc" and pGEM-Tadhll::Km'. PCR amplification was
used to confirm as shown in Figure 36. The results showed that 1.9 kb Tc"and 0.95 kb
Km' cassettes were inserted at the internal part of adhl and adhll genes, respectively.
These plasmids were used to individually introduce into CN6-2 strain (NTG mutant of
A. pasteurianus SKU1108) in order to construct the NAD*-adh gene disruptants. The
adhl, adhll and double disruptants were designated as DPI, DPII, and DPI-II,
respectively, and the PCR amplification was used to confirm the genotype of these
disruptants. The 2.9 kb PCR product was found from DPI and DPI-II strains by using
primers for adhl gene, which showed 1.9 kb larger than parental strain and
corresponded with the insertion of Tc' cassette at adhl gene (Figure 37A). On the
other hand, the PCR product amplified with two primers for adhll gene from DPII and
DPI-I1 (1.65 kb) exhibited the insertion of 0.95 kb Km' cassette compared with
parental strain (Figure 37B).
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Figure 36 Agarose gel electrophoresis of PCR products amplified from recombinant
plasmids carrying NAD*-adh genes. PCR amplification was carried out by
using two specific primer sets, Fadhl-3 and Radhl (lane 1 and 3) or Fadhll-
3 and Radhll (lane 2 and 6). Lane M =1 kb DNA ladder, 1 = pGEM-
Tadhl, 2 = pGEM-Tadhll, 3 = pGEM-Tadhl::Tc", 4 = pGEM-Tadhll::Km",
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Figure 37 Agarose gel electrophoresis of PCR products amplified from NAD*-adh
genes disruptants. PCR amplification was carried out by using two specific
primer sets, Fadhl-3 and Radhl (A) or Fadhll-3 and Radhll (B). Lane M =
1 kb DNA ladder, 1 and 4 = CN6-2, 2 = DPI, 3 and 6 = DPI-II, 5 = DPILI.
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2.6 Growth characteristics of NAD*-adh gene disruptants

Time course of growth and acidity in the culture broth of the cells grown
in the YPGD medium both with and without 4% ethanol supplement were compared
between the CN6-2 strain and its derivative disruptants (Figure38). The parental
strain, CN6-2, grew well even in the absence of any capacity to produce acetic acid in
the YPGD medium containing the 4% ethanol supplement. Unlike the parental strain,
growth of all NAD"-adh gene disruptants in the same medium significantly decreased.
Conversely, acetic acid was detected at a concentration of approximately 0.4% in the
adhl gene disruptant DPI but not in the other disruptants. Furthermore, growth and
acetic acid production in a YPG medium containing 0 or 4% ethanol of those strains
were compared (Figure 39). The result was similar to the observation when the cells
were grown in YPGD medium except for the adhll gene disruptant DPII. This mutant
could not grow in YPG medium but grew well when ethanol occurred. Furthermore,
the results from the present study showed that the inactivation of NAD"-adhll genes
caused a severe reduction in growth in YPG medium, but not in YPG medium
supplemented with ethanol. This phenomenon is explained by the absence of
appropriate carbon source in YPG medium for growth of the adhll gene disruptant. It
has been suggested that ADH I, which still active in the adhll gene disruptant, cannot
oxidize glycerol in that medium. In ethanol medium, the result suggested that ADH |
can use ethanol as its substrate hence the adhll gene disruptant exhibited normal
growth comparison to the parental strain. The results implied that ADH Il not only
important in ethanol assimilation but also involved in glycerol utilization. In addition,
the decrease of growth was observed in the adhl gene disruptant grown in ethanol
medium indicating that ADH 1l acts instead of ADH 1 in the initial stage of ethanol
assimilation (Chinnawirotpisan et al., 2003c). This phenomenon is dissimilar to the
inactivation of adhA gene encoding Zn-dependent ADH of Corynebacterium
glutamicum, which displayed no growth in ethanol medium (Arndt and Eikmanns,
2007). However, homologue proteins of ADH | and ADH Il with low similarity were
observed in the draft genome of A. pasteurianus SKU1108. The possibility of some
homologous proteins may work instead of ADH | and ADH 1l in NAD-adh gene

disruptants in ethanol medium.
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Figure 38 Time course of growth (left) and acidity in culture broth (right) of the cells
grown in YPGD medium. CN6-2 (A), adhl gene disruptant (B), adhll gene
disruptant (C) and adhl-adhll double disruptant (D) were cultured in 100
ml of YPGD medium (@) supplemented with 4% ethanol (O). Bacterial
growth was measured by spectrophotometer at 540 nm. Acetic acid
concentration was titrated under the standard conditions as described in
Materials and Methods.
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Figure 39 Time course of growth (left) and acidity in culture broth (right) of the cells
grown in YPG medium. CN6-2 (A), adhl gene disruptant (B), adhll gene
disruptant (C) and adhl-adhll double disruptant (D) were cultured in 100
ml of YPG medium (@) supplemented with 4% ethanol (O). Bacterial
growth was measured by spectrophotometer at 540 nm. Acetic acid
concentration was titrated under the standard conditions as described in
Materials and Methods.
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2.7 Deletion analysis of the regulatory region of NAD*-adh genes

Eight DNA fragments of the different lengths of the upstream region of the
NAD"-adhl and adhll genes were obtained by PCR amplification (Figure 40) and
inserted into the promoter probe vector pGSA in order to analyze the regulatory region
of the genes expression. The recombinant plasmids were confirmed with nucleotide
sequencing. The structure of the obtained DNA fragments is shown in Figure 41A and
41B. Each of them was individually introduced into E. coli DHSa and determined for
the B-galactosidase activity. The transformants were grown for 18 h with shaking (200
rpm) at 37°C in 100 ml of a LB medium containing 0, 2 or 4% ethanol and 12.5 pg/ml
gentamicin. The result showed that B-galactosidase activity was enhanced both in the
pGSAPadhl-2 and pGSAPadhl-3 compared to pGSAPadhl-1 (Figure 41C). The
increase of B-galactosidase activity was determined by the plasmid harboring shorten
upstream region from the ATG codon with the exception of the pGSAPadhl-4 which
possesses 81 bp upstream from the ATG start codon of the adhl gene. An analogous
result was observed in the transformants harboring pGSAPadhlI-1 to 4 (Figure 41D),
with the highest B-galactosidase activity detected in pGSAPadhll-3 carrying 92 bp
upstream from the ATG start codon of the adhll gene. In addition, a considerable
decrease was detected in pGSAPadhlI-4 with 74 bp in the upstream region. These
results suggested that some elements important for transcription exist at the position
81-105 bp upstream from the ATG start codon of adhl gene, and in the region of 74-
92 bp upstream from the ATG start codon of the adhll gene. In addition, there are
some elements which repress the transcription of the genes were suggested to be
located at the position 105-203 bp and 92-228 bp upstream from the ATG start codon
of the adhl and adhll genes, respectively. However, the NAD*-adh genes seem to be
induced by ethanol with the similar degree in pGSAPadhl-1, 1-2, I-3 and
pGSAPadhll-1, 11-2, 11-3 (Fig. 6C and D) suggesting that the elements concerning the
ethanol regulation do not locate around the regions. The results from ethanol
induction and promoter analysis suggested that the promoter of the both NAD*-adh
genes from A. pasteurianus SKU1108 can function also in E. coli. The decrease of
growth in E. coli grown in ethanol medium due to it is unable to grow well in the high
concentration of ethanol. The results obtained from E. coli reflect physiology of E.

coli, not of A. pasteurianus. Because of the cytoplasmic ADHSs in acetic acid bacteria
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have been hardly studied up to the present, thus, no further matter can be mentioned

concerning the physiology of A. pasteurianus.
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Figure 40 Agarose gel electrophoresis of PCR products containing the possible

promoter region of NAD"-adh genes. PCR amplification was carried out
by using eight specific primer sets as previously described in Materials and
Methods. Distance of the start position from ATG start codon of each
fragment was explained. These DNA fragments composed of a different
length of upstream region and the 63 nt or 60 nt downstream of adhl (lane

1-4) and adhll genes (lane 5-8), respectively.
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Figure 41 Structure of DNA fragments carrying the possible promoter region of

NAD™-adhl (A) and adhll genes (B) and comparison of B-galactosidase

activity in E. coli DH5a harboring the various transcriptional adhl-lacZ (C)

and adhll-lacZ fusion plasmids (D). These strains were cultured with
shaking at 37°C in 100 ml of LB medium containing 0% (white) or 4%

(black) ethanol and 12.5 pg/ml gentamicin. Construction procedures and

enzymatic analysis were described in Materials and Methods
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2.8 Induction analysis of NAD"-adh genes

It was speculated that ethanol might be involved in the induction of NAD"-
adh genes expression. In order to investigate the ethanol induction, the expression of
NAD"-adh genes were examined in different growth phases by monitoring the -
galactosidase activity in E. coli DH5a harboring transcriptional adh-lacZ fusion
plasmids. The 0.58 kb PCR products which contained the possible promoter region of
adhl and adhll genes were amplified (Figure 42) and inserted upstream of the lacZ
structural gene on a promoterless lacZ vector pGSA. The adhl gene promoter (Padhl)
DNA fragment carried a 520 nt upstream to 63 nt downstream of the ATG start codon
of adhl gene, while the Padhll DNA fragment held a 519 nt upstream to 60 nt
downstream of ATG start site of adhll gene. The procedures for construction of
transcriptional fusion plasmids were described in the materials and methods above and
the recombinant plasmids were confirmed with nucleotide sequencing. The B-
galactosidase activity was found to be significantly higher than that when the cells
grown in ethanol medium (Figure 43). The highest activity was detected at an early
stationary phase of cultivation (~24 h). The results showed that ethanol could induce
adhl and adhll genes expression approximately 1.5 and 2.0 times, respectively, and
adhll gene promoter activity exceeded that of the adhl promoter about 3.5 fold. Thus,
the significantly elevated promoter activity of adhll gene in comparison to the adhl
gene under ethanol induction condition implied that ADH Il is a dominant enzyme

involved in the ethanol assimilation rather than ADH 1.
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Figure 42 Agarose gel electrophoresis of PCR products carrying the 0.58-kb NAD"-
adh genes. PCR amplification was carried out by using two specific primer
sets, FPadhl-P and RPadhl-B (lane 1) or FPadhll-P and RPadhlI-B (lane
2). Lane M =100 bp DNA ladder, 1 = Padhl, 2 = Padhll.
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Figure 43 Time course of growth (@) and B-galactosidase activity (L) of E. coli
DHS5a harboring pGSAPadhl (A) and pGSAPadhll (B) fusion plasmids.
These strains were culture with shaking at 200 rpm at 37°C in 100 ml of

LB medium supplemented 0, 2 or 4% ethanol and 12.5 pug/ml gentamicin.

[B-galactosidase activity was measured enzymatically as described in

Materials and Methods.



CONCLUSION AND RECOMMENDATIONS

Conclusion

In this study, the function of subunit 111 of quinoprotein alcohol dehydrogenase
(PQQ-ADH) and the functional correlation between PQQ-ADH and NAD*-ADH from
Acetobacter pasteurianus SKU1108 were clarified. The role of subunit Il on the
function of PQQ-ADH was investigated by construction of adhS gene disruptant with
insertion of Km' cassette into the adhS gene on genomic DNA of A. pasteurianus
SKU1108. The adhS gene disruptant completely lost its PQQ-ADH activity and
acetate-producing ability but retained acetic acid toleration. In addition to PQQ-ADH,
NAD*-ADHs detected in small amounts in cytoplasm of A. pasteurianus SKU1108
were induced by ethanol in a PQQ-ADH deficient mutant. Heme staining and
immunoblot analysis of both membrane and soluble fractions with anti-ADH subunit
I11 suggested that ethanol did not affect the adhS gene expression but induced PQQ-
ADH activity. Over-expressed adhS did not enhance acetic acid production in both the
wild type and the adhS gene disruptant. The defect of the PQQ-ADH activity in the
adhS gene disruptant suggested that the smallest subunit is essential for ethanol
oxidation. It has been proposed that mutation in PQQ-ADH led a global metabolic
change from ethanol oxidation to ethanol assimilation as an adaptive response to
ethanol. With regard to acetic acid toleration, it appears that acetic acid assimilation or
over-oxidation is involved in acetic acid toleration. The study revealed that only adhA
and adhB but not adhS are involved in acetic acid toleration. In addition, deletion
analysis of upstream region of adhS gene suggested that its tentative promoter(s)
might be located at around 118-268 bp upstream from an initiation codon. Random
mutagenesis of adhS gene revealed that complete loss of PQQ-ADH activity and
ethanol oxidizing ability were observed in the mutants' lack of the 140 and 73 amino
acid residues at the C-terminal, whereas the lack of 22 amino acid residues at the C-
terminal affected neither the PQQ-ADH activity nor ethanol oxidizing ability. In
addition, some amino acid substitutions such as Leul8GIn, Ala26Val, Val36lle,
Val54lle, Gly55Asp, Val70Ala and Val107Ala did not show any affect on PQQ-ADH
activity and ethanol oxidizing ability. Interestingly, alteration of Thr104Lys led to a

complete loss of ethanol oxidizing ability. However, point mutation at the possible
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promoter region also exhibited low PQQ-ADH activity and ethanol oxidizing ability.
This result suggests that 104Thr might be involved in molecular coupling with subunit
| in order to construct active ADH complex, whereas 22 amino acid residues at C-
terminal may be not necessary for PQQ-ADH activity.

Moreover, functional analysis of PQQ-ADH and NAD"-ADHs indicated that
PQQ-ADH was intensively involved in acetic acid production, while NAD*-ADHs
worked for ethanol assimilation through TCA and glyoxylate cycles. Moreover,
NAD*-ADHs were inducible enzymes in PQQ-ADH deficient mutant when it was
cultured in the medium containing ethanol. Therefore, it is worthwide to clarify this
indication mechanism. In this study, the adhl and adhll genes encoding NAD*-ADH |
and ADH 1, respectively, were cloned into pGEM-T®-Easy Vector and characterized,
in order to investigate the regulation of these genes expression. The 2.1 and 1.86 kb
DNA fragment carrying adhl and adhll genes, respectively, were obtained. Open
Reading Frame (ORF) analysis revealed that the adhl gene consists of 1,029 bp
encoding 342 amino acid residues, whereas the adhll gene composes of 762 bp
encoding 253 amino acid residues. ADH I and ADH 1l share 99.71 and 99.60%
identity, respectively, with the same proteins of A. pasteurianus IFO 3283. The
deduced amino acid sequence of ADH | contains the zinc-containing alcohol
dehydrogenase signature which contains the conserved second ligand (65His) of
catalytic zinc atom. In addition, the conserved sequence of glycine residues directly
involved in the cofactor-binding domain and a highly conserved aspatate for NAD"
binding were found as Gly-Val-Gly-Gly-Leu-Gly (position 176 to 181) and 199Asp,
respectively. The deduced amino acid sequence of ADH Il consists of the short-chain
dehydrogenase/reductase (SDR) family signature and the Rossmann-fold NAD(P)H/
NADP" binding (NADB) domain. The Rossmann-fold motif (Gly-Ala-Ala-Asn-Gly-
Ile-Gly) and a common Ser-X,-Tyr-X-X-X-Lys sequence in active site were found at
position 13 to 19 and 142 to 159, respectively. In addition, the discriminated Asp for
NAD(H) was found at position 37. Taken together, all results indicated that the ADH |
of A. pasteurianus SKU1108 belongs to group I, Zn-dependent long chain ADHs,
while the ADH 1l is identical to group I, SDRs, of NAD*-dependent ADHSs and
extended to the cD2 subfamily of the classical SDRs. The defect of NAD*-ADH Il

caused a severe reduction of growth in an ethanol medium, whereas a significant
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decrease was observed in a NAD*-ADH | deficient mutant. It has been proposed that
ADH Il rather than ADH 1 plays a dominant role in the ethanol assimilation of acetic
acid bacteria, in addition, ethanol is likely to induce the transcription of NAD*-adh
genes. The possible promoter regions of adhl and adhll genes might be located at
approximately 81-105 bp and 74-92 bp, respectively, from its ATG start codon. There
are some elements which repress the transcription of the genes were suggested to be
located at the position 105-203 bp and 92-228 bp upstream from the ATG start codon
of the adhl and adhll genes, respectively, and caused the repression of those genes

expression in wild type carrying normal PQQ-adh gene.

Recommendations

From this study, the function and the essential amino acids involved in
molecular coupling with subunit | of PQQ-ADH subunit I11 were clarified. The
104Thr and 73, but not 22 amino acids at C-terminal are essential for PQQ-ADH
activity. In order to elucidate this phenomenon precisely, prediction of three
dimensional structure of the PQQ-ADH is recommended. In addition to PQQ-ADH,
an additional alcohol dehydrogenase (NAD*-ADH) was also investigated. The growth
of NAD"-ADH genes disruptants in the ethanol medium was remarkably decreased.
To further clarify this observation, the key enzyme activities in TCA and glyoxylate
cycles should be analyzed. Finally, it is hoped that the results obtained from this study
will not only provide basic knowledge in understanding function of adhS gene
encoding subunit 111 and the gene expression of NAD"-adh genes in the
thermotolerant acetic acid bacteria but also benefit to the basic knowledge implicated

to strain improvement for industrial vinegar production.
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Appendix A

Culture media and antibiotics
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1. Potato medium

Glucose 5 g
Yeast extract 5 g
Polypeptone 5 g
Glycerol 20 ml
Potato extract 15 ml
H,O 1000 ml

Sterilization was performed by autoclaving at 121°C for 15 min. For agar, 15 ¢

of agar was added to the liquid media before autoclaving.

2. YPGD medium

Glucose 5 g
Yeast extract 5 g
Polypeptone 5 g
Glycerol 5 ml
H,O 1000 ml

Sterilization was performed by autoclaving at 121°C for 15 min. For agar, 15 ¢

of agar was added to the liquid media before autoclaving.

3. YPG medium
Yeast extract 5 g
Polypeptone 5 g
Glycerol 5 ml
H.O 1000 ml

Sterilization was performed by autoclaving at 121°C for 15 min.
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4. YPG medium (for preparation of competent cell of acetic acid bacteria)

Yeast extract 5 g
Polypeptone 5 g
Glycerol 20 ml
H,O 1000 ml

Sterilization was performed by autoclaving at 121°C for 15 min.

5. LB (Luria-Bertani) medium

Yeast extract 5 g
Tryptone 10 g
NaCl 10 g
H,O 1000 ml

The pH was adjusted to 7.0 with 5 N NaOH. The volume of the solution was
adjusted to 1000 ml with tap water. Sterilization was performed by autoclaving at
121°C for 15 min.

For preparation of agar media containing antibiotics, after sterilization, those
media were allowed to cool down to 50°C and then the appropriated antibiotic stock

solution was added.
6. Ampicillin (50 mg/ml)
Ampicillin stock solution was prepared by dissolving 50 mg of ampicillin in 1

ml of distilled water. This stock solution was sterilized by filtration through a 0.22 pm

filter. The solution was stored at -20°C.
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7. Kanamycin (50 mg/ml)
Kanamycin stock solution was prepared by dissolving 50 mg of kanamycin in

1 ml of distilled water. This stock solution was sterilized by filtration through a 0.22

pum filter. The solution was stored at -20°C.
8. Tetracycline (25 mg/ml)

Tetracycline stock solution was prepared by dissolving 25 mg of tetracycline
in 1 ml of 70% ethanol. This stock solution was sterilized by filtration through a 0.22
pm filter. The solution was stored in light-tight container at -20°C.
9. Gentamicin (12.5 mg/ml)

Gentamicin stock solution was prepared by dissolving 12.5 mg of gentamicin

in 1 ml of distilled water. This stock solution was sterilized by filtration through a
0.22 um filter. The solution was stored at -20°C.
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Appendix B

Preparation of reagents
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1. Preparation of commonly used reagents

1.1 5-Bromo-4-chloro-3-indolyl-p-D-galactoside (X-gal, 20 mg/ml)

A stock X-gal solution was prepared by dissolving a 20 mg of X-gal
powder in 1 ml of dimethylformamide. The tube containing the solution should be
wrapped in aluminum foil to prevent damage by light and stored at -20°C. It is not
necessary to sterilize X-gal solution by filtration.

1.2 Tris (1 M)

A Tris-Cl solution was prepared by dissolving 121.1 g of Tris base in
800 ml of double distilled water. The solution was adjusted the desired pH by adding
concentrated HCI as described below and allowed the solution to cool down to room
temperature before making final adjustment to the desired pH. The volume of the
solution was adjusted to 1,000 ml with double distilled water, and then was sterilized

by autoclaving.

pH Volume of HCI (ml)
7.4 70
7.6 60
8.0 42
1.3 NaCl (5 M)

A 292.2 g of NaCl was dissolved in 800 ml of double distilled water, and
adjusted the volume to 1000 ml with double distilled water. The solution was

sterilized by autoclaving.
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1.4 NaOH (0.8 N)

The stock solution of 0.8 N NaOH was prepared by dissolved 32 g of
sodium hydroxide (NaOH) in 100 ml of distilled water. Sterilization is not required for

the preparation of this stock solution and stored at room temperature in a plastic bottle.

1.5 Phenolphthalein indicator

The stock solution of phenolphthalein indicator was prepared by dissolved
0.5 g of phenolphthalein in 100 ml of 70% ethanol. The solution was stored at room
temperature in a light-tight bottle.
1.6 SDS (10%)

The stock solution of 10% SDS was prepared by dissolved 10 g of sodium
dodecyl sulphate in 100 ml of sterilized distilled water. Sterilization is not required for
the preparation of this stock solution.

1.7 Potassium acetate (1 M, pH 7.5)

A 9.82 g of potassium acetate was dissolved in double distilled water. The
solution was adjusted pH to 7.5 with glacial acetate acid and added double distilled
water to adjust volume to 100 ml. Sterilization was performed by autoclaving at
121°C for 15 min.

1.8 Sodium acetate (3 M, pH 5.2)

A solution was prepared by dissolving 408.1 g of sodium acetate.3H,0 in
double distilled water and adjusted the pH to 5.2 with glacial acetic acid. Then, the
solution was adjusted volume to 1000 ml with double distilled water and sterilized by

autoclaving at 121°C for 15 min.
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1.9 EDTA (0.5 M, pH 8.0)

A 186.1 g of disodium ethylenediaminetetra-acetate.2H,O was added to
double distilled water. The pH was adjusted to 8.0 with pellet of NaOH and added
distilled water to adjust volume to 1000 ml. This stock solution was sterilized by

autoclaving.

1.10 Ethidium bromide (10 mg/ml)

The ethidium bromide solution was prepared by dissolving 1 g of ethidium
bromide in 100 ml of distilled water. The solution was stored in light-tight container at

room temperature.

1.11 Saline-EDTA

NaCl 0.1 M
EDTA.2Na (pH 8.0) 50 mM

1.12 Phenol:chloroform:isoamyl alcohol

Crystalline phenol was liquided in water bath at 65°C and mixed with
chloroform and isoamyl alcohol in the ratio of 25:24:1. The solution was stored under
100 mM Tris-Cl (pH 8.0) in a light-tight bottle at 4°C.

1.13 CTAB solution (10%)

A 4.1 g of NaCl was slowly added into 80 ml of distilled water. The
dissolved NaCl solution was further added with 10 g of N-cetyl-N, N, N-trimethyl
ammonium bromide (CTAB) and subsequently heated at 65°C with stirring. The
solution was sterized by autoclaving at 121°C for 15 min and stored at room

temperature.



1.14 TE buffer

Tris-Cl (pH 8.0)
EDTA.2Na (pH 8.0)

1.15 TE buffer with 20 pg/ml RNase A

TE buffer
RNase A (10 mg/ml)

1.16 Gel loading buffer

Bromphenol blue
Glycerol
1.17 Electrophoresis buffer (1XTAE)

Tris base

Glacial acetic acid
EDTA.2Na (0.5 M, pH 8.0)
H,O

1.18 NaOH (0.8 N)
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10 mM
1 mM
998

2 pl
0.025 g

3 ml
484 g
1.15 ml
3 ml
1000 ml

The stock solution of 0.8 N NaOH was prepared by dissolved 32 g of

sodium hydroxide (NaOH) in 100 ml of distilled water. Sterilization is not required for

the preparation of this stock solution and stored at room temperature in a plastic bottle.

1.19 Phenolphthalein indicator

The stock solution of phenolphthalein indicator was prepared by dissolved

0.5 g of phenolphthalein in 100 ml of 70% ethanol. The solution was stored at room

temperature in a a light-tight bottle.



2. Alkaline lysis buffers for preparation of plasmid DNA

2.1 Solution |
Glucose 50
Tris-Cl (pH 8.0) 25
EDTA (pH 8.0) 10
2.2 Solution 11
NaOH 0.2
SDS 1

The solution 11 was freshly prepared before used.

2.3 Solution 11
Potassium acetate (1 M, pH 7.5) 60
Glacial acetic acid 11.5
H,0 28.5

3. Reagents and buffers for Southern hybridization

3.1 Depurination solution (0.25 N HCI)

Concentrated HCI 11
H,O 989

mM
mM
mM

N
% (Wiv)

ml
ml

ml

ml

ml
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The solution was mixed and stored at room temperature for up to 1 month.

3.2 Denaturation solution

NaOH 0.5
NaCl 15
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The solution was adjusted volume to 1,000 ml with double distilled water

and stored at room temperature for up to 3 months.

3.3 Neutralization solution

Tris-Cl (pH 7.4) 05 M
NaCl 15 M

The solution was adjusted volume to 1,000 ml with double distilled water

and stored at room temperature for up to 3 months.

3.4 SSC solution (20x, pH 7.0)

tri-sodium citrate 0.3 M
NaCl 3 M

The solution was adjusted pH to 7.0 with 1 N NaOH, autoclave and stored

at room temperature.

3.5 Prehybridization solution

Formamide 45 % (V/IV)
SSC solution 6 X
Denhardt’s hybridization buffer 2 X
SDS 05 % (wh)

The hybridization solution was preheated at 42°C for 20 min.

3.6 Buffer |

SSC solution 2 X



3.7 Buffer 11
Tris-Cl (pH 7.5)
NaCl
Blocking powder
3.8 Buffer IlI
Tris-Cl (pH 9.5)
NaCl
MgC|2

3.9 Color-substrate solution

NBT-BCIP solution
Buffer 111 solution

4. Reagents for determination of protein concentration

4.1 Solution A

Na,CO3

SDS

NaOH

4.2 Solution B

CUSO4.5H20

Potassium sodium tartrate

0.1
1.5
0.5

0.1
0.1
50

100

4900

0.5
0.1
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M
M
% (W/V)

mM

% (W/V)
% (w/v)
N

% (w/v)
% (W/v)

Both solutions were filtrated by filter paper. Working reagent was prepared

by mixing solution A and B in the ratio 50:1.
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4.3 Solution C

The solution of phenol reagent was diluted double times with distilled

water and stored in refrigerator.
4.4 BSA solution (1 mg/ml)
A 0.1 g of bovine serum albumin (BSA) was dissolved in 100 ml of
distilled water containing 0.9% (w/v) NaCl and 0.05% (w/v) sodium azide (NaN3).
The stock solution was stored at -20°C.

5. Reagents and buffers for enzyme activity assay

5.1 Ferricsulfated-dupanol reagent

FE(SO4)3.H20 2 g
SDS 3 g
85% Phosphoric 95 ml

The solution was adjusted volume to 1,000 ml with distilled water and

mixed gently by stirring. Keep in a light-tight container at room temperature.

5.2 Potassium ferricyanide (Ks[Fe(CN)g], 0.1 M)

A 32.9 g of potassium ferricyanide was dissolved in distilled water and

adjusted volume to 1,000 ml. Keep in light-tight container at 4°C.
5.3 NAD" solution (50 mM)
A 0.0341 g of beta-nicotinamide adenine dinucleotide (NAD") sodium salt

was dissolved in 1 ml of distilled water. The solution was stored in a light-tight

container at -20°C.
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5.4 NADH solution (50 mM)
A 0.0355 g of beta-nicotinamide adenine dinucleotide (NADH) disodium
salt was dissolved in 1 ml of distilled water. The solution was stored in a light-tight
container at -20°C.

5.5 Ethanol (1 M)

A 2.9 ml of absolute ethanol was diluted in distilled water and adjusted

volume to 50 ml. Keep in light-tight container at 4°C.

5.6 Acetaldehyde (1 M)

A 2.79 ml of acetaldehyde was diluted in distilled water and adjusted
volume to 50 ml. Keep in light-tight container at 4°C.

6. Reagents and buffers for sodium dodecylsulfate acrylamide gel electrophoresis
(SDS-PAGE), coomassie brilliant blue (CBR) and heme staining

6.1 Bis-acrylamide stock solution (25% wi/v)
Acrylamide (25% w/v) and N, N’-methylenebisacrylamide (1% wi/v) were
resuspended in deionized water. The pH of the solution should be 7.0 or less. The
solution should be stored in dark bottle at 4°C.

6.2 Ammonium persulfate (APS, 10%)

A 10 g of Ammonium persulfate was dissolved in deionized water, and
stored at -20°C.



6.3 Preparation of SDS-polyacrylamide gels

6.3.1 Stacking gel

Bis-acrylamide solution (25%)
Tris-Cl (0.5 M, pH 6.8)

SDS (10%)

Distilled water

APS (10%)

TEMED

6.3.2 Separating gel

Bis-acrylamide solution (25%)
Tris-Cl (1.5 M, pH 8.8)
SDS (10%)
Distilled water
APS (10%)
TEMED
6.4 Sample buffer for CBR staining

Tris-Cl (0.5 M, pH 6.8)

SDS

Dithiothreitol (DTT)
Phenylmethlsulfonyl fluoride (PMSF)
Glycerol

6.5 Sample buffer for heme staining

Tris-Cl (0.5 M, pH 6.8)

SDS

Phenylmethlsulfonyl fluoride (PMSF)
Glycerol

0.6
0.75
30
1.6
20

4.0
2.0
80
1.9
20
14

125

200

3
20

125

20

ml

ml

ml
pl
pl

ml

ml

ml

pl

mM
% (w/v)
mM
mM
% (vIV)

mM
% (W/v)
mM
% (VIv)
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6.6 Running buffer

Tris base
Glycine
SDS

6.7 CBR staining buffer

Coomassie Brilliant Blue R-250 (CBR-250)
Methanol

Distilled water

Glacial acetic acid

6.8 Destaining solution for CBR
Methanol
Glacial acetic acid
Distilled water

6.9 Heme staining buffer
Methanol

Acetate buffer (pH 5.0)
TMBZ

30
140

0.25
45
45
10

100

14

7. Buffers for immunoblotting analysis of PQQ-ADH subunit 111

7.1 Cathode buffer

Tris base
Glycine
Methanol

25

40

10
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ml
ml

ml

ml
ml

ml

ml
ml

mg

mM
mM
% (VIV)



7.2 Anode buffer |
Tris base 0.3
Methanol 10

The solution was adjusted pH to 10.4 with 1 M HCI.

7.3 Anode buffer 11
Tris base 25
Methanol 10

The solution was adjusted pH to 10.4 with 1 M HCI.

7.4 Blocking buffer

165

mM

% (vIv)

mM
% (VIV)

A 1 g of skim milk powder was dissolved in 100 ml of phosphate-buffered

saline and cooled down to room temperature before used.

7.5 Phosphate-buffered saline (PBS)

Na,PO4 10
NaCl 0.9

The solution was adjusted pH to 7.2 with 1 M NaOH.

7.6 Detection solution

PBS (pH 7.2) 50

Hydrogen peroxide 30
Color reagent 10

mM
% (w/v)

ml

ul
ml
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7.7 Color reagent solution

Diaminobenzidine (DAB) 30 mg
Cold methanol 10 ml

8. Reagents and buffers for determination of B-galactosidase activity

8.1 Z buffer
Na;HPO, 60 mM
NaH,PO4 40 mM
KCI 10 mM
MgSO, 1 mM
B-mercaptoethanol 50 mM

The solution was adjusted pH to 7.0 with 1 N NaOH.
8.2 o-nitrophenyl-p-D-galactoside solution (ONPG, 4 mg/ml)
A 40 mg of ONPG was dissolved in 100 ml of distilled water and stored at
-20°C.

8.3 SDS (0.1%)

A 0.1 g of SDS was dissolved in 100 ml of distilled water and stored at

room temperature.

8.4 Na;CO3 (1M)

A 105.99 g of sodium carbonate (Na,CO3) in 1,000 ml of distilled water

and stored at room temperature.



9. Preparation of buffers

9.1 Potassium phosphate buffer (KPB)
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50 mM KPB (pH 6.0) 1 M K,HPO, 5 ml
1 M KH,PO, 45 ml
50 mM KPB (pH 6.5) 1 M K,HPO, 155 ml
1 M KH,PO, 345 ml
50 mM KPB (pH 7.0) 1 M K,HPO, 29 ml
1 M KH,PO, 21 ml
50 mM KPB (pH 7.5) 1 M K,HPO, 40.8 ml
1 M KH,PO, 9.2 ml

The solution was adjusted to 1000 ml with distilled water. Alternatively,

preparation of 1 M KPB in various pH and then diluted to the used concentration with

distilled water.

9.2 Glycine-NaOH (100 mM, pH 8.5)

A 7.507 g of glycine was dissolved in distilled water and adjusted the pH
to 8.5 with 5 N NaOH. The distilled water was added to adjust the volume to 1000 ml.

9.3 Good buffer

0.1 mol/l NaOH

Good buffer

omil 5ml 10 ml

15 mi

20 ml

0.1mol/IMES 25ml  3.7% 5.6" 6.0"

6.4"

8.4"

*Indicated the pH value
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9.4 Mcllvaine buffer

pH 0.1 M Citric acid (ml) 0.2 M NayHPO,4 (ml)
2.6 17.82 2.18
3.0 15.89 411
3.6 13.56 6.44
4.0 12.90 7.71
4.6 10.65 9.35
5.0 9.70 10.30
5.6 8.40 11.60
6.0 7.37 12.63
6.6 5.45 14.55
7.0 3.53 16.47
7.6 1.27 18.73

8.0 0.55 19.45
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Appendix C

General methods
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1. The modified Lowry method
Protein content was measured by a modified method of Lowry (Dully and

Grieve, 1975) with bovine serum albumin (1 mg/ml BSA) as the standard protein. The

reaction mixture was shown as follows.

Distilled water (uI) 400 390 380 370 360 350
BSA (uI) 0 10 20 30 40 50

Each assay was carried out by mixing 0.4 ml of protein solution with 2 ml of
Folin reagent (Solution A: Solution B = 50: 1). The solution was mixed by vortex and
incubated at 35°C for 10 min and then 0.2 ml of phenol reagent (Solution C) was
added with rapidly mixing. Incubation was done by standing at 35°C for 30 min and
the absorbance was measured at 750 nm with a Hitachi Model U-2000
spectrophotometer against reagent blank. The concentration of protein was determined
by calculating from a standard curve prepared by using 1 mg/ml BSA as a standard.

The protein concentration was calculated as follows.

Protein concentration (mg/ml) = Concentration from Spectrophotometer x Dilution

Sample (ul)

2. Membrane-bound ADH (EC 1.1.99.8) and ALDH (EC 1.2.99.3)

The membrane fraction was used for determination of ADH and ALDH
activities by colorimetrically assay at 25°C with potassium ferricyanide as an electron
acceptor according to the standard method described by Adachi et al. (1978a, 1978b)
with slight modifications (Matsushita et al., 1995). The enzyme activities were
determined in a 1 ml of reaction volume. The 0.6 ml of Mcllvaine buffer pH 5.0
(Appendix B) and 0.1 ml of 1 M substrate (ethanol for ADH and acetaldehyde for
ALDH, Appendix B) were mixed. The reaction mixtures were incubated at 25°C for 5
min and then 0.1 ml of 0.1 M potassium ferricynide was added to start the reaction.
After further incubation for 5 min, the reaction was stopped by the addition of 0.5 ml

of ferricsulfate-dupanol reagent (Appendix B). After incubation at 25°C for 20 min,
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the reaction mixtures were diluted with 3.5 ml of distilled water and the absorbance
was measured at 660 nm. One unit of the enzyme activity was expressed as 1 pmol of
substrate oxidized per min, which is equivalent to 4.0 absorbance units. The enzyme

activity was calculated as follows.

Enzyme activity (U/ml)=1x1x 1  xAbsgs x 1000 x Dilution
4 5 ol (ul)

Specific activity (U/mg of protein) =  Enzyme activity (U/ml)

Protein concentration (mg/ml)

3. NAD"-dependent ADH (EC 1.1.1.1)

The soluble fraction was measured for the NAD*-dependent ADH activity at
25°C spectrophotometrically at 340 nm (Hitachi Model U-2000) by measuring the
formation or disappearance of NADH. The formation of NADH follows the oxidation
of ethanol to acetaldehyde (forward reaction), while the disappearance of NADH is

the reduction of acetaldehyde to ethanol (reverse reaction).

Reaction mixture for forward reaction

100 mM Glycine-NaOH (pH 8.5) 888 ul
1 M Ethanol 100 pl
50 mM NAD* 2 ul
Soluble fraction 10 pl
Total 1000 pl

Reaction mixture for reverse reaction

100 mM MES buffer (pH 6.0) 888 ul
1 M Ethanol 100 pl
50 mM NADH 2 ul
Soluble fraction 10 pl

Total 1000 pl
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The reaction was started by the addition of enzyme solution. The enzyme
activity was calculated with a millimolar extinction coefficient of 6.22 at 340 nm and

expressed as 1 pmol of NADH oxidized or reduced per min.

Specific activity (U/mg) = Absz40 X 1000 x dilution

250 x 6.22 x time (min) x vol (ul) x protein (mg/ml)

3. Isolation of chromosomal DNA of acetic acid bacteria

Chromosomal DNA from acetic acid bacteria was isolated by the method
described by Okumura et al. (1985). The bacterial cells were harvested and suspended
in 10 ml of sterile saline-EDTA buffer, pH 7.9 (Appendix B). Then 10 mg of
lysozyme was added, the cell suspension was incubated at 37°C for 30 min with
gentle shaking. After the incubation, 1/10 volume of 10% sodium dodecylsulfate
(SDS) was added to the suspension. It was incubated at 50°C for 10 min without
shaking followed by adding 1/10 volume of 10% CTAB/NaCl solution and statically
incubated at 65°C for 10 min. After the mixture was cooled down, it was mixed with
an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) and vigorously
shaken. After shaking, the mixture was centrifuged at 12,000 rpm for 20 min at room
temperature. The upper layer was collected and 1/10 volume of 3 M sodium acetate
(pH 5.2) was added. The 2.5-fold of cold absolute ethanol was then added to the upper
layer and DNA was wound with a sterile Pasteur pipette. The DNA was washed with
70% ethanol and dried up. Finally, the extracted DNA was resuspended with TE
buffer containing 20 mg/ml RNase A. The concentration of chromosomal DNA was

determined by measuring absorbance at 260 nm.

4. Analysis of plasmid profile of acetic acid bacteria

Plasmid DNA was isolated from wild type and the acetic acid adapted strains
by the modified alkaline lysis method (Sambrook et al., 1989). The cells grown in
potato broth at the late-log phase were harvested by centrifugation at 12,000 rpm for 5
min at 4°C, and washed twice with 0.5 M Tris-HCI buffer (pH 7.0). The pellet was
resuspended in 60 pl of solution | followed by adding 40 pl of 10 mg/ml lysozyme.
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The cell suspension was incubated at 37°C for 30 min with gentle shaking. After the
incubation, 200 ul of freshly prepared solution 11 was added to the suspension and
gently mixed by inverting the tube until the solution was clear and viscous. Then, it
was stored on ice for 5 min. The 150 ul of cold solution 111 was added, mixed and
stored on ice for 5 min. The mixture was centrifuged at 12,000 rpm for 5 min. The
supernatant was collected by transferring to a new tube and mixed with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1) followed by vigorous
shaking. The mixture was centrifuged at 12,000 rpm for 20 min at room temperature.
If the sample contained the cellulose, 1/10 volume of 10% CTAB was added to the
suspension. Then, it was incubated at 65°C for 10 min. It was extracted again by
adding with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) and
vigorous shaking. The upper layer was collected to a new eppendorf and 2.5-fold of
cold absolute ethanol was added to the upper layer. The suspension was incubated at
-80°C for 30 min was then centrifuged at 4°C, 12,000 rpm for 30 min. The plasmid
DNA was washed twice with 70% ethanol, dried and resuspended with TE buffer
containing 20 pug/ml RNase A.

5. Alkaline lysis method for isolation of plasmid DNA from E. coli

Alkaline lysis method was described by Sambrook et al. (1989) with slight
modification. E. coli harboring plasmid was grown in LB broth containing appropriate
antibiotic at 37°C for 18-24 h. The cells were harvested by centrifugation at 12,000
rpm for 1 min. The cell pellet was resuspended in 100 pl solution | (Appendix B).
Then, 200 pl of a freshly prepared solution Il (Appendix B) was added into the cell
suspension and gently mixed by inverting the tube until the solution is clear and
viscous. The 150 pl of ice-cold solution I11 (Appendix B) was added into this tube
followed by vortex and stored the tube on ice for 5 min. The supernatant was
transferred into a new tube after centrifuged at 12,000 rpm for 5 min. Phenol
extraction was carried out by adding an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1) to the sample. The upper layer of the mixture was transferred to a
fresh tube after centrifuged at 12,000 rpm for 15-20 min. The plasmid DNA was
precipitated with 2 volume of ice-cold absolute ethanol, further stored at -20°C
overnight or -80°C for 30 min and centrifuged at 12,000 rpm for 30 min at 4°C. The
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supernatant was discarded and kept the pellet of nucleic acid to dry in the air before
redissolved in TE buffer containing 20 pg/ml RNase A. The solution was mixed,
incubated at 37°C overnight and stored at -20°C. Plasmid DNA was analyzed by
running in 0.8% agarose gel electrophoresis.

6. Isolation of plasmid DNA by GeneJET™ Plasmid Miniprep Kit

The bacterial cell pellet was resuspended in 250 pl of the Resuspension
Solution. The cell suspension was transferred to a microcentrifuge tube and
resuspended completely by vortexing or pipetting up and down until no cell clump
remains. The 250 ul of the Lysis Solution was added and mix thoroughly by inverting
the tube 4-6 times until the solution becomes viscous and slightly clear. The 350 pl of
the Neutralization Solution was then added, mixed immediately and thoroughly by
inverting the tube 4-6 times. The suspension was centrifuged for 5 min to remove cell
debris and chromosomal DNA. The supernatant was transfer to the supplied
GeneJET™ spin column by decanting or pipetting, avoid disturbing or transferring the
white precipitate and centrifuge for 1 min. The flow-through was discarded and the
column was placed back into the same collection tube. The 500 pl of the Wash
Solution was added to the GeneJET™ spin column and centrifuged at the maximum
speed for 30-60 sec. The flow-through was discarded and the column was placed back
into the same collection tube. The wash procedure was repeated using 500 pl of the
Wash Solution. The GeneJET™ spin column was transferred into a fresh 1.5 ml
microcentrifuge tube and 30 pl of the Elution Buffer was added to the center of
GeneJET™ spin column membrane to elute the plasmid DNA and incubated for 2 min
at room temperature. The purified plasmid DNA was eluted by centrifugation for 2

min at maximum speed.

7. Purification of DNA fragment by GeneJET™ GelExtraction Kit

A gel slice containing DNA fragment was excised with a clean and sharp
scalpel or razor blade. The weighted gel slice was placed in a colorless tube and added
1 volume of Binding Buffer to the gel (e.g., add 100 ul of Binding Buffer for every

100 mg of agarose gel). The gel mixture was incubated at 50-60°C for 10 min or until
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the gel slice is completely dissolved. The gel mixture was mixed by inversion the tube
every few min to facilitate the melting process. After the gel slice has dissolved
completely, the color of the mixture was checked that it is yellow. If the DNA
fragment is <500 bp, add a 1:2 volume of 100% isopropanol to the solubilized gel
solution (e.g. 100 ul of isopropanol should be added to 100 mg gel slice solubilized in
100 pl of Binding Buffer). If the DNA fragment is >10 kb, add a 1:2 volume of water
to the solubilized gel solution (e.g. 100 ul of water should be added to 100 mg gel
slice solubilized in 100 pl of Binding Buffer). The solubilized gel solution was
transferred up to 800pl to the GeneJET™ purification column and centrifuged for 1
min. The flow-through was discarded and placed back into the same collection tube.
The 700 pl of the Wash Buffer was then added to the GeneJET™ purification column
and centrifuged for 1 min. The flow-through was discarded and placed back into the
same collection tube. The empty GeneJET™ purification column was centrifuged for
an additional 1 min to completely remove residual wash buffer. The column was
transferred into a clean 1.5 ml microcentrifuge tube. The 30 pul of the Elution Buffer
was then added to the center of the purification column membrane. The purified

plasmid DNA was eluted by centrifugation for 1 min at maximum speed.

8. Preparation of competent cell from acetic acid bacteria

Acetic acid bacteria were cultured in YPG medium for 18-24 h or an optical
density at 540 nm reached to 0.8-1.0. All operations were done aseptically at 4°C. The
culture medium was transferred to a centrifuge tube and incubated on ice for 15 min.
The bacterial cells were harvested by centrifugation at 6,000 rpm for 5 min. The
precipitate was washed with cold 0.1 M MgCI, and centrifuged at 6,000 rpm for 5
min. The cell pellet was washed with cold distilled water and further washed twice
with cold 10% glycerol by centrifugation at the same condition. The cell paste was
suspended in 1 ml of cold 10% glycerol. The suspension was dispensed into 65 pl

aliquots, shocked frozen in liquid nitrogen and stored at -80°C until used.
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9. Preparation of E. coli competent cell for heat-shock transformation

Competent cells were prepared by the procedure described by Sambrook et al.
(1989) with slightly modification. A fresh overnight culture of E. coli was inoculated
into 40 ml of LB broth at 37°C with vigorous shaking (200 rpm) until an Absggo of
approximately 0.4-0.6 (the best results are obtained with cells that are harvested at
early to mid-log phase). Throughout the preparation, the cells were kept as close to
0°C as possible (on ice). The culture was transferred to a prechilled sterile tube and
centrifuged at 5,000 rpm, 4°C for 5 min. Remove a much of the supernatant as
possible. The pellets were gently resuspended in 20 ml of 50 mM CacCl; and placed on
ice for 45 min. The suspension was centrifuged as previously described. The pellets
were resuspended again in 2 ml of 50 mM CacCl, containing 20% glycerol, and stored
on ice for 30 min. Finally, the competent cell was dispensed into 100 pl aliquots and
ready for transformation. The competent cells were frozen in Liquid-Nitrogen and
stored at -80°C.

10. Heat-shock transformation

The procedure for heat-shock transformation was described by Sambrook et al.
(1989) with slightly modification. A 2 pl of the ligation mixture was added into 100 pl
of E. coli competent cells and stored on ice for 10-30 min. The cell suspension was
heat-shocked at 42°C for 2 min and immediately put on ice for 2 min. The cell
suspension was transferred into a test tube containing 1 ml of LB medium and
incubated at 37°C for 30 min with no shaking and further gentle shaking for 30 min.
After adaptation, the solution was spreaded on LB agar containing an appropriate

antibiotic and incubated overnight at 37°C.

11. Conjugal transfer

Transformation of plasmid DNA by conjugation was performed according to
the procedure described by Murooka et al. (1981) with slightly modification. Acetic
acid bacterium was used as a recipient strain and E. coli S17-1 harboring a

recombinant plasmid was used as a donor strain. The acetic acid bacterium was
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cultured in 5 ml potato medium at 30°C for overnight and E. coli S17-1 was cultured
in 5 ml of LB broth at 37°C for overnight. Exponentially growing donor strain was
mixed with an equal volume of recipient cultured in the late exponential phase in an
eppendorf tube. The cell mixture was centrifuged at 12,000 rpm for 5 min. The cell
pellet was resuspended in 100 ul of potato medium and 50 pl of mixed cell suspension
was dropped onto a potato agar. The mixed culture was incubated at 30°C for
overnight. One loopful of mixed culture was resuspended in 500 pl potato medium.
The cell suspension was diluted, spreaded on potato agar containing an appropriate

antibiotic and incubated at 30°C until a colony forming occurred.

12. Determination of acetic acid in the solution by alkaline-titration method

Acidity or acetic acid concentration in the culture medium was determined by
modified method of Saeki et al. (1997a). One ml of culture media was titrated with 25
pl of 0.8 N NaOH using 10 pl of phenolphthalein as a pH indicator and expressed as
acetate concentration. Acetic acid was calculated as described bellow.

Acetic acid concentration (% w/v) = 0.12 x (X - 1)

When; X = number of drop of 0.8 N NaOH

13. Determination of B-galactosidase activity

The B-galactosidase activity assay was measured according to the standard
method described by Miller (1972) with slightly modification. The cell pellet was
resuspended in Z buffer (without B-mercaptoethanol) and measured the optical density
at 600 nm. The 100 pl of cell suspension was transferred into a test tube. The 600 pl
of Z buffer containing 0.05 M B-mercaptoethanol was added to the cell suspension.
Ten drops of 0.1% SDS and three drops of chloroform were added, mixed by vortex
vigorously for 10-15 seconds and equilibrated at 28°C for 2 min. Th reaction was
started by adding 200 pl substrate (4 mg/ml ONPG), mixed well by vortexing. The
adding time was precisely noted. The cell was incubated at28°C until a sufficient

yellow color has developed. The reaction was stopped by adding 500 pl of 1 M
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Na,CO3 and mixed well. The stop time was precisely recorded. The reaction mixture
was transferred to an eppendorf tube and centrifuged at maximum speed for 5 min to
remove cell debris and chloroform. The supernatant then was measured the optical

density at 420 and 550 nm. The following equation is used to calculate the units of -

galactosidase activity.

B-galactosidase activity (Miller unit) = [Absazo - (1.75 X Abssso)] x 1000
TxVXx AbSeoo

When; T = time of the reaction (min)

V = volume of culture used in the assay (ml)
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