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Abstract

Arginine is equipped with advantageous pharmacological properties. alcohol dehydrogenase We
performed this experiment to assess the effects of arginine on the activities, zymogram activity
staining and protein expression of both alcohol dehydrogenase (ADH) and acetaldehyde

dehydrogenase (ALDH) using the cell-free extracts of Saccharomyces cerevisiae (S. cerevisiae)
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cultured in medium containing arginine at varying concentrations. The cell growth of S. cerevisiae
was the same as untreated control cells after supplementation of arginine at concentrations of 0.1 or
lower, but the cell growth inhibition of S. cerevisiae was observed with 0.3% supplementation of
arginine. In the current experiment, the degree of ADH reached the highest at concentrations of 0.01-
0.05%. Moreover, the degree of ALDH reached the highest at concentrations of 0.005-0.05%.
Furthermore, the staining intensity of ADH reached the highest at concentrations of 0.01-0.05%. The
protein expression of ADH isolated from S. cerevisiae was also induced by the supplementation with
arginine at concentrations of 0.01-0.05%. In conclusion, our results showed that arginine had a
beneficial effect in promoting the enzyme activities, zymogram staining intensity and protein
expression of ADH and ALDH in S. cerevisiae. It can therefore be inferred that arginine might be

effective in preventing the symptoms of alcohol-induced hangover.

Keywords: alcohol; acetaldehyde dehydrogenase; alcohol dehydrogenase; arginine;

Saccharomyces cerevisiae; zymogram.

1. Introduction

Once ingested, alcohol is absorbed from the gastrointestinal tract, enters the circulatory system
and is distributed throughout the body (Godde & Agarwal 1989). Alcohol and acetaldehyde (ALD)
are converted into ALD and acetate with the mediation of two enzymes, alcohol dehydrogenase
(ADH) and aldehyde dehydrogenase (ALDH), respectively (Lieber 1985, Gill et al. 1996). Despite
fast and efficient metabolism of ALD, once accumulated, it causes hangover leading to physical and
psychologic symptoms, such as tachycardia, sweating, redness, nausea, vomiting, fatigue, headache,

eye congestion, myalgia and thirst (Prat et al. 2009, Venkataranganna et al. 2008, Swift & Davidson
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1998, Wiese et al. 2004). ALDH deficiency occurs as a result of genetic mutation; it is prevalently
seen in East Asians, including Koreans (Ducci & Goldman 2008).

Alcohol and ALD are rapidly eliminated with the ingestion of them before alcohol consumption
(Prabhakar & Venkataramanappa 2001, Prabhakar & Kolhapure 2004, [imuro et al. 1996, Kang et
al. 2002). ALD is used as an energy source in the extrahepatic tissue, but it may also cause damages
to the liver, thus termed as alcohol-induced liver damage (AILD) (e.g., fatty liver) (Keshavarzian et
al. 1994).

Herbal medicine, amino acids and bioactive compounds are effective in preventing alcohol-
induced hangover. Moreover, dietary amino acids with a high degree of ADH or ALDH activity,
such as glycine, alanine and asparagine, could prevent AILD (Iimuro et al. 1996, Lee et al. 1999).
This is based on their effects in eliminating alcohol or ALD from the body. Moreover, oral arginine
supplementation was reported to be effective in improving the acute liver injury (Adawi et al. 1996,
Lee et al. 1999).

ALDHs are a group of enzymes that oxidize toxic ALD into harmless acetate (Wu et al. 2023). Of
these, ALDH1 and ALDH?2 were identified from the cytosol and mitochondria of Saccharomyces
cerevisiae (S. cerevisiae), both of which are mainly involved in ethanol metabolism (Wang et al.
1998). Arginine was found to play a physiological role in the oxidation of ALD metabolism via
ALDH. ALDHs contain arginine and glutamate at position 475 and 487, respectively. These two
amino acids play a key role in the biological actions of ALDHs (Perozich et al. 1999, Wei et al.
2000). Glutamate at position 487 formed two salt bonds, including one to arginine at position 264 in
the same subunit and the other to arginine at position 475 in the different subunit (Steinmetz et al.
1997). Mutation of arginine at position 475 to glutamine (R475Q) in ALDH2 produces an enzyme
that exhibited positive cooperativity in the binding of both nicotinamide adenine dinucleotide (NAD)
and nicotinamide adenine dinucleotide phosphate (NADP) (Wei & Weiner 2001). A previous in

vitro study showed that arginine had an effect in promoting the activity of commercially-available
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ADH and ALDH isolated from S. cerevisiae and rat liver homogenate, suggesting potent alcohol-
metabolizing activities of arginine (Cha et al. 2009b).

Given the above background, we performed this experiment to assess the effects of arginine on the
activities, zymogram activity staining and protein expression of both ADH and ALDH using the cell-

free extracts of S. cerevisiae cultured in medium containing arginine at varying concentrations.

2. Materials and Methods

2.1. Experimental materials and conditions

In the current study, S. cerevisiae (KCCM 11350) was used and then aerobically cultured in a 0.5-
L flask containing a 0.2 L of the YPD medium (yeast extract 10 g/L, peptone 20 g/L. and dextrose 20
g/L). Each constituent was supplemented with arginine at varying concentrations of 0, 0.001, 0.01,
0.05, 0.1 and 0.3% (w/v) at 30°C. The mixture was agitated at 200 rpm for 16 hr. The grown cells
were centrifuged at 7,000 x g for 15 min. Then, the supernatant was harvested and the cells were
washed 3 times with distilled water. Their growth was measured based on the dry cell weight

(DCW); it was determined by drying the wet cells at 70°C to constant weight.

2.2. Preparation of crude extract of S. cerevisiae

The cells were suspended in 50 mM sodium phosphate buffer (pH 8.0) (1 g wet weight of cells per
2.5 mL of buffer) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 2 mM
dithiothreitol. Then, the cell suspension was disintegrated by sonication with 3 30-s cycles at
medium intensity (40% duty cycle) with a Ulrasonic Processor VCX-750 (Sonics & Materials, Inc.,
Newtown, CT). The sonicated cells were centrifuged at 4°C for 10 min at 10,000 x g. Protein

concentration of the supernatant was determined with the Bio-Rad protein assay according to the
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manufacturer’s instructions, as previously described (Bradford 1976). Concentrations of Zn*" and

K" were determined using dried yeast cells.

2.3. Mineral assay

To determine concentrations of Zn** and K" in S. cerevisiae, dried cells were heated in a porcelain
crucibles at 500°C for 12 hr until they were completely ash-coated. Then, the ashed samples were
diluted with deionized water and filtered using a filter paper (Toyo 2A; Toyo Roshi, Tokyo, Japan)
and a 0.45-pm Milex-HA membrane filter (Nihon Millipore Japan, Tokyo, Japan). Thus,
concentrations of Zn** and K* were measured using an AA6700F flame atomic absorption

spectrophotometer (Shimadzu, Kyoto, Japan) and were expressed as mg/kg.

2.4. Assay of ADH and ALDH activity

The ADH activity was assayed, as previously described (Jelski et al. 2014). The reaction mixture
contained a distilled water 1.55 mL, 1 M Tris-HCI buffer (pH 8.0) 0.75 mL, ethanol 0.3 mL, 20 mM
NAD" (Sigma Chemical Co., St. Louis, MO, USA) 0.3 mL and cell extract solution (100-200 pg of
protein) 0.1 mL in a total volume of 3 mL. The reaction was initiated with the addition of ethanol,
and reduction of NAD" was monitored by measuring the increase in the optical density at 340 nm.
The ADH activity was expressed as % for control value by the specific activity as micromoles of
NADH produced per minute per mg of protein at 25°C. The ALDH activity was measured, as
previously described (Koivula et al. 1975). The ALDH activity was assayed fluorometerically by
340 nm in the reaction mixture containing a distilled water 2.1 mL, 1 M Tris-HCI buffer (pH 8.0) 0.3
mL, 0.1 M ALD 0.1 mL, 20 mM NAD" 0.1 mL, 3 M KCI 0.1 mL, 0.33 M 2-mercaptoethanol 0.1 mL
and cell extract solution (100-200 pg of protein) 0.1 mL in a total volume of 3 mL. The ALDH
activity was monitored based on the formation of NADH in the reaction system at a 340-nm

absorbance for 5 min after the initiation of the enzyme reaction at 25°C. The ALDH activity was
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expressed as % for control value by the specific activity as micromoles of NADH produced per

minute per mg of protein.

2.5. Zymogram analysis of ADH and ALDH

The activity of ADH and ALDH was visualized, as previously described (Dewey & Conklin
1960). For immunohistochemical staining of the sample, gel electrophoresis of the cell-free extract
protein of S. cerevisiae was performed on non-denaturing polyacrylamide gel electrophoresis
(PAGE) with 7.5% polyacrylamide gel with an applied current of 20 mA/gel at 4°C overnight.
Following electrophoresis, the activity of ADH and ALDH was visualized by staining the gel for
enzyme activity with a zymogram staining solution containing of 50 mM 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethane sulfonic acid (HEPES) (pH 7.2), 1.5 mM NAD", 10 mM alcohol or ALD, 0.06
mM phenazine methosulfate (PMS) and 0.25 mM nitroblue tetrazolium at room temperature for 15

min. The active band in the staining appeared as a dark band.

2.6. Western blot analysis

For western blot analysis, the proteins in the cell-free extracts containing ADH and ALDH of S.
cerevisiae were separated using 10% SDS-PAGE (20 and 100 pg for ADH and ALDH protein per
lane, respectively) as described previously (Vasiliou et al. 2000). The separated proteins were
transferred electrophoretically to a nitrocellulose membrane at 4°C for 16 hr at a constant current of
300/240 mA/cm?, and non-specific binding after transfer was blocked with blocking Tris-buffered
saline with Tween-20 (TBST) buffer (10% fat-free milk, 10 mM Tris pH 7.5, 100 mM NaCl, 0.1%
Tween 20) at room temperature for 1 hr. The membrane was washed with TBST (3 X 5 min).
Incubation with both primary and secondary antibodies was performed in TBST buffer for 1 hr at
room temperature. Following this, the membrane was washed with TBST (3 X 5 min). Western blot
was probed with a rabbit ADH or ALDH1A1-conjugated horseradish peroxidase (HRP) antibody

(diluted 1:5,000; Abcam, Cambridge, UK) overnight at 4°C and was incubated with a goat anti-
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mouse IgG-HRP (diluted 1:2,000; Bioworld, St. Louis, MO, USA). The equivalent loading amount
of protein sample was loaded and then reacted with the anti-mouse monoclonal 3-actin-conjugated
HRP antibody (diluted 1:250, I-19; Santa Cruz Biotechnology, CA, USA), which was used as a
control for protein loading. The protein in the nitrocellulose membranes was detected using
SuperSignal West Pico Chemiluminescent Substrate and then densitometrically quantified. Thus, the
relative density of the ADH or ALDH protein band in each reaction was quantified with a
densitometer (Lumi-Imager F1, Roche, Switzerland). Equivalent loading of the protein sample was
confirmed by re-probing membranes with mouse monoclonal anti-f-actin IgG (1:10,000; Sigma
Chemical Co., St. Louis, MO, USA) followed by peroxidase-conjugated rabbit anti-mouse IgG

(1:5000; Sigma Chemical Co.).

2.7. Statistical analysis
Experimental data was presented as mean+standard error of the mean and then analyzed using
one-way analysis of variance (ANOVA), for which Duncan’s new multiple-range test was performed

(Duncan 1957). A p-value <0.05 was considered statistically significant.

3. Results and Discussion

3.1. S. cerevisiae cell growth

To investigate possible toxic effects of arginine, the viability of S. cerevisiae was tested at various
concentrations of arginine by 0.005-0.1% for 18 h. The cell growth of S. cerevisiae was the same as
untreated control cells after supplementation of arginine at concentrations of 0.1 or lower, but the
cell growth inhibition of S. cerevisiae was observed with 0.3% supplementation of arginine (Figure

1).
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Figure 1. Cell growth of Saccharomyces cerevisiae.
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It was also reported that arginine serves as both energy source and mediator of cell growth and
differentiation for certain lactic acid bacteria (Stuart et al. 1999, Mira de Orduna et al. 2001).
Moreover, a previous published literature showed that the supplementation of amino acids, such as
glycine, glutamic acid, cysteine, cystine and methionine, slightly suppressed the cell growth of S.
cerevisiae at 0.05% (w/v) concentration in the medium (Cha et al. 2009a). Wen et al. reported that
cysteine inhibited the cell growth of S. cerevisiae T65 strain (Wen et al. 2000). These results indicate

that there was no cytotoxic effect on the cell growth of S. cerevisiae at a concentration up to 0.1%.

3.2. Alcohol metabolizing enzymes

Alcohol consumption is readily absorbed from the gastrointestinal tract, circulated rapidly and
distributed uniformly throughout the body (Hong 2016). Once absorbed, 80-90% of alcohol is
rapidly oxidized to ALD by ADH and acetate by ALDH in the liver (Gill et al. 1996). Theoretically,
the intrahepatic accumulation of ALD after chronic alcohol consumption is determined by its
formation and removal rates as catalyzed by ADH and ALDH, respectively (Lee et al. 2001). ADH
and ALDH are considered essential for alcohol metabolism; it has been hypothesized that ADH and
ALDH can be induced by some bioactive components, such as amino acids. S. cerevisiae is mainly

used to produce alcohol beverage because it has a potent ability to produce ADH. According to a
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previous in vitro study, there was an increase in the activity of commercially-available ADH from S.
cerevisiae in parallel with an increase in the concentration of arginine (Cha et al. 2009b). Therefore,
the current study examined the effect of arginine in promoting the ADH activity in S. cerevisiae
because S. cerevisiae might be an appropriate model of ethanol metabolism. In the current

experiment, the degree of ADH reached the highest at concentrations of 0.01-0.05% (Figure 2).

Figure 2. Effects of arginine on the alcohol dehydrogenase activity.
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Moreover, the current study also examined the effect of arginine in promoting the ALDH activity
in S. cerevisiae. In the current experiment, the degree of ALDH reached the highest at concentrations

of 0.005-0.05% (Figure 3).

Figure 3. Effects of arginine on the acetaldehyde dehydrogenase activity.
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Furthermore, the staining intensity of ADH reached the highest at concentrations of 0.01-0.05%

(Figure 4).

Figure 4. Effects of arginine on the activity of alcohol dehydrogenase and acetaldehyde
dehydrogenase on zymogram analysis.
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S. cerevisiae RA-74-2 and S. cerevisiae D showed a similar pattern of the ADH activity (Yea et
al. 1997). A crude extract of yeast Pichia stipitis showed a single activity band of ADH on
zymogram analysis (Cho & Jeffries 1999).

The protein expression of ADH isolated from S. cerevisiae was also induced by the
supplementation with arginine at concentrations of 0.01-0.05% (Figure 5). These results suggest a

good correlation of the activity or staining intensity of ADH with its protein expression.
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Figure 5. Effects of arginine on the protein expression of alcohol dehydrogenase and
acetaldehyde dehydrogenase.
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Zn** performs many important physiological and biological functions in humans, animals and
microorganisms (Hambidge 2000, Cha et al. 2008a, Cha et al. 2008b). It acts as a functional,
structural and regulatory cofactor for many enzymes (Brown et al. 1993). The yeast ADH enzyme
containing Zn*" is activated directly in the presence of catalytic zinc (Magonet et al. 1992). A
previous study showed that the supplementation of yeast FF-10 strain rich in zinc was effective in
promoting the ADH activity in the liver of the rats (Cha et al. 2009c¢). This explains why the current
study measured the concentration of Zn*". The concentration of Zn** was the highest at a
concentration of 0.005%; it was increased in proportional to the concentration of arginine from
0.01%. This suggests that there is a positive correlation between the ADH activity and the
concentration of zinc from 0.01%.

ALDHs are multi-subunit enzymes that catalyze the oxidation of ALD to acetate efficiently and
quickly during ethanol metabolism in most individuals. Approximately 50% of the Asian population
has been shown to lack active mitochondrial ALDH?2 isoenzyme and exhibit an aversive response to
alcohol consumption (Teng 1981). S. cerevisiae has at least three major classes of ALDH
isoenzymes, which are traditionally identified as ALDH]1, 2 and 5 (Dickinson 1996, Jacobson &
Bernofsky 1974). The cytosolic ALDH1 and the mitochondrial ALDH2 were indeed important for
the metabolism of alcohol (Jacobson & Bernofsky 1974, Kurita & Ito 1994). S. cerevisiae cytosolic

ALDHI1 appears to play a more major role in ALD oxidation than did the mitochondrial ALDH2
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(Wang et al. 1998, Jacobson & Bernofsky 1974). S. cerevisiae cytosolic ALDH was found to be
essentially NADP dependent and the activity of it was also stimulated by divalent cations, such as
Mg?*, Ca’* and Mn*" ions but was unaffected by K" ions (Dickinson 1996, Jacobson & Bernofsky
1974, Wang et al. 1998). While S. cerevisiae mitochondrial ALDHs were not very important role in
ALD oxidation and activated by K" ions and used both NAD and NADP as the cofactor (Dickinson
1996). Mammalian mitochondrial ALDH?2 rather than cytosolic ALDH1 is the major enzyme
involved in alcohol metabolism (Svanas & Weiner 1985). Wang et al. reported that the activity of
ALDH1 was stimulated 2.8-, 3.8-, and 2.1-folds with 20 mM MgCl,, 30 mM CaCl, and 2 mM
MnCl,, respectively (Wang et al. 1998). The activity and zymogram staining intensity of ALDH
from cell-free extract of S. cerevisiae were stimulated by 0.005-0.05% arginine supplementation in
the medium as compared with control (Figure 3). However, this activity was not increased by 0.1%
arginine treatment. The concentrations of Ca®>* and Mg** in S. cerevisiae were increased in the
medium supplemented with 0.005-0.05% arginine as compared with control, but reached the highest

at a concentration of 0.1% (Table 1).

Table 1. Effects of arginine on the concentration of minerals in Saccharomyces cerevisiae.

Mineral (ppm)Arg‘“‘“e (%) 0 | 0.05| 001 | 005 | 0.1
Zn?* 024 | 0.16 | 022 | 029 | 0.32

K* 546 | 637 | 859 | 565 | 303

Ca?* 276 | 3.86 | 476 | 5.09 | 5.63
Mg?* 10.45 | 10.75 | 10.20 | 9.45 | 10.65

Western blot analysis showed that ALDH protein levels were highly expressed at all arginine
treatment and the highest level of induction was observed at 0.005% arginine supplementation
(Figure 5). However, this parameter was not found to be parallel with increased arginine
concentration in the medium. Wang et al. reported that commercially-available ALDH purified from
yeast S. cerevisiae showed a single active band in the zymogram analysis (Wang et al. 1998). The

current study showed that Ca** and Mg?* levels had a high degree of correlation with activities,
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zymogram staining intensity and protein expression of ALDH in S. cerevisiae. Therefore, the
activity, zymogram staining intensity and protein expression of ALDH in cell-free extract of S.
cerevisiae were markedly stimulated by arginine.

Arginine is equipped with numerous unique and advantageous biochemical and pharmacologic
properties. It has been previously shown that arginine supplementation reduces the extent of the liver
injury in an experimental model of acute liver injury (Adawi et al. 1996.). A previous study also
showed that arginine stimulated the activities of commercially-availabe ALDH isolated from S.
cerevisiae and rat liver homogenate in vitro (Cha JY 2009b). ALDH always has a glutamate or
glutamine at position 487 and always has an arginine at position 475 (Perozich et al. 1999).
Glutamate is replaced with lysine and interacts with arginine; the interaction between arginine and
glutamate is very important for all ALDH isoenzymes (Perozich et al. 1999, Wei et al. 2000).
Mutation of arginine at position 475 to glutamine at position 487 produced an enzyme that exhibited
a positive cooperation in the binding of both NAD and NADP (Wei & Weiner 2001). Glutamate at
position 487 formed two salt bonds, one to arginine at position 264 in the same subunit and the other
to arginine 475 in the different subunit (Steinmetz et al. 1997). Therefore, arginine will play a role in

ALD oxidation by ALDH enzyme in S. cerevisiae.

4. Conclusions

In conclusion, our results showed that arginine had a beneficial effect in promoting the enzyme

activities, zymogram staining intensity and protein expression of ADH and ALDH in S. cerevisiae. It

can therefore be inferred that arginine might be effective in preventing the symptoms of alcohol-

induced hangover.
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