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ABSTRACT

Background. 5’-Phosphodiesterase (5°-PDE) is an enzyme that hydrolyzes RNA to form 5’-inosine
monophosphate (5’-IMP) and 5’-guanosine monophosphate (5’-GMP). These 5’-nucleotides can function as
flavor enhancers. Adzuki beans (Vigna angularis L.) are found to be high in 5’-PDE.

Materials and methods. 5’-phosphodiesterase (5’-PDE) enzyme was characterized from adzuki beans, in
which the optimum pH and temperature were determined. In addition, the stability of 5’-PDE was assessed
at different pH and temperature. The effects of cations and EDTA were evaluated to characterize the 5’-PDE

enzymes further.

Results. The alkaline 5’-phosphodiesterase has an optimum pH of 8.5. This enzyme is also thermostable,
with an optimum temperature of 80°C. The stability in terms of temperature and pH was also determined,
and was found to be stable in the pH range of 7.0-8.5. This enzyme was found to retain more than 80% of
its activity for 4 days at 60 and 65°C. In addition, the effects of 14 different metal ions, 4 types of detergents
and ethylenediaminetetraacetic acid (EDTA) on 5’-PDE were studied. Ca?", K*, Mg?" and Li" activated 5°-
-PDE while Na', Zn?*, Ni*, Hg', Cu*', Pb*', Fe?*, AI**, Ba>" and Co?" were inhibitory. EDTA, Triton X-100 and
sodium dodecyl sulfate (SDS) were strong inhibitors of 5’-PDE, while Tween 80 and Tween 20 were slightly
inhibitory. The effects of cations and EDTA suggest that 5’-PDE from adzuki beans is a metalloenzyme.
Conclusion. Although 5’-PDE from adzuki beans has a high temperature optimum of 80°C, the enzyme is
more stable at 60°C, and different cations affected the activity of the enzyme differently.
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INTRODUCTION

5’-Phosphodiesterase (5’-PDE, EC 3.1.4.1) is the en-
zyme that digests phosphodiester bonds to produce
a 5’-hydroxyl group, in which it hydrolyzes RNA to
5’-nucleotides. 5’-PDE is a useful tool in the area of
biotechnology, especially in nucleic acid research la-
beling, characterization of oligonucleotides and also

as an aid in sequence analysis (Harvey et al., 1970;
Rosemeyer et al., 2002). As well as this, it is utilized
in the study of genes related to obesity and insulin re-
sistance and hepatitis C viruma (Santoro et al., 2009;
Takahama et al., 2008). 5’-PDE can also be used
for the production of mononucleotides, whereby the
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mononucleotides (5’-IMP and 5°-GMP) can function
as flavor enhancers in the food industry (Beluhan et
al., 2003; Rotola-Pukkila et al., 2019).

Previous studies have been done on germinating
beans as sources of 5’-PDE such as barley, mung bean
(Khutle et al., 2011), yellow soybean and black soy-
bean (Utami et al., 2011). Also, 5’-PDE with different
pH and temperature optima, as well as other character-
istics, were reported for microorganisms such as Xan-
thomonas axonopodis (Lassila and Herschlag, 2008),
Rhizobium legumniosarum (Jones et al., 2008), Asper-
gillus niger (Chohnan et al., 1994), Aspergillus fumi-
gatus (Luo et al., 2017) and Escherichia coli (Miller et
al., 2007); animals such as the cow (Rosemeyer et al.,
2002) and plants as well, such as thale cress (Speath
et al., 2007) and rose periwinkle flower (Aoyagi et
al., 2006). There are even phosphodiesterases being
produced artificially (Takebayashi et al., 2004) and
obtained from human cells (Maldonado et al., 2008).
Among the results (Singh et al., 2006) on 5’-PDE prop-
erties, it is interesting to note that 5’-PDE from some
sources showed high pH optimum (pH 10). There is
also (Lerch and Wolf, 1972) a 5’-PDE (from sugar
beet leaves) which showed high-temperature stabil-
ity (80°C). Germinated adzuki beans (Pui et al., 2012)
were found to have the highest amount of 5°-PDE
when compared with mung bean, soybean, chickpea,
black eye pea and petai (Parkia speciosa). Although
5°-PDE has been characterized from different sources,
there has been no work on the characterization of 5’-
-PDE from adzuki beans (Vigna angularis L.). Moreo-
ver, the effects of metal cations and detergents on the
activity of 5’-PDE have been studied by only a few
researchers (Henz et al., 2007; Ying et al., 2006). Char-
acterization studies are also important to determine the
stability of an enzyme under various conditions and
to find ways to minimize denaturation, so that the en-
zyme may become useful in industry.

This study was conducted to determine the proper-
ties of 5’-phosphodiesterase isolated from adzuki (Vi-
gna angularis L.) beans that had been germinated for 15
hours. The scope of characterization of 5’-PDE includ-
ed pH optimum, pH stability, temperature optimum and
temperature stability, the stability of 5’-PDE at differ-
ent storage temperatures and the effects of pH solutions
on the storage. This work also describes the effects of
metal ions and detergents on the activity of the enzyme.
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MATERIALS AND METHODS

Materials

Adzuki (Vigna angularis L.) beans imported from
Tian Jing, China, were bought at a local dry market in
Sri Serdang, Selangor, Malaysia. The substrate for the
enzyme assay, sodium thymidine 5’-monophosphate
p-nitrophenyl ester (nitrophenyl-pT), was purchased
from Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many. All other chemicals in this research were of ana-
lytical grade.

Extraction of enzymes from germinated

adzuki beans

Adzuki beans (100 g) were germinated by first soak-
ing them in 200 mL of 0.3% (w/v) sodium hypochlo-
rite solution for 5 minutes, after which the beans
were rinsed 5 times with distilled water before be-
ing placed inside four sterilized beakers which were
pre-autoclaved with 15 mL distilled water and cotton
wool. Each beaker contained 25 g of seeds. The beak-
ers were covered with aluminum foil, and the beans
were allowed to germinate in the dark at room tem-
perature (28 £2°C) for 15 h. The germinated beans
were then pooled and homogenized by grinding them
with 400 mL 50 mM acetate buffer (pH 4.5). The ho-
mogenate was stirred for 30 minutes before filtering
through a piece of muslin cloth. The filtrate was sub-
jected to centrifugation at 10°C for 15 min at 12,5000
x g (Sartorius Model 3-18 k centrifuge, Sartorius AG,
Weender Land Strasse, Gottingen, Germany; Dhule et
al., 2006).

The resulting enzyme extract obtained above was
then subjected to dialysis. Dialysis tubes (15 cm) were
boiled in distilled water for half an hour and soaked
in 500 mL-1 mM ethylene diamine tetraacetic acid
(EDTA) solution for 12 hours before use (Idris, 2000).
The enzyme extract (10 mL) was added to individual
dialysis tubes, tied and then placed in 1 L-50 mM ac-
etate buffer, pH 4.5 and stirred for 12 hours at 4°C.
The buffer solution was replaced every 4 hours. The
dialyzed extract was then used to determine the prop-
erties of the enzyme.

5’-PDE activity assays

The method of Harvey et al. (1970) was applied with
modifications to determine the 5’-PDE activity. The
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reaction mixture (consisting of 0.1 mL enzyme ex-
tract, 0.2 mL of 200 mM phosphate buffer, pH 7.0,
and 0.2 mL-1 mg/mL nitrophenyl-pT as a substrate)
was incubated in a water bath (10 min, 55°C), with
deactivated enzyme in the same formulation as the
control. The reaction was stopped with the addition of
0.5 mL-0.1N NaOH solution, followed by centrifuga-
tion (12,5000 x g, 10°C, Sartorius AG, Weender Land
Strasse, Germany). After centrifugation, the mixture
was measured with a spectrophotometer (405 nm).

Specific activity was expressed as unit activity per
mg protein, in which the unit (U) of the enzyme was
the amount of enzyme required to form 1 pmol of p-
-nitrophenol per mL enzyme extract in 1 min, at 55°C
and pH 7.0. The protein content was determined ac-
cording to Pui et al. (2012).

Determination of pH optimum and pH stability
The effect of pH on 5°-PDE was determined by assay-
ing the activity of the enzyme at different pH using
buffers (citrate, phosphate, Tris-HCI, and carbonate-
bicarbonate) to obtain a buffering capacity between
pH 3-10. The concentration of each buffer was
200 mM.

A pH stability study was carried out by pre-incu-
bating the enzyme extract (0.1 mL) in 0.2 mL buffer
(at different pH ranging from pH 6 to 10) in a capped
Eppendorf tube for 1 h at 80°C in a water bath (Ying
et al., 2006). After that, 0.2 mL of 1.0 mg/mL nitro-
phenyl-pT was added to the test tube, mixed, and incu-
bated at 80°C in a water bath for 10 minutes to allow
conversion of the substrate into p-nitrophenol (yellow)
and 5’-nucleotides as products. Then, 0.5 mL of 0.1N
NaOH solution was added to terminate the reaction.
The absorbance was measured at 405 nm.

Determination of temperature optimum

and thermostability

Determination of the optimum temperature of 5’-PDE
was conducted by measuring the enzyme activity at
different temperatures ranging from 20-95°C. Tem-
perature stability was determined by pre-incubating
0.1 mL enzyme plus 0.2 mL-200 mM of Tris-HCI
buffer pH 8.5 at different temperatures (20, 30, 40,
50, 60, 70, 80 and 90°C), for 1 hour before assay-
ing the 5’-PDE described earlier at 80°C (Ying et al.,
2006).
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Determination of stability of 5’-PDE

at the optimum temperature and pH,

and other temperatures and pH

The pH-temperature stability of the enzyme was stud-
ied by incubating the enzyme at 60, 65 and 70°C at pH
7.5 (200 mM phosphate buffer) and pH 8.5 (200 mM
Tris-HCI buffer) for 1 hour before measuring the re-
sidual activity (Ying et al., 2006). The enzyme activity
was determined at different time intervals.

Effects of detergents and EDTA

on 5’-phosphodiesterase activity

The effects of detergents (Triton X-100, Tween-20,
Tween-80 and Sodium Dodecyl Sulfate, SDS) and
ethylenediaminetetraacetic acid (EDTA) on the en-
zyme activity were determined by pre-incubating the
enzyme extract (0.1 mL) with 0.1 mL of detergent
or EDTA (all at a final concentration of 10 mM), in
0.1 mL 200 mM Tris-HCI buffer, for 1 h at 80°C (Ying
et al., 2006). 0.2 mL 1.0 mg/mL nitrophenyl-pT (sub-
strate) was then added to the enzyme-detergent mix-
ture and enzyme-EDTA mixture and further incubated
for 10 min at 80°C. NaOH solution (0.5 mL, 0.1N)
was added to stop the reaction. The control reaction
mixture which did not contain detergent/EDTA was
considered as having 100% activity, and the activity
of the enzyme exposed to detergents and EDTA was
expressed as a relative activity to that of the control.

Effects of metal cations on 5’-phosphodiesterase
activity

The effect of metal ions on the activity of 5’-PDE was
determined using various metal ions (Li*, Na*, K*, Mg*',
Ca2+’ B3.2+, F63+’ C02+’ Ni2+, Cu2+’ Zn2+’ Hg2+’ A13+’ pb2+)
all at a final concentration of 10 mM. Enzyme-metal ion
mixtures (0.1 mL enzyme, 0.1 mL cation solution and
0.1 mL-200 mM Tris-HCI buffer) were pre-incubated
at 80°C for 1 hour before adding 0.2 mL-1 mg/mL ni-
trophenyl-pT for further incubation at 80°C for 10 min.
The reaction was terminated by adding 0.5 mL-0.IN
NaOH. The activity of the enzyme without added cat-
ion served as the control, where 0.1 mL enzyme and
0.2 mL-200 mM Tris-HCI buffer were pre-incubated at
80°C for 1 hour before adding 0.2 mL of 1.0 mg/mL ni-
trophenyl-pT for further incubation at 80°C for 10 min.
Enzyme activity is expressed as relative activity based
on the activity of the control.
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The effect of different concentrations of selected
metal ions (Ca*", K, Mg*, Li**, Na’, AI*") on the ac-
tivity of 5’-PDE was determined by pre-incubating
0.1 mL enzyme and 0.1 mL cation solution at 80°C
for 1 hour before adding 0.2 mL-1.0 mg/mL nitro-
phenyl-pT for further incubation at 80°C for 10 min.
The concentrations of metal cations were 0, 2, 4, 6,
8 and 10 mM. The reaction was stopped by adding
0.5 mL-0.1N NaOH. The activity of enzyme without
any addition of cation functioned and treated as above
served as the control. Enzyme activity is expressed as
relative activity based on the activity of the control.

RESULTS AND DISCUSSIONS

Enzyme extraction and dialysis

The results of the extraction are shown in Figure 1
where dialysis was found to increase 5’-PDE specific
enzyme activity from 0.34 pmol p-nitrophenol/min/
mg protein (from extraction) to 0.43 pmol p-nitrophe-
nol/min/mg protein. The increase was due to the re-
duction in protein content during dialysis.

pH optimum and pH stability
The obtained results show that the optimum pH of
5’-PDE was pH 8.5 (Fig. 2), where 5’-PDE activity
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Fig. 1. Specific activity of 5’-PDE after extraction and dial-
ysis. The error bars represent the mean +standard deviation
of three replicates

increased with an increasing pH until pH 8.5. The
activity of the enzyme was minimal at acidic pH and
increased from pH 6.0 until pH 8.5. After that, the
activity dropped significantly as the pH was further
increased. This suggests that the enzyme requires a rel-
atively alkaline pH to function effectively. Changes in
the pH of the medium resulted in changes in the ionic
statues at the active sites and changes in the activity of
the enzymes and, hence, the reaction rate. Changes in

7 7.5 8 8.5 9 92 95
pH

Fig. 2. 5’-PDE activity at different pH. The error bars represent the mean +standard

deviation of three replicates
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pH may also alter the three-dimensional shape of the
enzyme (Pelczar et al., 2004).

There are several 5’-PDEs that are active in al-
kaline pH. 5’-PDE from the barley malt rootlet has
shown a pH optimum of 8.9 (Beluhan et al., 2003).
Higher pH optima have also been reported. Sugar beet
leaf 5°-PDE has an optimum pH of 9.2, and the en-
zyme activity was measured using nitrophenyl p-uri-
dine as the substrate (Lerch and Wolf, 1972). Bowles
(1991) found that 5’-PDE from malted barley rootles
have a pH optimum ranging from pH 8.5-9.5.

On the other hand, the pH optimum of 5’-PDE from
other sources can also vary substantially. Ying et al.
(2006) reported that 5’-PDE from Penicillium citrinum
has a pH optimum of pH 5.4, where the enzyme was
shown to have no activity at pH > 8.0. 5’-PDE malt
rootlets showed that its pH optimum was between pH
5.5-6.0 (Zou et al., 2008), while 5’-PDE from Asper-
gillus fumigatus has a pH optimum of 5.0 (Luo et al.,
2017). From this study, it can be concluded that the pH
optimum of 5°-PDE from adzuki bean is in the alkaline
region, and the pH optimum is organism-specific.

Table 1 shows that 5°’-PDE is stable between pH 7.0
and pH 8.5, where the relative enzyme activity ranges
from 100-132.6%. The activity dropped dramatical-
ly as the pH was increased or decreased beyond this
range. It was also demonstrated that it was most active
and stable at pH 7.5 but unstable over pH 9.0, as well

Table 1. The relative stability of 5’-phosphodiesterase at
different pH

pH Relative enzyme activity, %
6.0 6.1=£1.1

6.5 95.5+4.9

7.0 132.6 £5.2

7.5 384.3£5.3

8.0 305.5+10.4

8.5 100 +£5.3

9.0 8.9+4.0

9.5 7.8 £1.7

5’-PDE at pH 8.5 (optimum pH) was taken as control (100%
relative enzyme activity).
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as at pH 6.0 and below. The enzyme catalysis activ-
ity was at pH 8.5 for 10 minutes, but the enzyme was
stable in the range pH 7.0-8.0.

At pH 8.5, the alkaline condition causes slight al-
teration in 5’-PDE enzyme conformation, which leads
to the exposure of more active sites of the enzyme.
However, the prolonged exposure of high pH may lead
to the changing of conformation or denaturation of
the enzyme. There are some 5’-PDE with similar pH
stability properties as the enzyme from adzuki beans.
Harvey et al. (1967) also found that 5’-PDE from car-
rots was stable between pH 8.5 to pH 9.0. Overall, the
enzyme was stable in slightly alkaline solutions.

Temperature optimum and stability
The activity-temperature curve for 5’-PDE is shown
in Figure 3, with the optimum temperature for 5’-PDE
fixed at 80°C, and nitrophenyl-pT as the substrate. The
activity increased when the temperature was increased
from 20 to 80°C. At 95°C, the remaining enzyme ac-
tivity was only 12% of the activity at the optimum tem-
perature. No enzyme activity was detected at 100°C.
The choice of temperature is critical for the de-
termination of enzyme activity and purification of
enzymes. This information will be extremely useful,
especially to give a clear picture of the working tem-
perature of the enzyme to avoid denaturation.
According to Sowdhamini and Balaram (1993), an
increase in temperature generally increases enzyme
activity. As the temperature increases, molecular mo-
tion increases resulting in more molecular collisions.

16.0
14.0
12.0
10.0
8.0
6.0
40
2.0]
0.0

Enzyme activity
umol p-nitrophenol/min

20 30 40 50 60 70 80 90 100
Temperature, °C

Fig. 3. 5°-PDE activity at the different reaction tempera-
tures. The error bars represent the mean +standard deviation
of three replicates
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If, however, the temperature rises above a certain
point, that heat will denature the enzyme, causing loss
of its three-dimensional functional shape by denatur-
ing its hydrogen bonds. Thus, the protein will denature
as the temperature increases beyond the optimum tem-
perature. A slow reaction rate was observed at a low
temperature for 5’-PDE activity. The cold temperature
slows down enzyme activity by decreasing molecular
motion (Sowdhamini and Balaram, 1993). The infor-
mation obtained from this experiment has also provid-
ed a better understanding of the working environment
of this crude 5°-PDE preparation that would help to
avoid denaturation of the enzyme during purification
or application.

The data obtained in this study coincide with the
findings of research by Lerch and Wolf (1972), where
high-temperature stability (80°C) was displayed by
5’-PDE purified from sugar beet leaves (Lerch and
Wolf, 1972). However, in general, the temperature op-
timum for 5’-PDE was found to be 70°C and below.
This can be seen in 5’-PDE from germinated barley
(Dhule et al., 2006), Penicillium citrinum (Ying et al.,
20006), Aspergillus fumigatus (Luo et al., 2017) and
malt rootlet (Zou et al., 2008) which had temperature
optimums of 60°C, 65°C, 60°C and 70°C, respectively.

When compared to 5°-PDE from other sources,
the enzyme from adzuki beans has excellent thermo-
stability properties. This is considered an important
and useful criterion for industrial applications. The
enzyme was stable up to 60°C (Fig. 4) even after ex-
posure for 1 hour at that temperature. After 60°C, the

18.04
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N
>
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N
o n
o o

Enzyme activity
umol p-nitrophenol/min
o

> o ®
o o

on
o o

30 40 50 60 70 80 90 100
Temperature, °C

N
o

Fig. 4. Stability of 5’-PDE pre-incubated at different tempera-
tures for 1 hour. The pH was maintained at pH 8.5. The error
bars represent the mean +standard deviation of three replicates
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enzyme activity started to decrease drastically, where
a complete loss of activity was observed at 90°C.
Thus, applications of the enzyme in an industrial set-
ting should be made at temperatures below 60°C.
Hua and Huang (2010), in their recent study, found
5’-PDE from barley rootlets to be stable at 70°C for
420 minutes. On the other hand, Beluhan and Maric
(2011), in their work on 5’-PDE from barley rootles,
observed retention of 70% relative activity after 120
min of incubation at 70°C. Besides that, 5’-PDE from
yeast extract, which has an optimum temperature of
65°C, showed decreasing stability with an increase in
temperature (Sombutyanuchi et al., 2001). The yeast
5’-PDE was stable at 60°C for 200 minutes. However,
at 65, 70 and 75°C, the enzyme was stable for 120,
60 and 40 minutes, respectively, showing a decreas-
ing trend in thermostability. At 80°C, the enzyme was
only stable for 20 minutes.

Stability of 5’-PDE at optimum temperature
and pH, and other temperatures and pH
5’-PDE had a reduction of 48.5% enzyme activity af-
ter 30 min pre-incubation. The activity further reduced
with 93% loss of activity when pre-incubated at 120
min. This is in agreement with the work of Lerch and
Wolf (1972), where 5°-PDE from sugar beet leaves ex-
perienced 50% activity lost after 10 minutes (at 80°C),
although its optimum temperature was 80°C.

Figure 6 shows that on the first day of incubation,
5’-PDE was stable (relative enzyme activity more
than 80%) under all conditions tested. At 60 and 65°C,

12.04

Enzyme activity
pumol p-nitrophenol/min
S T =
o o o o o

o
=1

20 40 60 80 100 120

Time, minute

o

Fig. 5. Stability of 5’-PDE at optimum pH (pH 8.5) and
optimum temperature (80°C) with time. The error bars rep-
resent the mean +standard deviation of three replicates
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Fig. 6. Stability of 5°-PDE at pH 7.5 and pH 8.5 and 60°C, 65°C and 70°C: condition A — pH
7.5 and 60°C, condition B — pH 8.5 and 60°C, condition C — pH 7.5 and 65°C, condition D —
pH 8.5 and 65°C, condition E — pH 7.5, and 70°C, condition F — pH 8.5 and 70°C. The error
bars represent the mean +standard deviation of three replicates

regardless of the pH of the reaction (conditions A,
B, C and D), 5’-PDE retained more than 80% of its
relative enzyme activity on the 4®-day of incubation.
However, at 70°C, the relative activity of 5’-PDE in-
cubated in pH 7.5, and pH 8.5 dropped to 71% (condi-
tion E) and 44% (condition F), respectively. Moreover,
it was observed that 5’-PDE lost more activity at pH
8.5 compared to pH 7.5, especially on day 4 of incu-
bation, where the activity at pH 7.5 was 1.61 times
greater than the activity at pH 8.5. 5’-PDE from barley
was found to be stable at 70°C for 2 hours (Beluhan
and Maric, 2003). However, there was no report on the
stability of 5’-PDE at 70°C for beyond a few hours.

Effects of detergents and EDTA
on 5’-phosphodiesterase activity
Figure 7 shows that Tween 80 had a slight inhibitory
effect on 5°-PDE activity as it decreased the activity by
23.1% relative to the activity of the control. A greater
degree of inhibition was obtained in the presence of
Tween 20, where the relative activity of the enzyme
was 69.4%. The loss in enzyme activity was 75.2% and
96.8%, respectively, in the presence of Triton X-100
and SDS. From the experiment, it can be concluded that
5’-PDE from adzuki beans is inhibited by detergents.
However, each of the detergents has a different
degree of inhibition towards the enzyme. Ying et al.
(2006), who studied the effects of detergents on 5°-PDE

www.food.actapol.net/

from Penicillium citrinum, reported the presence of
0.1% (v/v) and 0.2% (v/v) as compared to 12% (v/v)
Tween 80 (10 mM) used in this experiment. Tween
80 in the reaction medium did not have a profound or
high inhibitory effect. When the researchers used Tri-
ton X-100 at 0.2% (v/v), a strong inhibitory effect was
obtained where the relative activity was 23%. On the
other hand, 0.1% (w/v) and 0.2% (w/v) SDS reduced
5’-PDE activity to 55 % and 42%, respectively.

Although the presence of a high concentration of
detergents often resulted in protein denaturation, non-
ionic detergent concentrations below 0.1% (w/v) are
usually not harmful to proteins (Scopes, 1994). The
detergents used in this experiment (Tween 80, Tween
20 and Triton X 100) are examples of non-ionic deter-
gents. The most common chelating agent is ethylene
diamine tetraacetic acid (EDTA). If the enzyme is sta-
ble or its activity increases after pre-incubation with
EDTA, it means the enzyme is affected by metals. On
the other hand, if the activity of the enzyme drops after
the addition of EDTA, the enzyme contains metal as
a cofactor that is removed by EDTA. Thus, how EDTA
inhibits an enzyme would indicate whether it is a met-
alloenzyme or a metal-activated enzyme.

The results shown in Figure 7 clearly show that
the presence of EDTA greatly affected the activity of
the enzyme such that only 0.6% of the control activ-
ity remained. This indicates that 5’-PDE from adzuki
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deviations; results are mean of three determinations

beans is probably a metalloenzyme, meaning that the
enzyme requires metal as a cofactor. EDTA has been
reported as an inhibitor of 5°-PDE from different kinds
of sources, such as beet (Lerch and Wolf, 1972) and
rat submandibular salivary glands (Henz et al., 2007).
A similar effect was also reported by Beluhan and
Maric (2003) on 5’-PDE from barley, where 1 mM
EDTA and 10 mM decreased relative enzyme activity
to 77% and 10% of the control activity, respectively.
This indicates that 5°-PDE from adzuki beans is prob-
ably a metalloenzyme, meaning that the enzyme re-
quires metal as a cofactor.

Effects of metal cations on 5’-phosphodiesterase
activity

Metal ions play important roles in the biological func-
tions of many enzymes, mainly as cofactors. Vari-
ous metal ions were investigated for their effects on
5’-PDE activity. The effects of different metal ions
on 5°-PDE activity are shown in Figure 8. Out of
14 metal cations tested, only four were found to en-
hance the activity of the enzyme as they increased the
activity to more than 100% of the control. The other
metal ions caused either a slight or significant inhibi-
tion of the enzyme.
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From Figure 8, most cations inhibited the en-
zyme significantly. However, the enzyme activity was
strongly activated by Ca?, K* and Mg?* (at 10 mM
concentration) with the relative activity of 249%,
214% and 179%, respectively, compared to the activ-
ity of the control. However, the enzyme activity was
increased only slightly (120% relative activity) by Li".
These results suggest that the 5’-PDE from adzuki
beans is also a metalloenzyme. Figure 8 also shows
that Na*, Zn**, Ni** and Hg?* (all 10 mM final concen-
tration) acted as an inhibitor of 5’-PDE activity where
the activity of the enzyme decreased to 77.3%, 49.0%,
44.4% and 39.8%, respectively. The other metal cati-
ons were found to decrease the activity of the enzyme
even more. The activity of the enzyme was almost
completely removed by Co?, to 8% of the relative ac-
tivity compared to initial activity.

The present study also showed that there are metal
cations that are capable of inhibiting 5’-PDE from
adzuki beans. Zn*" was also found to be inhibitory to
5’-PDE from adzuki beans (Fig. 8). According to Be-
luhan and Maric (2003), as the concentration of Zn?*
increased (from 1 mM to 10 mM)), the relative activity
of 5’-PDE from barley malt sprouts decreased. It has
been reported by Flaganan and Zbarsky (1976) that
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10 mM Ni** was only slightly inhibitory (91%) to the
enzyme from rat intestine.

Inhibition of 5°-PDE by Hg?*, Cu?*, Pb*, Al*', Fe**
and Fe’* has been reported by Chohnan et al. (1994),
Lerch and Wolf (1972) and Futai and Mizuno (1967).
Ying et al. (2006) reported on the strong inhibitory
effect of Cu** on 5°-PDE from Penicillium citrinum
where at 1 mM, and 2 mM, the activity of the enzyme
declined to 1.6% and 4%, respectively. Flaganan and
Zbarsky (1976) also showed that as the concentration
of Cu* in the reaction mixture increased from 1 mM
to 10 mM, the relative activity of 5’-PDE from rat
intestine decreased from 74% to 34%. On the other
hand, Beluhan et al. (2003) reported a mild decrease
in 5°-PDE activity from 93% to 69% when 1 mM and
10 mM Cu?* were present in the reaction mixture;
while Luo et al. (2017) also reported that 5’-PDE from
Aspergillus fumigatus were partially inhibited by Cu*".
There is a report on the role of Pb** as an inhibitor of
5’-PDE.

Chohnan et al. (1994) found that Fe*" and Fe*" in-
hibited 5°-PDE from Aspergillus niger, while Luo et
al. (2017) reported on inhibition of the 5’-PDE from
Aspergillus fumigatus by Fe**. Inhibition of 5’-PDE
from Aspergillus niger by Co*" has been reported

www.food.actapol.net/

by Chohnan et al. (1994), although Lerch and Wolf
(1972) reported that the cation activated the enzyme
from sugar beet. According to Ying et al. (2006),
1 mM of Co* had a slight inhibitory effect, where it
reduced the activity of 5’-PDE from Penicillium ci-
trinum to 75%. This is in contrast with other reports
which stated that 1 mM Co?" increased the relative ac-
tivity to 114% (Futai and Mizuno, 1967), and 2 mM
increased the relative activity to 116% (Harvey et al.,
1967). There has been no report on the effects of Ba?*
on 5’-PDE from any sources.

The results of the effects for different concentra-
tions of selected cations on 5’-PDE activity are shown
in Table 2. Li* showed no significant effects on 5’-PDE
at concentrations less than 4 mM. At 6 mM concentra-
tion, Li* caused the activity of the enzyme to increase
by 1.48 times that of the control. However, the relative
activity of the enzyme decreased (but did not inhibit)
as the concentration of Li" was further increased. So
far, there has been no report on the effects of Li* on
5’-PDE activity.

When the effect of Na* was investigated further, it
was found that different concentrations of Na* affected
the enzymatic activity of 5’-PDE differently. Thus, the
effect of Na* on 5’-PDE is rather interesting, where
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at final concentrations of up to 8 mM, the cation was
found to stimulate the activity of 5’-PDE. However,
at 8§ mM, the relative activity was lower than at 6 mM
(Table 2). An inhibitory effect was observed when the
concentration of Na” was 10 mM. The results obtained
are consistent with those from a few studies that re-
ported Na* as a slight activator of the enzyme (Futai
and Mizuno, 1967; Wang et al., 1993).

However, K* has a different effect on the catalytic
reaction on the enzyme compared to Ca*" (Table 2).
It was observed that the relative activity of 5’-PDE
exhibit a proportional increase with an increasing K*
concentration. At 10 mM K" concentration, 5’-PDE
activity was 2.15 times greater than that of the control.
Ying et al. (2006), who studied the effects of K* on
5’-PDE from Penicillium citritum found that the activ-
ity of the enzyme increased from 150% to 172% as
the concentration of K* added increased from 1 mM
to 2 mM, respectively. They also reported on the ac-
tivation of enzyme activity by 10 mM of Mg*". The
activity of 5’-PDE increased as the concentration of
Mg?* increased from 1 mM to 6 mM. The maximum
stimulatory effect of Mg? on 5’-PDE was observed
at 6 mM with a 231% increase in activity. However,
above this concentration, the strong stimulatory effect
by Mg*" was slightly reduced.

Activation of 5’-PDE from adzuki beans by Mg**
is also consistent with research on the effects of Mg**
on 5°-PDE from different sources, where studies re-
vealed that Mg?" activated the enzyme regardless of
the type of sources of the enzyme itself. Harvey et al.
(1967) found that 2 mM of Mg?* increased the relative
activity to 223%, whereas for 5’-PDE from sugar beet
(Lerch and Wolf, 1972), the relative activity increased
to 123% (at 2 mM Mg?") and 127% (at 10 mM Mg?"),
respectively. Beluhan et al. (2003) studied the effects
of different concentrations of Mg?* on 5°-PDE from
barley malt sprouts and found that the relative activity
increased as the concentration of Mg?* increased. 5’-
-PDE appeared to be more sensitive to Ca*>" activation
compared to the other cations tested, where a signifi-
cant activation could be seen at 2 mM Ca?*. The high-
est relative activity was 296.0% at 4 mM Ca?". After
that, the activity of 5’-PDE remained relatively stable.

From Table 2, the relative activity of 5’-PDE in-
creased, with an increase in Ca?" concentration. Har-
vey et al. (1967) reported a high relative activity of
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Table 2. Effects of metal cation concentration on the activ-
ity of 5’-phosphodiesterase

Metal
cations

Li

Relative enzyme
activity, %

0 100.0 £0.0°

2 95.5 £6.6*

4 102.6 £15.7*

6

8

Concentration, mM

148.4 +8.4°
132.8 £5.2%
10 121.4 +8.2¢
Na* 0 100.0 £0.0°
2 111.1 £7.1°
4 179.4 £14.4°
6 203.6 £6.4¢
8 146.6 +12.9¢
10 77.8 +8.1¢
K* 0 100.0 +0.0°
2 104.4 +1.2°
4 134.8 +6.7°
6 169.6 +6.3¢
8 188.8 +8.4¢
10 215.4 +4.6°
Mg 0 100.0 £0.0°
2 142.3 £7.6°
4 191.4 +27.6°
6 231.5 £15.3¢
8 207.4 +£6.7%
10 193.9 £16.2¢
Ca** 0 100.0 £0.0°
2 261.0 £10.8°
4 296.0 £6.2¢
6 289.0 +1.9¢
8 274.0 £6.3°
10 268.9 9.3
AP 0 100.0 £0.0°
2 71.2 £1.8°
4 66.7 £2.9%
6 56.3 3.7
8 50.6 +£0.6°

10 25.9 +£5.2¢

Mean residual activity tstandard deviation, %. Residual activ-
ity, which has a different alphabet, indicates significant differ-
ences (P < 0.001) between concentrations, %.
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218% among the other metal cations when 2 mM Ca?*
is added to the 5’-PDE from carrots. Henz et al. (2007)
reported that 0.5 mM and 1 mM of Ca*" had no sig-
nificant effect on 5’-PDE, which had been inhibited by
EDTA from a rat mammary gland.

5’-PDE activity was negatively affected by the
presence of AI** in the reaction mixture. As the con-
centration of AI** increased, the relative activity of
enzyme activity decreased as well. At 10 mM concen-
tration, the relative activity of the enzyme was only
25.9% of the untreated enzyme. Ying et al. (2006) also
reported that the enzyme activity decreased from 65%
when 1 mM AP was added to the reaction mixture
to 54% when 2 mM was incorporated. The results
strongly suggest that 5’-PDE from adzuki beans is
a metalloenzyme that is also sensitive to the presence
of cations, causing the activity to either increase or de-
crease compared to the control without the addition of
cations.

CONCLUSIONS

This study has shown that crude 5’-phosphodiesterase
with a high-temperature optimum (80°C) and alkaline
pH optimum (pH 8.5) has been extracted from germi-
nated adzuki beans. The enzyme is relatively stable be-
tween pH 7.0 and 8.5. Higher stability was observed at
pH 7.5 compared to pH 8.5, and at 60°C and 65°C the
enzyme activity still possesses good efficiency even
after 4 days of incubation. Increasing the temperature
to more than 70°C affected the stability of the enzyme.
This study has also shown that the activity of 5’-PDE
extracted from germinated adzuki beans is affected
by exogenously added metal ions in different ways.
5’-PDE was slightly inhibited by detergents such as
Tween 80 and Tween 20, while Triton X 100, SDS and
EDTA were strong inhibitors. Cations such as Ca?",
K*, Mg?* and Li** were found to enhance enzyme ac-
tivities. The results further showed that the activity of
the enzyme was at its highest in the presence of Ca?",
followed by K* and Mg?**, while Li* and Na* showed
a slight increase up to a certain concentration only.
When selected metal ions at different concentrations
were tested against the enzyme, Mg?*, Li* and Na*
showed a similar pattern of enzyme activation, where-
by increasing of metal ion concentration increased
5’-PDE activity until it reached its maximum activity
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at 6 mM. In all cases, the activity of the enzyme re-
mained greater than the control. In the case of Ca?’,
increasing the concentration beyond 4 mM resulted in
inhibition of activity. 5’-PDE activity increased as K*
concentration increased. On the other hand, 5’-PDE
activity decreased as AI’** concentration decreased. In
conclusion, the metal cations that inhibited the activity
of 5°-PDE were Co", Cu*, Zn*', Hg', Ba*, Al*", Pb*,
Ni** and Fe*" at 10 mM. Thus, it is concluded that 5°-
-PDE from adzuki beans is a metalloenzyme. As well
as this, activation of the enzyme with the addition of
Na* (6 mM) suggests its possible incorporation into
the extract to enhance enzyme catalysis.
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