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ABSTRACT: Factors (germination time, spectra, temperature, pH, and chemical inhibitors) influencing diamine oxidase (DAO,
EC 1.4.3.6) activity and y-aminobutyric acid (GABA) content of fava bean (Vicia faba L.) during germination were investigated in
this study. DAO activity significantly increased in germinating seeds but varied with different organs. The enzyme activity was higher
in shoot than that in cotyledon, hypocotyl, and radicle. When seeds were germinated in the dark, DAO activity was 2.35-, 2.00-, 2.36-,
4.40-, and 1.67-fold of that under white, red, blue, green, and yellow spectra, respectively. The optimum germination temperature
and pH value for increasing DAO activity were 30 °C and 3.0, respectively. The DAO activity was inhibited significantly by
aminoguanidine and sodium ethylenediamine tetracetate, while it was activated by CuCl, and CaCl,. Germinating at an appropriate
temperature and pH, 30% of GABA formation was supplied by DAO. Calcium was related to the regulation of DAO activity and

GABA accumulation.

KEYWORDS: Fava bean, diamine oxidase, y-aminobutyric acid, seed germination

B INTRODUCTION

Diamine oxidase (DAO, EC 1.4.3.6) is ubiquitous in micro-
organisms, plants, and mammals."? In legumes and animals,
there is copper contalmng amine oxidase with 2 mol of Cu** per
mol enzyme.>* In monocotyledon, however, flavin adenine
dinucleotide (FAD) serves as a cofactor with 4 mol of FAD to
1 mol of enzyme.’ During seed germination, the DAO activity
increases, and the etiolated seedlings possess 51gn1ﬁcantly higher
enzyme activity than those growing under the light,”> and the
enzyme activity increased sharply in the embryo during the time
period of germination.

Fava bean (Vicia faba L.) is one of the common legumes,
which is rich in dietary proteins, carbohydrates, B group vitamins,
and minerals. However, its nutritional value is limited by the
presence of antinutritional components such as vicine,” convi-
cine, tannins,”® phytic acid,” trypsin inhibitors,'® etc. The pre-
sence of nutrients and antinutrients in cereals and legumes can be
modified by germination. After germination, moreover, some
new functional components like y-aminobutyric acid (GABA)
are generated in fava bean,'! with an improved utilization of
minerals simultaneously."”

Putrescine (Put) is converted by DAO into GABA via a A'-
pyrroline intermediate formation."> Reports have shown that
polyamine and GABA contents in the plants increase to adapt
adverse environmental conditions under a stress (water, hypoxia,
heat, or drought stress).'*'> However, previous studies of GABA
accumulation in plants were mainly focused on GABA shunt™®
and polyamine oxidation to a lesser extent."

Except for being an 1nh1b1tory neurotransmitter in the brain
and spinal cord of mammals,"”” GABA also has other important
physiological functions, such as regulation of blood pressure and
heart rate and alleviation of pain and anxiety.'® DAQ is an essen-
tial enzyme for GABA formation. The objectives of this study are
to investigate the key factors and explore their biochemical effects
on DAO activity and GABA content in germinating fava beans,
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which can contribute useful information and new knowledge to
science and technology of agri-food and biochemistry sectors and
benefit functional food researches and production practices in
the future.

B MATERIALS AND METHODS

Materials and Reagents. Dried fava beans (Qi Bean 2), harvested
in 2010, were supplied by Jiangsu Academy of Agricultural Sciences
(Nanjing, China) and stored at —20 °C before the experiments.
Horseradish peroxidase, Put, aminoguanidine (AG), 4-aminoantipyrine
and N,N-dimethylaniline were purchased from Sigma Chemical Co.
(St. Louis, MO). All reagents were analytical grade.

Seed Germination. Fava bean seeds were sterilized using 10%
(v:v) of sodium hypochlorite for 30 min, then washed, and steeped in
distilled water at 30 &= 1 °C for 8 h. Before germination, soaked seeds
were put in a culturing pallet (25 cm in length X 20 cm in width X § cm
in height) with sterilized quartz sand (2 cm in thick) and then covered by
fresh-keeping films with eyelets. A culture solution or distilled water was
given every 8 h for seed germination. After germination, seeds were
collected and washed with distilled water to measure DAO activity as
well as protein and GABA contents.

Enzyme Extraction. Seed tissues (2.0 g) were ground with mortar
and pestle at 4 °C in 6.0 mL of 70 mmol/L sodium phosphate buffer
(pH 6.5) containing 10% glycerol (v/v). Homogenates were centrifuged
at 6000g for 20 min at 4 °C (GL-20G-II, Shanghai Anting Scientific
Instrument Factory, China). The supernatants were stored at —20 °C
for further analyses.

Assay on DAO Activity. The DAO activity was determined
according to Xing et al.'® Reaction solutions (2.9 mL) contained
2.0 mL of 70 mmol/L sodium phosphate buffer (pH 6.5), 0.5 mL of
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Table 1. Procedure of GABA Gradient Elution in This Study

elution time (min) mobile phases A (%) mobile phases B (%)

0 70 30
10 70 30
15 60 40
22 60 40
30 30 70
35 70 30
40 70 30

crude enzyme extracts, 0.1 mL of horseradish peroxidase (250 U/mL),
and 0.2 mL of 4-aminoantipyrine/N,N-dimethylaniline. The reaction
was initiated by adding 0.1 mL of 50 mmol/L Put. The absorbance at
555 nm was read on UV-2802 UV—visible spectrophotometer (Unico,
United States). A 0.01 value of the changes per minute in absorbance at
555 nm was regarded as one activity unit (U) of the enzyme. The DAO
activity was expressed as “U per milligram protein”.

GABA Measurement. GABA was extracted and purified according
to Bai et al.”’ Then, the samples were dissolved with 2 mL of 1 mol/L
NaHCO; (pH 9.0) and centrifuged at 6000g for 10 min. GABA was
determined by HPLC (Agilent 1200, United States) with a ZORBAX
Eclipse AAA reversed-phase column (3.5 #m), 4.6 mm X 150 mm i.d. as
described by Syu et al.>° The amino acid solution (1 mL, pH 9.0) was
mixed with 1 mL of dabsyl chloride (2 mg/mL, in acetone) and reacted
at 67 °C for 10 min. Then, the reaction was stopped by putting the tubes
into an ice bath and was detected at 425 nm using UV—vis diode-array
absorbance detection (G 1314B, Agilent). Mobile phases A and B were
0.045 mol/L CH3;COONa (pH 4.0) and acetonitrile, respectively.
The flow rate was 1 mL/min. The procedure of gradient elution is shown
in Table 1. The allowed time of GABA separation was within 30 min
at 30 °C.

Determination of Protein. The protein content was measured
from the supernatant (enzyme extraction) using a protein-dye reagent
(Coomassie blue G-250) with bovine serum albumin as a standard
according to Li et al.*!

Effect of Spectra on DAO Activity of Germinating Fava
Bean. After pretreatment as described in the section of “Seed Germina-
tion”, the culturing pallets were placed into illumination boxes with
white, red, blue, green, and yellow spectra, respectively. The seeds were
subsequently collected and washed with distilled water to measure DAO
activity and protein content.

Determination of Germination Temperature. Seeds were
germinated over a range of 20—40 °C for 5 days according to the method
described earlier. Distilled water (pH 6.8) was given every 8 h for seed
germination. Thereafter, the DAO activity and GABA content were
determined as described earlier. The terminal activity was expressed as
U per milligram protein.

Assay on pH. The seeds were germinated over the pH range of
3.0—8.0 (citric acid buffer) for S days referring to the method described
earlier. Buffer solution was given per 8 h to fulfill the sufficient needs for
the seeds germination. After germination, the DAO activity and GABA
content were measured. The terminal activity was expressed as U per
milligram protein.

Assay on Chemical Inhibitors. The effect of chemicals on
enzyme activity was determined by premixing the tested chemicals to
the culture solution. After germination, the residual activity of DAO and
GABA content were determined. Aminoguanidine: AG (2.5, 5.0, 7.5,
10.0, and 12.5 mmol/L), CuCl, (80, 160, 240, 320, and 400 x«mol/L),
CaCl, (0.05, 0.1, 0.5, 1.0, and 2.0 mmol/L), and sodium ethylenedia-
mine tetracetate: EDTA-Na, (3.0, 6.0,9.0, 12.0, and 15.0 mmol/L) were
used for assay. Controls were prepared by germinating the seeds in the

distilled water (pH 6.8). The remaining enzyme activity and GABA con-
tent were measured using the method described earlier.

Statistical Analysis. Three replicates for the experiment and
measurements. Average values and standard deviations were computed
in accordance with experimental data. Statistical analyses were per-
formed by Fisher's F test at a significant level of p < 0.05.

B RESULTS AND DISCUSSION

Effect of Germination Time on DAO Activity. The DAO
activity of fava beans increased significantly (p < 0.0S) during
germination (Table 2), and the enzyme activity was about 123-
fold of that in nongerminated seeds. During germination, how-
ever, the change in DAO activity of the cotyledon was insignif-
icant (p > 0.05). It was not detectable in either shoot or radicle
during the first 2 days of germination. In hypocotyl, the enzyme
activity was also not detectable in the first 3 days of germination
but increased significantly with germination time (p < 0.05).
After germination, the enzyme activity in shoot was 390.86-,7.51-,
and 5.89-fold of that in cotyledon, hypocotyl, and radicle, res-
pectively. The enzyme activity in shoot was significantly higher
than that in other organs.

Effect of Spectra on DAO Activity. Germinating in the dark
was helpful for enhancing DAO activity of the whole seeds
(Table 3). However, a totally opposite result was obtained under
green light. Red light decreased DAO activity in shoot. Green
light restricted DAO activity in cotyledon, hypocotyl, and radicle.
Yellow light increased the enzyme activity in hypocotyl and
radicle.

Commonly, light is essential for plant carrying out photo-
synthesis. When plants grow under a stress condition, the
polyamine level increased and induced the elevation of DAO
activity.'® During the germination of mung bean and lentil seeds,
the DAO activity increased, and the etiolated seedlings showed
a significantly higher enzyme activity than those grew under
the light conditions.>**** The present result suggests that dark
environment is a type of stress for fava bean germination. It also
showed that green light significantly restricted DAO activity in
germinating fava bean seeds, with a decrease in germination
speed and radicle elongation, simultaneously. The result may be
caused by the reflection of green light by the green seed casing
of seeds (Qi Bean 2). On the contrary, during Agave seedlings
development, green filter decreased the increase of weight.** These
facts revealed that the effects of green light on DAO activity of
germinating seeds varied with different species.

Effects of Temperature on DAO Activity and GABA Con-
tent. The present results showed that the DAO activity increased
with temperature from 20 to 30 °C, then decreased with that
from 30 to 40 °C (Figure 1). The optimum temperature for fava
bean germination was 30 °C, with a DAO activity of 7.46 U/mg
protein. The GABA content showed a similar trend, indicating
the importance of DAO activity for GABA formation. In this
study, it was observed that the optimum germination tempera-
ture for increasing DAO activity of fava bean was 30 °C. A paper
reported that DAO activity of chickpea seedlings was higher
when it germinated at 25 °C, and the enzyme activity in the
cotyledons and the embryonic axis was sharply inhibited when
germinated at higher temperatures (30—35 °C).*® It suggests
that the DAO in different plants has different optimum germina-
tion temperatures. The reason may be related to the size of the
seeds that are germinated. The effect of germination temperature
on GABA content of the same cultivar has been reported by Li
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Table 2. Effect of Germination Time on DAO Activity (U/mg Protein) in Fava Bean Organs”

time (days) seed cotyledon
0 0.12+0.03¢g 0.12 + 0.05¢
1 0.25 £ 0.04f 0.29 + 0.04 ab
2 0.26 &+ 0.04f 0.26 £ 0.04 ab
3 0.57 £ 0.06 ¢ 033 £0.12a
4 1.99 £ 0.07d 0.30 £ 0.07 ab
S 6.36 =024 ¢ 0.36 £ 0.08a
6 13.56 £ 0.12b 0.20 £ 0.02 bc
7 1476 £ 0.31a 0.21 £ 0.09 bc

shoot hypocotyl radicle

NA NA NA

NA NA NA

NA NA NA
4.13 £ 0.08e NA 1.92 £ 0.15d
18.38 = 0.36d 0.53 +0.13d 1.93 £ 0.46d
5293 £2.83¢ 1.12+£0.19¢ 533 +£0.65¢
65.87 £ 3.19b 543 £0.78b 879 £0.72b
82.08 £2.52a 10.93 = 0.50a 1393 £ 0.75a

“ Results are means of three replicates = their SDs. NA means no activity of DAO. Mean values in the same column followed by different letters are

significantly different at p < 0.05.

Table 3. Effect of Spectra on DAO Activity [U/(mg Protein)] in Germinating Fava Bean Organs”

spectrum seed cotyledon
dark 6.11 = 0.14a 0.36 = 0.082a
white 2.60 £ 0.26d 0.13 £0.03¢
red 3.05+£023¢ 0.14 £ 0.03¢
blue 2.59 £ 0.34d 0.21 £ 0.03b
green 1.39 £ 0.14e 0.00 £ 0.00e
yellow 3.65 £ 0.68b 0.04 £ 0.00d

shoot hypocotyl radicle
5294 £2.83b 1.12 £ 0.19d 533 +£0.65¢
48.33 +4.37b 1.56 £ 0.26 ¢ 7.31 £ 0.48a
25.90 £ 1.00d 296 £ 0.27b 4.70 £ 0.28 ¢
51.63 £2.70b 224 £025b 6.76 & 0.37 ab
30.95 £ 1.05¢ 0.00 £ 0.00e 2.40 £ 0.16d
6290 £ 0.23a 837 £ 027a 6.91 +0.28a

“ Seeds were germinated for S days at 200 lux except those in dark. Data are means of three replicates =& their SDs. Mean values in the same row followed

by different letters are significantly different at p < 0.0S.
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Figure 1. Effects of temperature on DAO activity and GABA content in
germinating fava beans. Values are the means of triplicate analyses. Error
bars show the standard deviation. Those with different lowercase letters
in the same curve are significantly different at p < 0.0S.

et al,'! which showed that GABA content was 2.41 mg/g
DW when germinating at 33.6 °C, 3.17-fold of the present result
(0.76 mg/g DW). Differently, the previous study was carried
out under hypoxia conditions. Indicating hypoxia treatment
increased the GABA level for more than three times at least in
fava bean.

Effects of pH on DAO Activity and GABA Content. The
present experiments showed that DAO activity significantly
decreased with the increase of pH from 3.0 to 7.0, but it increased
when the pH continuously rose from 7.0 to 8.0 (Figure 2).
Hence, the DAO activity was lowest at pH 7.0. The GABA con-
tent also showed the same trend. A previous study reported

—0— DAO activity —e— GABA content | |2

DAO activity [U/(mg protein)]
>
o
o«
GABA content (mg/g DW)

< [\ s [} o
L

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
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Figure 2. Effects of pH on DAO activity and GABA content of
germinating fava beans. Values are the means of triplicate analyses.
Error bars show the standard deviation. Those with different lowercase
letters in the same curve are significantly different at p < 0.05.

that GABA content in fava bean was significantly accumu-
lated when germinating under hypoxia treatment."' In fact, a
higher or lower pH is also an environmental stress for seeds
germination.

Effects of Chemical Inhibitors on DAO Activity and GABA
Content. The effects of AG, CuCl,, CaCl,, and EDTA-Na, on
DAO activity and GABA content of germinating fava bean are
shown in Figure 3A—D. AG inhibited DAO activity significantly
(p < 0.05), and the inhibition was most significant when the
concentration was greater than 7.5 mmol/L, and the inhibition
remained a steady level. The maximum inhibitory rate was 89.79%.
The GABA content showed a similar trend, but its maximum in-
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Figure 3. Effects of AG (A), CuCl, (B), CaCl, (C), and EDTA-Na, (D) on DAO activity and GABA content of germinating fava beans. Values are the
means of triplicate analyses. Error bars show the standard deviation. Those with different lowercase letters in the same curve are significantly

different at p < 0.0S.

hibitory rate was 31.2% only (Figure 3A). CuCl, increased the DAO
activity significantly (p < 0.05) with the increase of concentration.
The GABA content increased significantly at 0—160 gmol/L
CuCl, but decreased with a further addition of CuCl, (Figure 3B).
Figure 3C illustrates the effect of CaCl, on DAO activity and
GABA content of germinated seeds. The enzyme activity was
stronger at 6—9 mmol/L CaCl, than at either a higher or a lower
concentration. The GABA content showed a similar trend but
presented a maximum content at 6.0 mmol/L of CaCl,. An addi-
tion of EDTA-Na, inhibited DAO activity significantly (p < 0.05).
The enzyme activity was inhibited by 33.33, 41.37, 44.00, 47.72,
and 45.56% at 0.05, 0.10, 0.50, 1.00, and 2.00 mmol/L of EDTA-
Na,, respectively (Figure 3D). The GABA content significantly
decreased when EDTA-Na, was added, but no significance (p >
0.05) was observed between 0.05 and 2.00 mmol/L in this experi-
ment. A very low level of EDTA-Na, (p < 0.0S mmol/L) was
capable of inhibiting DAO activity (Figure 3 D). Hence, GABA
formation was sensitive to EDTA-Na,.

It has been noted that AG is a specific inhibitor of DAO, and it
can inhibit 99% of DAO activity of soybean seedlings26 by in vitro
determination. In this study, AG was also a strong inhibitor for
DAO activity of germinating fava beans. It inhibited 31.2% of
GABA formation, indicating that GABA produced from poly-
amine oxidation could account for at least 30% of the GABA, as
GABA produced from DAO activity could not be inhibited com-
pletely by the addition of AG. The remains (70% of GABA) were
supplied by the GABA shunt. Cu>" is necessary for the forma-
tion of DAO in leguminous plant.>* The addition of CuCl,
provided germinating seeds with Cu”* to synthesize DAO during

11619

germination. Therefore, the addition of CuCl, significantly in-
creased DAO activity in germinating fava beans. However, the
GABA content was decreased by a high concentration of CuCl,. As
known to all, copper is a heavy metal, which can result in the
deactivation of glutamate decarboxylase (GAD, EC 4.1.1.15).”
The latter is a key enzyme for converting glutamate to GABA in
the GABA shunt, whereas the GABA shunt contributes to more
than 2/3 of GABA formation as shown in this study (Figure 3A).
Hence, the GABA content decreased significantly with an in-
crease of CuCl, concentration (Figure 3B). As a second messen-
ger, Ca”* is important for the metabolic regulation in plant
organs. It participates in the signal transmission and regulates
enzyme activity. Research has reported that there are some
Ca™* binding sites (inside or outside the enzyme) in Escherichia
coli copper-containing amine oxidase, and it is very impor-
tant for DAO activity.”® Therefore, the GABA content was
also affected by an addition of CaCl, (Figure 3C). EDTA-Na,
is a Ca®" selective chelator. It decreased DAQ activity signifi-
cantly (p < 0.05) in this study (Figure 3D). Previous research
reported that the inhibition provided by EGTA was almost
reversed by exogenous CaCl,.>> An addition of 3—9 mmol/L
CaCl, stimulated the enzyme activity (Figure 3C), indicating
that there are calcium binding sites in DAO of germinating
fava bean.
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