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Alcohol Formation from Aldehydes by Endogeneous
Alcohol Dehydrogenase in Soybean Extracts
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n-Hexanal (a major component of beany flavor) can be reduced to n-hexanol by endogenous
alcohol dehydrogenase in a soybean extract. The substrate specificity for other aldehydes and
the participation of coenzymes (NADH and NAD?) in this reaction were investigated. A soybean
extract was incubated with various aliphatic aldehydes (carbon number 3-9) at 37°C, and the
amount of alcohols formed was determined. The enzyme had a wide substrate specificity, the
enzyme activity decreasing as the carbon number of the aldehydes increased (carbon number
3>4>5>6>7>9>8). The enzyme activity was markedly promoted by the addition of NAD*
as well as NADH. When a soybean extract was incubated with NAD*, NADH was formed,

but no NADH was formed in the soybean extract after heating at 100°C for 5 min. These results
suggest that NAD* was converted to NADH by the action of an enzyme(s) in the soybean extract.
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INTRODUCTION

Soybeans have long been established in Japan as
a major source of nutrition and are processed into
foods such as tofu, natto and miso. Soy proteins are
high in nutritional quality? and functionality.?
In addition, soy proteins are effective for minimiz-
ing the plasma cholesterol level,®-% and soybean
foods have recently become of greater interest
throughout the world. However, the character-
istic grassy, beany and green flavors of soybean
formed during processing and cooking have hin-
dered its wide utilization. The major contributors
to these flavors are the volatile carbonyl compounds
which are enzymatically derived from the hydro-
peroxides of unsaturated fatty acids.® Soybean
contains three lipoxygenase isozymes (L-1, L-2 and
L-3) which exhibit different kinetic behavior.”®
We have previously demonstrated the mechanism
for the formation of n-hexanal, one of the major
compounds of soybean flavor, as follows: In a
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soybean homogenate, in which the L-2 isozyme
reacts predominately with linoleic acid to produce
13-r-hydroperoxy-cis-9,trans-11-octadecadienoic acid
(13-hydroperoxide of linoleic acid), which is
cleaved by hydroperoxide lyase to produce n-
hexanal under normal pH conditions (pH 6-7).91®

Various methods have been reported to remove
the soybean flavors: limited proteolysis,!® extrac-
tion with organic solvents,'? oxidation by aldehyde
dehydrogenase'®1¢ and oxidation by Acetobacter
aceti.'® Hamilton has reported that the threshold
value for n-hexanal was about one tenth that of
n-hexanol.'® Therefore, the conversion of n-hex-
anal to n-hexanol may be useful for reducing the
intensity of the soybean flavors. Alcohol dehydro-
genase has been used to remove aldehydes from
milk,'” orange juice!® and fish protein hydro-
lysate.!® A method for removing the aldehydes
in soymilk by the alcohol dehydrogenase of A4sper-
gillus oryzae has also been reported by Yamaguchi
et al2® In the previous paper, we reported that
n-hexanal was reduced to n-hexanol by endogenous
alcohol dehydrogenase in a soybean extract under
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alkaline conditions.?? The application of this
endogenous enzyme would be more convenient
for removing aldehydes than other methods, al-
though its action has not yet been completely
clarified. Furthermore, the substrate specificity
against other aldehydes has not been fully eluci-
dated. This study aims elucidate the substrate
specificity and the participation of coenzymes
NADH and NAD% in this enzyme reaction.

MATERIALS AND METHODS

1) Materials

Soybean (Glycine max, var. Tsuru-no-ko) was
obtained from Mizuno Seedling Co. (Kyoto).
Various aldehydes and alcohols were purchased
from Nacalai Tesque Inc. (Kyoto) and Wako Pure
Chemical Industries Ltd. (Osaka). NADH and
NAD+ were purchased from Kojin Co. Ltd. (To-
kyo), and linoleic acid (>999% purity) was pur-
chased from Wako. All other chemicals were
purchased from Nacalai and Wako.

2) Preparation of the linoleic acid solution

A linoleic acid solution (0.4%,, pH 6.7) contain-
ing 0.49, Tween 20 was prepared according to the
procedure of Grossman and Zakut.??

3) Preparation of the soybean extracts

Soybean seeds (5 g) were soaked overnight in
water at 4°C. After removing the seed coat, the
soaked seed was homogenized in 80 ml of 0.05 M
phosphate buffer at pH 8.0 with a glass homo-
genizer (Potter-Elvehjem type) in an ice bath.
The resulting homogenate was centrifuged at 8,000
rpm and 4°C for 20 min. The supernatant was
used for the experiments shown in Figs. 1 and
2 (the whole seed extract).

Soybean flour (20 g) defatted with n-hexane was
suspended in 300 ml of 0.05 M phosphate buffer at
pH 6.7 or 8.0 and 4°C for 1 hr with stirring. The
resulting suspension was then centrifuged at 8,000
rpm and 4°C for 20 min, the supernatant being
used for the experiments shown in Fig. 3, and
Tables 1 and 2 (the defatted flour extract).

4) Determination of alcohols

The soybean extracts were incubated with alde-
hydes under the conditions described in the figure
legends. After incubating, the resulting alcohols
were extracted by shaking with an ethyl ether and
saturated NaCl solution at room temperature for
5 min. After centrifuging at 2,500 rpm and 5°C
for 10 min, the organic layer was flash-evaporated
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to 1 ml with nitrogen gas. The resulting con-
centrate was used for a gas-liquid chromatographic
(GLC) analysis, which was carried out on a Shi-
madzu GC-9A gas chromatograph equipped with
a flame ionization detector and a glass column (3
mm X 2 m) packed with 10%, PEG 20M on Chro-
mosorb W AW DMCS (80-100 mesh). The flow
rate of nitrogen was 50 ml/min, the column oven
temperature being programmed at 80°C for first 4
min, from 80 to 180°C at 15°C/min, and then 180°C
for 10 min. The alcohols used as the internal
standards were as follows: n-butanol (C,) for
determining n-propanol (C,), n-pentanol (Cs) for
n-butanol, n-hexanol (C,) for n-pentanol, n-hep-
tanol (C;) for n-hexanol and n-octanol (Cg), and
n-octanol for n-heptanol and n-nonanol (C;). The
alcohol-forming activity is expressed as the alcohol-
forming level (nmol) per mg of protein.

5) Determination of n-hexanal

n-Hexanal was determined by the same method
as that used for the alcohols, n-heptanol being used
as the internal standard.

6) Identification of alcohols

The alcohols were identified with a Hitachi gas
chromatograph-mass spectrometer (M-80), using
the same sample as that prepared for GLC analysis,
The column and oven temperature program was
the same as those for GLC analysis.

7) Protein content

Protein content was determined according to
the procedure of Lowry et al.2¥ with bovine serum
albumin as the standard.

8) Determination of NADH

The defatted seed extract (4 mg protein/ml at
pH 8.0) was incubated in the presence of | mm
NAD* at 37°C for 30 min. The protein was then
removed by hot 709, ethanol according to the
procedure of Okuda.?® After centrifuging at
3,000 rpm and 5°C for 15 min, the supernatant
was evaporated under reduced pressure. The
resulting residue was dissolved in a 25 mm Tris-
HCI buffer (pH 8.7) for a high-performance liquid
chromatographic (HPLC) analysis according to
the procedure of Aso ef al.?® A Shimadzu LC-6A
liquid chromatograph equipped with a UV detector
(SPD-6A) was used for this analysis. The detector
was set at 260 nm, and a Lichrosorb RP-18 column
(ODS type, 5 pym, 4x150 mm) was used. A
C-R3A integrator (Shimadzu) was used for calcu-
lating the peak areas. The mobile phase was a
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0.15 M sodium phosphate buffer (pH 6.8) contain-
ing 1 mM EDTA at a flow rate of 1.5 ml/min, and
the temperature of the column was 25-30°C.

RESULTS AND DISCUSSION

1) n-Hexanol formation with a linoleic acid
substrate

The optimum pH for alcohol dehydrogenase
(of yeast,?® horse liver,?” and tea seed?®) has been
reported to be 7-9. We have previously reported
that its optimum pH in a soybean extract was 8-9,
and that the n-hexanol-forming activity at pH 6.7
was about half of that at pH 8.0 when the soybean
extract was incubated with n-hexanal added ex-
ogenously.?? We also reported that n-hexanal did
not apparently decrease when the soybean extract
was incubated at pH 6.7.2® It is probable that
the n-hexanal-forming activity from linoleic acid is
much higher than its reduction. However, it was
not clear how much n-hexanol would be formed
from linoleic acid via n-hexanal under normal pH
conditions (pH 6-7) in a soybean extract. In
this study, n-hexanol was determined at pH 6.7
in the soybean extract model system containing
defatted flour and linoleic acid (Table 1). n-
Hexanal and n-hexanol were formed from linoleic
acid. The concentration of n-hexanol formed in
the period from 30 to 60 min was lower than that
during the initial 30 min, although sufficient n-
hexanal was formed as the substrate of alcohol
dehydrogenase. Grosch has reported that, in pea
extracts, linoleic acid hydroperoxide formed from
linoleic acid by lipoxygenase oxidized the active
site (SH group) of alcohol dehydrogenase to inac-
tivate the enzyme.?® This may also be the case
in a soybean extract.

Table 1. Formation of n-hexanal and n-hexanol
from exogenous linoleic acid in a defatted
soy flour extract at 37°C

. . n-Hexanal n-Hexanol
Incub(a!;litzs time (nmol/mg (nmol/mg
of protein) of protein)
Before incubation 0.59 0.19
30 1.22 0.30
60 1.39 0.35

A defatted soy flour extract (9 ml, 20 mg of protein/
ml, pH 6.7) containing 2.8 mm linoleic acid was
incubated at 37°C.

2) Substrate specificity of alcohol dehydro-
genase

The substrate specificity of alcohol dehydroge-
nase was determined as shown in Fig. 1. The whole
seed extract was incubated with various aldehydes,
and the concentrations of alcohols formed were
determined by GLC analysis. All exogenous ali-
phatic aldehydes (carbon number 3-9) were re-
duced to the corresponding alcohols, and no other
products were detected by the GLC analysis. The
alcohol dehydrogenase of soybean had wide sub-
strate specificity for various aliphatic aldehydes, as
has been observed in other higher plants.?—3D
Each alcohol increased during incubation (Fig. 1),
the alcohol-forming activity of alcohol dehydro-
genase increasing as the carbon number of the
aldehydes decreased. This observation is also
consistent with the case for pea alcohol dehydro-
genase reported by Grosch.2®

3) Effect of coenzyme on alcohol formation

in a soybean extract

Alcohol dehydrogenase in soybean catalyzes the
reducing reaction in the presence of NADH,?®
The alcohol-forming activity was determined in
the presence of exogenous NADH (Fig. 2). The
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Fig. 1. Time-course for alcohol formation from various
aldehydes in whole soybean seed extracts
Whole seed extracts (3 ml, 17 mg of protein/ml, pH 8.0)
containing 20 mM of various aldehydes (C3—Cg) were
incubated at 37°C. ®, n-propanol; @, n-butanol; O, n-
pentanol; [], n-hexanol; B, n-heptanol; A, n-octanol;
A, n-nonanol.
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Fig. 2. Time-course for alcohol formation from various
aldehydes in whole soybean seed extracts in the
presence of exogenous NADH

Whole seed extracts (3 ml, 0.4 mg of protein/ml, pH
8.0) containing 20 mu of various aldehydes (Cs-Cy) and
1 mu NADH were incubated at 37°C. ®, n-propanol;
@, n-butanol; O, n-pentanol; [, n-hexanol; W, n-hep-
tanol; A, n-octanol; A, n-nonanol.

enzyme activity was markedly increased compared
with the case in the absence of exogenous NADH
(Fig. 2), suggesting that the soybean extract did
not contain enough endogenous coenzyme for full
enzyme activity. However, we have previously
reported that n-hexanol formation from n-hexanal
was strongly promoted in the presence of exoge-
nous NAD* when compared with the case for the
absence of NAD*.2» 'When NAD* was added to
the soybean extract, the formation of each alcohol
from the corresponding aldehyde was increased,
but the level was lower than that in the case of
NADH (data not shown). This observation sug-
gests that NAD* was converted to NADH by
another reaction mechanism in the soybean ex-
tracts.

4) Determination of NADH

To confirm that NAD* was converted to NADH
by another reaction mechanism, the defatted seed
extract was incubated with NAD+, and the level
of NADH formed was determined by HPLC. No
NADH was detected in the defatted seed extract
with or without NAD* before incubation (Fig.
3A), but NADH was detected after 30 min of
incubation (Fig. 3B). The level of NADH was

about 60 um after 15 or 30 min of incubation (Table
2). The apparent K, value of NADH for the
reduction of n-hexanal by the alcohol dehydro-
genase was previously reported as 70 g™ in a soy-
bean extract.2? Hence, the concentration of
NAD+* formed from NADH seems to have been
enough for the enzyme to reduce the aldehyde.
On the other hand, when the soybean extract was
heated at 100°C for 5 min, no NADH was detected
in the extract after incubating with NAD* for 30
min (Table 2). This result indicates that the
conversion of NAD* to NADH was caused by the
action of an enzyme(s). Moreover, a reducing
compound seems to have participated in this
mechanism,

Figure 4 indicates the reaction system which

(A) (B)

k,\/v-
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Fig. 3. HPLC chromatogrambf the reaction products
after incubating a defatted soy flour extract
with exogenous NAD*

The defatted flour extract (1.5 ml, 5 mg of protein/ml,
pH 8.0) containing 1 mm NAD* was incubated at 37°C.
Peak a, NAD*; peak b, NADH. (A): before incubating,
(B): after incubating at 37°C for 30 min.

Op e

Table 2. Formation of NADH from NAD* in a

defatted soy flour extract at 37°C
Incubation NADH (um)
time
(min) Not heated Heated*
5 22 —
15 62 —
30 58 0

A defatted soy flour extract (1.5 ml, 5 mg of protein/
ml, pH 8.0) containing 1 mmM NAD* was incubated at
37°C. * Defatted flour extract was heated at 100°C
for 5 min.
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R-CHO NADH X
aldehyde
R-CH,0H .
alcohol NAD XH

Possible mechanism for the reduction of alde-

hydes to alcohols in a whole soybean extract in
the presence of NAD*

XH, reducing compound; X, oxidized compound.

Fig. 4.

converts aldehydes to alcohols that follows from
these observations. After dialyzing the extracts to
remove low molecular compounds, the activity was
markedly lower in the presence of NAD* than in
the presence of NADH.?2 Therefore, the reduc-
ing compound (XH) seems to have been a low
molecular compound, and its identification is
now in progress.

Our present results demonstrate that the endog-
enous alcohol dehydrogenase and exogenous co-
enzymes converted aldehydes to alcohols in a soy-
bean extract model system. This reaction could
be applicable to soybean foods to reduce the in-
tensity of the beany flavor.
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AKEHHEICSTIARKE7ZLO—-LFE FasF -+
(CEB7LFE ML T7LIA-LDOER

ANEF, WRa%T*, BHaT, NBEH, ReSIER=", WHCH*, NamE
EREFRERZEAMLHEH, * RRXTXERBER)
F¥R3E9IA B ARE

RENLBRRSTH B n-~F ¥+ — i, KEHHEFREESWTR7A2-AFE FryF—
COEBI LD n-~FH /7 — A K BT EINS. ERRTCRAERRCOMDO 7457 e FexiT 5
ERGERER VARG T 58X (NADH, NAD") ofpfi#ic o CTRHE L. XSHl
A OBWE7 AT F (X3 ~9) 2&HEML 37C CAvFax—1tL, ERLLETA
2-aA v EEL:. AMERICOEXRBERERILL, #7457 Fea a8z, 7457
FOREEIF ML B ohBP L (REE3>4>5>6>7>9>8). ¥, ChHORGIR
NADH 0&4/p 63, NAD* ik X » CHRE Xhi. KTl e NAD* ¥4 v <—}
+2%%, NADH {3&R L=, MMAE (100C, 549M) LAiXTHMHE T, NADH o4
A bhichot., Z0Z b, XSHMHERiiz NAD* % NADH ki1 58 ERNEE
THz LhRBEN,

*¥—0—Fk: KE, G, TR, r=-~FHVF—n, TAFEF, 7ox2-AFEeFryr—¥,
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