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Abstract: Endogenous x-amylase activity is crucial for determining the end-use value
of glutinous rice flour (GRF), and controlling it is a key goal in the milling process. Al-
though the structure and properties of starch and protein in GRF have been extensively
studied, there is little information on endogenous x-amylase in GRF. In this study, en-
dogenous a-amylase isolated from GRF was purified and characterized. It was found
to have a molecular weight of about 32 kDa, with the highest specific activity at 60 °C
and a pH of 6.0. The enzyme is stable below 50 °C and in the pH range of 4.0-7.0. Its
activity is Ca?*-independent but inhibited by Cu?*, Zn?*, Mg?*, Mn?*, and Ba?". Its ac-
tivity is also reduced by (3-mercaptoethanol. The enzyme hydrolyzes amylopectin most
efficiently. Circular dichroism spectroscopy showed that the enzyme contains 7.9% «-helix,
35.4% p-folding, 21.1% B-turning, and 35.9% random coils, with a Ty, value of 63.68 °C.
These results suggest that temperature control may be the best strategy for reducing amy-
lase activity in dry-milled GRF, providing a new approach for the development of GRF
dry-milling techniques.
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1. Introduction

a-amylase is a key enzyme in the growth and maturation process of rice and plays
a central role in carbohydrate metabolism [1-3]. Studies have also demonstrated that
a-amylase is initially expressed in the epidermis of cereal seeds and later expressed at high
levels in the aleurone layers, and subsequently both tissues can secrete x-amylase into
the starchy endosperm and eventually remain in the mature seed [4,5]. This «-amylase is
present in all aspects of seed storage, transportation, and processing [6-8]. However, high
levels of endogenous a-amylase in grains (such as wheat and glutinous rice) can lead to
deterioration in the quality of the final product [9,10].

Various a-amylases have been purified and characterized from microbial sources, ani-
mal, plants, and their properties. Kumaravel et al. isolated a- amylase from the Aspergillus
tamarii MTCC5152 and found that the enzyme had its optimal activity at a pH of 6.5 and
exhibited maximal activity at 55 °C [11]. In order to design specific endogenous x-amylase
inhibitors to achieve insect resistance, Thakur purified and characterized «-amylase from
Acanthoscelides obtectus (Say) and found that its activity is significantly inhibited by tannic
acid, oxalic acid, and HgCl,, while Na™, Mgz*, and Ca2* acted as activators [12]. Singh et al.
isolated and purified a-amylase from broad beans and found that its maximal activity was
ata pH of 6 and 65 °C [13]. Amylases are extensively used in various industrial processes.
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To expand their application potential under varying operational conditions, researchers
have successfully isolated amylases from microbial exhibiting cold-adapted (optimal tem-
perature at 30 °C) and thermostable (optimal temperature at 80 °C) activity [14,15]. When
native amylases fail to meet functional requirements, protein engineering strategies are
further used to enhance their catalytic activity and operational stability, thereby tailoring
these biocatalysts for specific industrial applications [16,17].

In our previous studies, we found that the content of endogenous x-amylase explained
the difference in pasting and rheological properties between wet-milled GRF and dry-milled
glutinous rice flour (GRF) [18]. The higher endogenous x-amylase activity in dry-milled
GREF increased the degradation of glutinous rice starch molecules during gelatinization,
resulting in reduced gel strength, thus leading to the textural deterioration of the final
products. Notably, c-amylase inhibition effectively improved the dry-milled GRF product
texture. Therefore, understanding the characteristics of endogenous «-amylase is crucial for
regulating enzyme activity and developing enzyme inhibitors. However, there is limited
information on the endogenous x-amylase in GRF. Thus, it is necessary to purify and
characterize this endogenous a-amylase from GRF to develop new strategies to regulate its
activity and improve its stability.

This study aimed to extract, purify, and characterize endogenous x-amylase from
GRE. The purified enzyme was characterized in terms of its activity at various pH values
and temperatures. The molecular weight and secondary structure of the protein were also
determined. The findings of this study will pave the way for the development of innovative
dry milling techniques to control endogenous «-amylase activity in dry-milled GRE, thereby
increasing the possibility of using dry-milled GRF as raw material in food manufacturing.

2. Materials and Methods
2.1. Materials

All chemical reagents used in this study (3,5 -dinitrosalicylic acid, ammonium sulfate,
acetic acid, sodium acetate, disodium hydrogen phosphate, and sodium dihydrogen phos-
phate; analytically pure) were purchased from Sinopharm Chemical Reagent Co. (Shanghai,
China). Unless otherwise indicated, the BCA protein concentration determination kit was
obtained from Biyuntian Biotechnology Co. (Shanghai, China).

2.2. Purification of Endogenous x-Amylase

The endogenous x-amylase was purified according to the methods of Olajuyigbe with
some modifications [19], and the specific operation steps are shown below.

2.2.1. Extraction of Crude Enzyme Solution

The crude enzyme solution was extracted using the following method: Briefly, 100 g
of glutinous rice flour was added to 500 mL 0.1 mol/L PBS (a pH of 6.5) buffer and stirred
at a low temperature (ice bath, <4 °C) for 2 h. The mixture was then centrifuged at 8000 g
for 30 min at 4 °C and the supernatant was used for further purification.

2.2.2. Graded Precipitation of Ammonium Sulfate

A certain aliquot of crude enzyme solution was taken, and 10%, 20%, 30%, 40%, 50%,
60%, and 70% (w/v) of ammonium sulfate was added to the volume of the crude enzyme
solution. The mixture was slowly stirred at a low temperature (ice bath, <4 °C) for 1 h
to prevent the formation of bubbles, then allowed to stand at 4 °C overnight. It was then
centrifuged at 10,000 x g for 30 min at a low temperature. The collected precipitate was
resuspended in 0.1 mol/L PBS (pH 6.5) buffer, and the enzyme activity was determined. The
concentration with the highest enzyme activity was selected for subsequent experiments.
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After centrifugation, the precipitate was redissolved in PBS and desalted by dialysis at 4 °C
for 12 h, with the dialysate being changed at 1 and 3 h. The dialyzed enzyme solution was
then passed through a 0.45 um aqueous membrane for subsequent purification.

2.2.3. Ion Exchange Chromatography

The DEAE Sepharose Fast Flow ion-exchange chromatography column was pre-
equilibrated with 0.1 mol/L PBS (pH 6.5) at an equilibrium flow rate of 1 mL/min. The
dialyzed enzyme solution was injected into the AKTA Purifier UPC system (GE Healthcare
Life Sciences, Marlborough, MA, USA). After the sample loading was completed, isocratic
elution was performed with 0.1 mol/L PBS (a pH of 6.5) containing 0.5 mol/L NaClL
Based on the results of the linear elution, gradient elution was then performed with PBS
(0.1 mol/L, a pH of 6.5) containing 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mol/L NaCl at a controlled
flow rate of 3 mL/min and a collection rate of 1 min/tube. The absorbance of the eluate
was measured at 280 nm using a UV detector. The enzyme activity, volume, and protein
content of the liquid in the peak portion of the collected fractions were detected. Fractions
containing endogenous x-amylase activity were pooled.

2.2.4. 1 Gel Filtration Chromatography

The Superdex-200 gel column (GE Healthcare Life Sciences, Marlborough, MA, USA)
was pre-equilibrated overnight with 0.1 mol/L PBS (pH 6.5). After ion exchange chro-
matography, the enzyme solution was injected into the system and eluted with 0.1 mol/L
PBS (pH 6.5) buffer at a flow rate of 3.5 mL/min. The amylase activity of each peak was
measured, and the active fractions were collected and concentrated by ultrafiltration. These
fractions were then subjected to SDS-PAGE, and fractions with the same bands were pooled
to determine the volume, enzyme activity, and protein content.

2.3. Determination of Protein Content

The BCA kit was used to determine the amount of protein in the enzyme solution.

2.4. Determination of Endogenous a-Amylase Activity

Amylase activity was determined using the 3,5-dinitrosalicylic acid (DNS) method [20],
with a standard curve plotted using glucose. The substrate solution was prepared
with 0.1 mol/L acetate buffer (pH 6.0) and 1% (w/v) soluble starch, thoroughly mixed.
One milliliter of the substrate solution and 0.1 mL of appropriately diluted enzyme solution
were reacted at 37 °C for 30 min. The reaction was terminated by adding 1.5 mL of DNS
reagent. After 5 min in a boiling water bath, the reaction mixture was cooled by transferring
it to ice water. Absorbance values were then determined at 540 nm. The blank control was
distilled water. One unit of enzyme activity was defined as the amount of enzyme that
releases 1 umol of glucose from 1% soluble starch per minute.

2.5. SDS-PAGE and Enzyme Activity Staining Analysis

The molecular weights of purified enzymes were analyzed by SDS-PAGE. Enzyme
solutions from each purification stage were analyzed using a 5% separating gel and
a 12% stacking gel [21]. Then, 40 uL of enzyme solution was mixed with 10 pL of loading
buffer (Tris-HCl, 0.125 mol/L, pH 6.8, containing 2% SDS (w/v), 0.05% (w/v) bromophenol
blue, and 10% glycerol), homogenized, and then loaded onto the gel. The electrophoresis
buffer was cooled to 4 °C in a refrigerator before loading. Electrophoresis was carried out
at 4 °C, and the run was stopped after 80 min at a constant voltage of 120 V. The gel was
removed, washed twice with deionized water, and then stained with Coomassie Brilliant
Blue. The sample contained 5% 2-Me under reduction conditions.



Foods 2025, 14, 1679

4of 14

After electrophoresis, the gel was washed twice with deionized water and immersed in
0.1 mol/L PBS buffer (a pH of 6.8) containing 0.5% (v/v) Triton X-100 for 30 min to remove
SDS. The gel was then overlaid with a starch agar plate containing 1% starch and incubated
at 37 °C for 2 h. The gel was stained with 0.1% 12/1% KI solution. The transparent areas on
the brown background were identified as regions with endogenous x-amylase activity.

2.6. Optimal pH for Endogenous x-Amylase

A 1% soluble starch solution was prepared using buffers of 0.1 mol/L acetate (a pH of
3.0-6.0), phosphate (a pH of 7.0-8.0), Tris-glycine (a pH of 9.0-10.0), and carbonate (a pH of
10.0-11.0). The enzyme activity was determined under different pH conditions using the
method described in Section 2.4. The relative activity of endogenous x-amylase at different
pH values was calculated using the highest enzyme activity as 100%.

2.7. pH Stability of Endogenous a-Amylase

The stability of endogenous «-amylase was measured using the following method.
Buffers of 0.1 mol/L acetate (a pH of 4.0-6.0), phosphate (a pH of 7.0-8.0), and Tris-glycine
(a pH of 9.0) were prepared, each containing a 1% soluble starch solution. The endogenous
a-amylase was incubated in a water bath at 37 °C for 120 min under different pH conditions.
The residual activities of endogenous x-amylase at 30 min and 120 min were determined
using the method described in Section 2.4 and compared with those of their respective
controls incubated for 0 min (100%). The stability of the endogenous a-amylase was
calculated at each pH.

2.8. Optimal Temperature for Endogenous a-Amylase

The relative enzyme activity of endogenous a-amylase at different temperatures was
calculated using the method in Section 2.4, where the enzyme activity of endogenous
a-amylase was determined at 30 °C-90 °C and the highest enzyme activity was taken
as 100%.

2.9. Temperature Stability of Endogenous a-Amylase

The substrate and enzyme solution were incubated at 30 °C, 40 °C, 50 °C, 60 °C, and
70 °C for 120 min. The thermal stability of endogenous x-amylase in the range of 30-70 °C
was determined using the method described in Section 2.4 to measure the residual enzyme
activity at 30 min and 120 min. The enzyme activity at 0 min of their respective incubations
was used as a control (100%).

2.10. The Effect of Metal lons on the Activity of Endogenous a-Amylase

The effect of metal ions on the activity of endogenous x-amylase was determined
using the following method: Cu?*, Ca%*, Zn?%*, Mg2+, Mn?2*, and Ba?t were added to the
reaction system to achieve concentrations of 1 mmol/L and 5 mmol/L [22]. The method
described in Section 2.4 was used to determine the effect of these different metal ions on
the activity of endogenous x-amylase. The control was the enzyme activity (100%) in the
absence of metal ions.

2.11. The Impact of Various Compounds on the Activity of Endogenous a-Amylase

DTT, EDTA, and 2-Me were added to the reaction system to achieve concentrations
of 1 mmol/L and 5 mmol/L. SDS, Tween 20, and Triton X-100 were added to achieve
concentrations of 0.1% and 0.5% (w/w) in the system [23]. The effects of these different
compounds on the activity of endogenous x-amylase were determined using the method
described in Section 2.4. The enzyme activity in the absence of these compounds was used
as the control (100%).
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2.12. Substrate Specificity of Endogenous a-Amylase

The relative enzyme activities of endogenous x-amylase under different substrates
were determined using the method described in Section 2.4. The substrates used were
0.5% soluble starch, maize starch, tapioca starch, wheat starch, potato starch, and branched-
chain starch. Soluble starch was used as the control (100%).

2.13. Circular Dichroism Spectroscopy Determination

Endogenous x-amylase was configured with 20 mmol/LPBS buffer (a pH of 6.5) to
a concentration of 0.2 mg/mL in the sample. Far-UV CD spectra were recorded from 260 nm
to 190 nm at 25 °C using a 1 mm cuvette. For secondary structure unwinding temperature
analysis, protein samples were heated from 25 °C to 95 °C, ramping up at a heating rate
of 0.5 °C/min to record CD spectra at 220 nm [21]. The obtained data were calculated by
CDDD 2.1 (Applied Photophysics Ltd., Leatherhead, UK) and Chirascan Global3 (Applied
Photophysics Ltd.) software. Pyrolytic folding was fitted using a sigmoid curve.

3. Results and Discussion
3.1. Isolation and Purification of Endogenous x-Amylases

Amylase is usually present in soluble form in cereals, which facilitates its separation
from the grain. Amylase is usually extracted from grains using buffers (e.g., phosphate,
acetate, and Tri-HCl), and the extracted crude enzyme solution is then concentrated by
graded precipitation using ammonium sulfate or organic solvents (ethanol or acetone).
This step is carried out at low temperatures (4 °C) to minimize the loss of enzyme activity
during extraction.

Ion-exchange chromatography is a technique used for the separation of proteins based
on their net charge and has been applied to the separation of amylases from most cereals.
The enzyme fraction obtained by ion-exchange chromatography is further separated, based
on size, by molecular sieve chromatography to obtain a purified enzyme solution. In this
study, amylase was separated and purified from GRF using low-temperature extraction
with phosphate-buffered saline (PBS, a pH of 6.5) solution, ammonium sulfate precipitation,
ion-exchange chromatography, and molecular sieve chromatography. The enzyme activity
levels, enzyme recovery rates, and multiplicities in each purification step are shown in
Table 1. During the purification process, the purification multiplicity of purified endoge-
nous c-amylase isoforms was increased by 2.72-fold after ammonium sulfate precipitation
and the multiplicity of the enzyme was increased by 6.11-fold after anion-exchange chro-
matography, relative to the crude enzyme fraction. After purification by Superdex-200, the
recovery rate was 8.78% and the multiplicity of the enzyme was 33.0-fold.

Table 1. Purification of a-amylase from glutinous rice flour.

Procedure Total Total Specific Recovery Purification
Activity/U  Protein/mg  Activity U/mg 1% Fold
Crude Enzyme 67.4 662 0.102 100 1.00
Ammonium Sulfate 45.0 162 0277 66.8 2.72
Precipitation
DEAE Sepharose 16.8 27.0 0.623 24.9 6.11
Fast Flow
Superdex-200 5.92 1.75 3.37 8.78 33.0

3.2. Molecular Weight Determination

After each purification step, electrophoresis was performed under reducing and
non-reducing conditions in order to determine the molecular size, native structure and
activity of endogenous a-amylase (Figure 1). Electrophoretic protein separation analysis
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after ammonium sulfate precipitation, DEAE Sepharose Fast Flow ion-exchange column
chromatography and Superdex-200 size exclusion column chromatography purification
revealed a single protein band (Figure 1A), indicating that a purer endogenous «-amylase
had been obtained. Furthermore, on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) under reducing conditions, the purified x-amylase gave a single
protein band corresponding to a molecular mass of approximately 32 kDa (Figure 1C). After
electrophoresis, the gel was spread flat on an agar plate containing starch and incubated
at a suitable temperature to verify that the protein band corresponding to endogenous
ax-amylase had amylase activity. Native-PAGE profile, using the starch-iodine method
to detect the presence or absence of amylase, showed a protein band corresponding to
amylase activity staining (Figure 1B), which appears as a transparent area on the gel (at the
red arrow), in which starch was hydrolyzed by amylase, further confirming that the 32 kDa
band is endogenous a-amylase. Usually, the reported molecular weight of cereal amylases
ranges from about 20 to 84 kDa [24-26], which is consistent with the molecular weight of
the endogenous x-amylase obtained in this study.

Mw
(KDa) Mark | 2 3 Mark 1
180
135
100
75

63

48

35

A B C

Figure 1. (A) SDS-PAGE of purified x-amylase under non-reducing condition. Lane 1: Superdex-
200 eluate; lane 2: DEAE Sepharose Fast Flow eluate; lane 3: ammonium sulfate precipitation;
(B) Zymogram showing x-amylase activity. Line 1: purified «x-amylase; (C) Superdex-200 SDS-PAGE
under reducing conditions.

3.3. Optimum pH of Endogenous a-Amylase

Enzyme activity is strongly influenced by the pH. The optimum pH of endogenous
a-amylase from cereals is around 6.0 and may vary slightly from one source to another [26].
The relative activity of endogenous x-amylase in glutinous rice flour at each pH, shown
in Figure 2, reveal that the enzyme activity was detected in the pH range of 4.0-9.0, and
the endogenous a-amylase had its highest activity at a pH of 6.0 and was stable at a pH of
5.0-7.0, maintaining more than 70% enzyme activity. However, the activity of endogenous
x-amylase decreased to about 30% at pH values of 4.0 and 8.0. No enzyme activity was
observed with a further decrease (pH of 3.0) or increase (pH of 10.0 and pH 11.0) in pH
values, suggesting that the enzyme might have been inactivated. The pH plays a crucial
role in the structural stability of the enzyme, and amylase is irreversibly inactivated under
extreme pH conditions [27]. Under conditions close to the optimum active pH, small
changes in the pH may lead to changes in the group ions in the active site leading to
changes in the structure of the enzyme. However, the primary structure of the amylase
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may not change much, and its activity may be only slightly altered. At a pH far from the
isoelectric point of the protein, electrostatic repulsion between similar charges formed by
electrons of the functional groups tends to unfold, leading to denaturation and inactivation
of the enzyme protein [28].

100 +
80
60

40

1/ N

3 4 5 6 7 8 9 100 11 12
pH

Relative Activity (%)

Figure 2. Effect of pH on the endogenous x-amylase activity.

3.4. The pH Stability of Endogenous a-Amylases

The stability of endogenous «-amylases under different pH conditions was evaluated
by incubating the endogenous x-amylases for 120 min in buffers at different pH values,
with a non-incubated sample serving as a control. As shown in Figure 3, at 30 min, high
enzyme activity was maintained throughout the pH range of 4.0-8.0, and the stability of
endogenous x-amylase decreased sharply at a pH of 9.0. After 120 min of incubation, the
residual enzyme activity decreased to different degrees compared with that of 30 min, and
more than 80% of the residual enzyme activity was observed in the pH range of 5.0-7.0,
indicating that the stability of endogenous a-amylase was high in this pH range. The
residual enzyme activity decreased significantly after a pH > 7.0, and the enzyme activity
could not be detected in the pH at 9.0. This result indicates that endogenous x-amylase is
unstable under alkaline conditions and highly stable under acidic conditions.

120

—&— 30min
—&— 120min
100

80

60

Relative Activity (%)

40

20

pH

Figure 3. The effect of pH on enzyme activity.
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3.5. Optimum Temperature of Endogenous x-Amylase

To determine the effect of temperature on the activity of endogenous a«-amylase in
glutinous rice, the enzyme activity was determined at temperatures ranging from 30 to
90 °C (Figure 4). At 30 °C, the activity of endogenous x-amylase was around 40%, and
gradually increased with increasing temperature, showing its highest activity at 60 °C.
Increasing the temperature to 70 °C decreased the activity of endogenous a-amylase to
around 40%, and further increasing the temperature led to the complete inhibition of
endogenous a-amylase enzyme activity. Within the range of 30 to 60 °C, the reaction
rate of the endogenous x-amylase increased with the rise in temperature. This is due
to the increase in the kinetic energy of the molecules by the high temperature, enabling
more substrate molecules to reach the activation energy threshold. The enzyme activity
began to decrease when the temperature exceeded 60 °C, and although the rate of the
enzymatic reaction was increased at this time, the structure of the protein was destroyed at
high temperature, resulting in a rapid decrease in amylase activity. The enzyme activity
decreased rapidly, and no activity was observed when the temperature exceeded 70 °C, at
which time the enzyme may have been completely inactivated. Bertoft [27] reported that
the optimum temperature for endogenous x-amylase activity in wheat was between 50 and
70 °C, which is consistent with our results.

100 -+ L]

80

60

Relative Activity (%)
&
o
= S
\H

0 T T T T T T T T T T T T T

30 40 50 60 70 80 90

Temperature (°C)

Figure 4. Effect of temperature on the endogenous x-amylase activity.

3.6. Thermal Stability of Endogenous a-Amylases

The results of the thermal stability analysis of endogenous x-amylases, shown in
Figure 5, reveal that the residual activity of endogenous x-amylase remained above 80% in
the temperature range of 30-60 °C for 30 min, indicating the high stability of endogenous
a-amylases in this temperature range. However, at 70 °C, the endogenous a-amylases
lost about 70% of their enzyme activity within 30 min. After incubation for 120 min, the
residual enzyme activity of all x-amylase isozymes decreased to different degrees compared
with their activity at 30 min, but still retained high activity in the range of 30-50 °C. At
60 °C, only 40% of the x-amylase enzyme activity remained, and no enzyme activity was
detected at 70 °C. The residual enzyme activity of c-amylases from Bacillus licheniformis
after 120 min at 60 °C and 70 °C was 86 and 66.7%, respectively [20]. These results showed
that prolonged exposure to a temperature of 60 °C can easily lead to the inactivation of
endogenous x-amylase exhibiting marked thermal sensitivity.
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120

—&— 30min

100

80

60

40

Relative Activity (%)

20

30 40 50 60 70
Temperature (°C)

Figure 5. The effect of temperature on enzyme activity at different temperatures.

3.7. Effect of Metal Ions on Endogenous a-Amylase Activity

Metal ions affect the structure of the enzyme and thus the catalytic activity of amylase.
As shown in Figure 6, Ca?* did not have a significant effect on the endogenous a-amylase
activity at both concentrations tested, Cu®* significantly inhibited the amylase activity of
endogenous o-amylase, whereas Zn%*, Mg2+, Mn?Z*, and BaZ* also inhibited the amylase
activity. Endogenous a-amylase maintained 80% activity in 1 mmol of Mg?*, Ba%*, and
5 mmol of Mgz*, but high concentrations of Ba®* (5 mmol) resulted in a substantial decrease
in enzyme activity. In general, a-amylase shows a good affinity for Ca?*, and the binding of
x-amylase molecules to Ca?* maintains the conformational stability of amylase molecules,
as a result, Ca®* usually promotes amylase activity. However, in this study, calcium ions
had no significant effect on amylase activity, implying that the endogenous ax-amylase in
glutinous rice flour is a non-Ca?* dependent amylase. To date, many Ca?*-independent
amylases have been identified by multiple studies [29,30].

120

I 1mmol/L
I 5mmol/L

100 +

80

60

40

Relative Activity (%)

20

Control cu®* Ca** Zn?* Mg* Mn?* Ba?*

Divalent lons

Figure 6. Effect of metal ion on the endogenous x-amylase activity.

The strong inhibition of amylase activity by Cu?* may indicate that amino acid residues
with sulfhydryl, carboxyl, and indole groups may be associated with amylase activity.
Mn?* inhibits the catalytic activity of amylase, and a similar phenomenon was found by
Sudan [21], which may be related to the structure of amylase. Overall, all metal ions tested
except Ca®* inhibited the amylase activity, suggesting poor compatibility between the
endogenous x-amylase and metal ions in glutinous rice flour.
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3.8. Effect of Compounds on Enzyme Activity

In physicochemical characterization, different chemical compounds are usually used
for the pretreatment of glutinous rice flour. The study of the effects of various chemical
compounds on the activity of endogenous x-amylase in glutinous rice flour can provide
a theoretical reference for the selection of suitable treatment methods for glutinous rice
flour. As shown in Figure 7, the chelating agent ethylenediaminetetraacetic acid (EDTA)
strongly inhibited the endogenous x-amylase activity, especially at a high concentration
(5 mmol), at which no amylase activity was observed. This finding suggests that endoge-
nous x-amylase may be a metalloenzyme. There may be one or more high-affinity metal
binding sites in the x-amylase protein molecule that release metal ions in the presence of
EDTA, leading to a decrease in the catalytic activity of the enzyme. Among the reducing
agents, endogenous x-amylase maintained about 70 and 80% or more of its activity in the
presence of 2-mercaptoethanol and dithiothreitol (DTT), respectively. The disulfide bond is
an important structure for maintaining the protein conformation. The disruption of disul-
fide bonds leads to alteration in the protein structure and thus its activity. The inhibition
of endogenous a-amylase activity by reducing agents may imply that disulfide bonds are
present in endogenous x-amylase and that the active center of the enzyme requires the
disulfide bonds to maintain the conformation of its active site. In previous studies, DTT
was found to act as a specific inhibitor of cysteine disulfide bond formation, inhibiting
the enzyme by breaking intramolecular and intermolecular disulfide linkages [31]. Some
amylases can maintain 97% activity in the presence of DTT [32], but the presence of DTT in
this study significantly reduced the enzyme activity, indicating that cysteine residues are
involved in catalysis and located at the active site of the enzyme.

A I 1ol
100 4 I 5mmol/L

Relative Activity (%)
S S 3 3
. : . .

0

Control DTT EDTA 2-ME
Inhibitors
120 B Hlo.1%
I 0.5%
100 4
-
S
~ 80+
>
-
=
© 60 -
<
[
=
=}
S 40
[}
14
20
0
Control TritonX-100 Tween-20 SDS
Detergents

Figure 7. Effect of various modulators on x-amylase activity. (A) Inhibitors; (B) detergents.
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Surfactants usually alter the charge distribution on the surface of proteins, disrupting
their secondary and tertiary structures, thereby altering some of their properties. The non-
ionic surfactant TritonX-100 had no significant effect on endogenous a-amylase activity
at a concentration of 0.1% and inhibited its catalytic activity at a concentration of 0.5%.
The anionic surfactant SDS and non-ionic surfactant Tween-20 both inhibited endogenous
x-amylase to varying degrees, and its retained approximately 80% of its enzyme activity at
low concentrations of SDS and Tween-20.

3.9. Substrate Specificity of Endogenous a-Amylase

The relative rate of hydrolysis of the substrate by a-amylase under different conditions
was determined using raw starch from various sources as substrate and the hydrolysis
rate of soluble starch as a control. The results, which are shown in Figures 6-8, revealed
that the relative hydrolysis rates of maize starch, branched-chain starch, tapioca starch,
wheat starch, and potato starch with endogenous x-amylase were 37.78, 48.06, 26.57, 23.93,
and 30.97%, respectively. Also, the endogenous x-amylase was able to hydrolyze a wide
range of substrates by hydrolyzing all the tested substrates. The highest relative hydrolysis
rates were observed with branched-chain starches and the lowest with wheat starches.
Guillaum et al. [33] reported that Hermetia illucens «-amylase showed maximum activity
with rice starch. Also, the rate of hydrolysis of starch was found to be affected by the ratio of
branched /straight chain starch molecules in starch, with branched starch molecules being
more susceptible to attack by «-amylase in starch granules. In addition, the hydrolysis
rate of starch was also found to be affected by the size of starch granules, starch damage,
the type of crystal structure of starch, the branch chain length of starch molecules, and the
size of starch molecules. Thus, the finding that endogenous x-amylase showed different
hydrolysis rates with different substrates may be related to these factors.
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Figure 8. Relative substrate hydrolysis.

3.10. Circular Dichroism (CD) Spectroscopy Analysis

Different secondary structures have unique circular dichroism (CD) spectra at specific
wavelengths, so the secondary structure of amylase and its variations can be studied by
CD spectral analysis. Figure 9 show the CD spectra of the endogenous x-amylase solution.
In the wavelength-scanned spectrum (A), two peaks appeared near 222 nm and 208 nm,
which were due to by the m — 7* and n — 7* transitions of the amide group, which is
typical of a-helical structures. Similar results were previously observed in a-amylase [34].
In addition, the band at 222 nm has a higher intensity than that at 208 nm, suggesting
the presence of «/ (3 structural domains in the endogenous a-amylase structure [35]. The
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relative contents of the four secondary structural motifs of endogenous x-amylase, namely
a-helix, 3-folding, 3-turning, and random coils, were calculated by CDNN 2.1 software to
be 7.9, 35.4, 21.1, and 35.9%, respectively.

1 A

CD (mdeg)
dldbocwrsroaxss

180 190 200 210 220 230 240 250 260 270
Wavelength (mm)

CD (mdeg)

Temperature (°C)

Figure 9. CD spectra of purified endogenous x-amylase. (A) CD spectra of endogenous x-amylase
was recorded from 260 nm to 190 nm; (B) CD spectra of purified endogenous «-amylase at 220 nm at

increased temperature from 25 °C to 95 °C.

The effect of temperature on the secondary structure of the proteins was investigated
by high-temperature scanning at 220 nm. The enzyme conformation transition temperature
is usually expressed as Tr, with lower Tm values indicating poorer stability [36]. In the
fitting curve of the thermal unfolding spectrogram (B), the transition Tr, of endogenous
a-amylase was determined to be 63.68 °C, and the Ty, revealed that the secondary structure
of the endogenous enzyme begins to thermally unfold at 63.68 °C, and the secondary
structure irreversibly changes, which ultimately leads to the inactivation of the enzyme.
Therefore, the activity of endogenous x-amylase may be greatly reduced at 63.68 °C and
above [37,38].

4. Conclusions

In this study, c-amylase was isolated and purified from GRF and characterized. En-
dogenous x-amylase was found to have a molecular mass of about 32 kDa. The optimum
temperature and pH for the amylase was 60 °C and a pH of 6, respectively. The enzyme
was also found to have high activity over a wide range of pH values (4.0-7.0). Notably,
endogenous o-amylase has been demonstrated to be labile at a high temperature, and
its secondary structure conformation changes when the temperature exceeds 63.68 °C.
The findings of this study highlight that heat treatment may have the potential to inhibit
enzyme activity. This study will be extended to investigate the heat treatment of GRF at
different temperatures and evaluate its inhibitory effect on a-amylase activity.



Foods 2025, 14, 1679 13 of 14

Author Contributions: H.Z.: investigation, methodology, writing—original draft, conceptualization,
visualization, formal analysis; FZ.: investigation, methodology—review and editing, writing—
original draft; EW.: formal analysis, writing—review and editing; L.G.: visualization, formal analysis,
writing—review and editing; X.X.: supervision, conceptualization, resources. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the doctoral research fund of Henan Institute of Animal
Husbandry Economics (No. 2022HNUAHEDF037), Henan Province science and technology research
project (No. 242102111067), major special projects of Henan Province (No. 231100110300), and Key
Disciplines of Henan Province (2023-2027) (No. 311, Code 0951). They also acknowledge the National
Funding Program of China for Postdoctoral Researchers (GZC20230984).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: All the authors of this paper declare that they have no competitive interests
that may affect the reporting of this article.

References

1.  Zhang, K.; Nakamur, S.; Ohtsub, K. Morphological, molecular structural and physicochemical characterization of starch granules
formed in endosperm of rice with ectopic overexpression of a-amylase. J. Appl. Glycosci. 2024, 71, 23-32. [CrossRef] [PubMed]

2. Zhang,]; Zheng, D.; Feng, N.; Khan, A. Regulation of Exogenous strigolactone on storage substance metabolism and endogenous
hormone levels in the early germination stage of rice seeds under salt stress. Antioxidants 2025, 14, 22. [CrossRef] [PubMed]

3. Nie, L, Song, S.; Yin, Q.; Zhao, T.; Liu, H.; He, A.; Wang, W. Enhancement in seed priming-induced starch degradation of rice
seed under chilling stress via GA-mediated x-Amylase expression. Rice 2022, 15, 19-26. [CrossRef]

4. Damaris, R.; Lin, Z.; Yang, P.; He, D. The rice alpha-amylase, conserved regulator of seed maturation and germination. Int. J. Mol.
Sci. 2019, 20, 450. [CrossRef]

5. Nakata, M.; Fukamatsu, Y.; Miyashita, T.; Hakata, M.; Kimura, R.; Nakata, Y. High temperature-induced expression of rice
x-amylases in developing endosperm produces chalky grains. Front. Plant. Sci. 2017, 8, 2089-2099. [CrossRef]

6. Mangan, D.; Draga, A ; Ivory, R.; Cornaggia, C.; Blundell, M.; Howitt, C.; McCleary, B. A novel enzymatic method discriminating
wheat pre-harvest sprouting from Late Maturity alpha-amylase. J. Cereal Sci. 2022, 105, 103480. [CrossRef]

7. Zhang, Q.; Pritchard, J.; Mieog, ]J. Over-expression of a wheat late maturity alpha-amylase type 1 impact on starch properties
during grain development and germination. Front. Plant. Sci. 2022, 13, 811728. [CrossRef]

8. Aljabi, H.; Pawelzik, E. Impact of cultivar and growing conditions on alpha-amylase properties in wheat. Starch 2021, 73, 3-4.
[CrossRef]

9.  Olaerts, H.; Courtin, C. Impact of preharvest sprouting on endogenous hydrolases and technological quality of wheat and bread:
A review. Compr. Rev. Food Sci. Food Saf. 2018, 17, 698-713. [CrossRef]

10. Kaur, N.; Gasparre, N.; Rosell, C. Expanding the application of germinated wheat by examining the impact of varying alpha-
amylase levels from grain to bread. J. Cereal Sci. 2024, 120, 104059. [CrossRef]

11.  Arunachallam, P; Kumaravel, V.; Gopal, S. Purification and biochemical characterization of x-amylase from Aspergillus tamarii
MTCC5152. Prep. Biochem. Biotechnol. 2024, 54, 444-453. [CrossRef] [PubMed]

12.  Azad, R; Thakur, D. Purification and characterization of a-amylase from Acanthoscelides obtectus (Say) (Coleoptera: Chrysomeli-
dae). Int. J. Biol. Macromol. 2024, 278, 135009.

13. Singh, K.; Ahmad, F; Singh, V.; Kayastha, K.; Kayastha, A. Purification, biochemical characterization and Insilico modeling of
a-amylase from Vicia faba. |. Mol. Lig. 2017, 234, 133-141. [CrossRef]

14. Carrasco, M.; Alcaino, J.; Cifuentes, V.; Baeza, M. Purification and characterization of a novel cold adapted fungal glucoamylase.
Microb. Cell Fact. 2017, 16, 75. [CrossRef]

15. Allala, F; Bouacem, K.; Boucherba, N.; Azzouz, Z.; Mechri, S.; Sahnoun, M.; Benallaoua, S.; Hacene, H.; Jaouadi, B.; Darenfed,
A. Purification, biochemical, and molecular characterization of a novel extracellular thermostable and alkaline x-amylase from
Tepidimonas fonticaldi strain HB23. Int. ]. Biol. Macromol. 2019, 132, 558-574.

16. Yuan, S.;Li, R;Lin, B,; Yan, R.; Ye, X. Engineering of Bacillus amyloliquefaciens x-Amylase for Improved Catalytic Efficiency by

Error-Prone PCR. Starch/Staerke 2023, 75, 202200082. [CrossRef]


https://doi.org/10.5458/jag.jag.JAG-2023_0016
https://www.ncbi.nlm.nih.gov/pubmed/38799415
https://doi.org/10.3390/antiox14010022
https://www.ncbi.nlm.nih.gov/pubmed/39857356
https://doi.org/10.1186/s12284-022-00567-3
https://doi.org/10.3390/ijms20020450
https://doi.org/10.3389/fpls.2017.02089
https://doi.org/10.1016/j.jcs.2022.103480
https://doi.org/10.3389/fpls.2022.811728
https://doi.org/10.1002/star.202000032
https://doi.org/10.1111/1541-4337.12347
https://doi.org/10.1016/j.jcs.2024.104059
https://doi.org/10.1080/10826068.2023.2235694
https://www.ncbi.nlm.nih.gov/pubmed/37493539
https://doi.org/10.1016/j.molliq.2017.03.058
https://doi.org/10.1186/s12934-017-0693-x
https://doi.org/10.1002/star.202200082

Foods 2025, 14, 1679 14 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wang, C.; Lu, L.; Huang, C.; He, B.; Huang, R. Simultaneously Improved Thermostability and Hydrolytic Pattern of Alpha-
Amylase by Engineering Central Beta Strands of TIM Barrel. Appl. Biochem. Biotechnol. 2020, 192, 57-70.

Zhang, H.; Wu, E; Xu, D.; Xu, X. Endogenous alpha-amylase explains the different pasting and rheological properties of wet and
dry milled glutinous rice flour. Food Hydrocoll. 2021, 113, 106425. [CrossRef]

Olajuyigbe, F,; Fatokun, C. Biochemical characterization of an extremely stable pH-versatile laccase from Sporothrix carnis CPF-05.
Int. |. Biol. Macromol. 2017, 94, 535-543. [CrossRef]

Fincan, S.; Ozdemir, S.; Karakaya, A.; Enez, B. Purification and characterization of thermostable x-amylase produced from Bacillus
licheniformis So-B3 and its potential in hydrolyzing raw starch. Life Sci. 2021, 264, 118639.

Sudan, S.; Kumar, N.; Kaur, I.; Sahni, G. Production, purification and characterization of raw starch hydrolyzing thermostable
acidic a-amylase from hot springs, India. Int. J. Biol. Macromol. 2018, 117, 831-839. [CrossRef] [PubMed]

Shukla, R.J.; Sigh, S.P. Purification and Characterization of an Amylase from a Newly Isolated Geobacillus thermoleovorans TTIO4
from the Hot Spring of Tuwa-Timba. Starch 2023, 75, 9-10.

Santorelli, M.; Maurelli, L.; Pocsfalvi, G.; Fiume, I; Squillaci, G.; Cara, FL.; Monaco, G.D.; Morana, A. Isolation and characterisation
of a novel alpha-amylase from the extreme haloarchaeon Haloterrigena turkmenica. Int. . Biol. Macromol. 2016, 92, 174-184.
[CrossRef]

Posoongnoen, S.; Thummavongsa, T. Purification and characterization of thermostable x-amylase from germinating Sword bean
(Canavalia gladiata (Jacq.) DC.) seeds. Plant Biotechnol. 2020, 37, 31-38.

Uno-Okamura, K.; Soga, K.; Wakabayashi, K.; Kamisaka, S.; Hoson, T. Purification and properties of apoplastic amylase from oat
(Avena sativa) seedlings. Physiol. Plant 2004, 121, 117-123. [PubMed]

Muralikrishna, G.; Nirmala, M. Cereal x-amylases—An overview. Carbohydr. Polym. 2005, 60, 163-173.

Bertoft, E.; Andtfolk, C.; Kulp, S. Effect of pH, temperature, and calcium ions on barley malt x-amylase isoenzymes. |. Inst. Brew.
1984, 90, 298-302.

Yadav, J.; Prakash, V. Stabilization of x-amylase, the key enzyme in carbohydrates properties alterations, at low pH. Int. J. Food
Prop. 2011, 14, 1182-1196.

Asoodeh, A.; Chamani, J.; Lagzian, M. A novel thermostable, acidophilic x-amylase from a new thermophilic “Bacillus sp.
Ferdowsicous” isolated from Ferdows hot mineral spring in Iran: Purification and biochemical characterization. Int. J. Biol.
Macromol. 2010, 46, 289-297.

Zhang, F; Yang, X.; Geng, L.; Zhang, Z.; Yin, Y.; Li, W. Purification and characterization of a novel and versatile x-amylase from
thermophilic Anoxybacillus sp. YIM 342. Starch/Staerke 2016, 68, 446—453.

Bekler, F; Giiven, K.; Giiven, R. Purification and characterization of novel x-amylase from Anoxybacillus ayderensis FMB1. Biocatal.
Biotransform. 2021, 39, 322-332. [CrossRef]

Guillaume, J.; Da Lage, J.; Mezdou, S.; Marion-Poll, E; Terrol, C.; Brouzes, M.; Schmidely, P. Amylase activity across black soldier
fly larvae development and feeding substrates: Insights on starch digestibility and external digestion. Animal 2024, 18, 101337.
[CrossRef]

Murakami, S.; Nishimoto, H.; Toyama, Y.; Shimamoto, E. Purification and biochemical characterization of a novel alpha-amylase
from Bacillus licheniformis NH1—Cloning, nucleotide sequence and expression of amyN gene in Escherichia coli. Process Biochem.
2008, 43, 499-510.

Zheng, Y,; Yang, W.; Sun, W.; Chen, S.; Liu, D.; Kong, X,; Tian, J.; Ye, X. Inhibition of porcine pancreatic x-amylase activity by
chlorogenic acid. J. Funct. Foods 2020, 64, 103587. [CrossRef]

Porfiri, M.; Melnichuk, N.; Braia, M.; Brinatti, C.; Loh, W.; Romanini, D. Analysis of the structure-function relationship of alpha
amylase complexed with polyacrylic acid. Colloids Surf. B 2020, 188, 110787. [CrossRef] [PubMed]

Liao, S.; Liang, G.; Zhu, J; Lu, B.; Peng, L.; Wang, Q.; Wei, Y. Influence of Calcium Ions on the Thermal Characteristics of
a-amylase from Thermophilic Anoxybacillus sp. GXS-BL. Curr. Med. Chem. 2019, 26, 148-157. [CrossRef]

Sokocevi¢, A.; Han, S.; Engels, W.J. Biophysical characterization of «-amylase inhibitor Parvulustat (Z-2685) and comparison with
Tendamistat (HOE-467). Biochim. Biophys. Acta 2011, 18, 1383-1393. [CrossRef]

Li, M,; Li, T; Lu, X; Sun, L.; Chen, Y,; Liu, H.; Cao, M. Site-directed mutagenesis of myofibril-bound serine proteinase from
Crucian carp: Possible role of Pro95, A127 and 1130 on thermal stability. Biochem. Eng. . 2017, 125, 196-205. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodhyd.2020.106425
https://doi.org/10.1016/j.ijbiomac.2016.10.037
https://doi.org/10.1016/j.ijbiomac.2018.05.231
https://www.ncbi.nlm.nih.gov/pubmed/29864538
https://doi.org/10.1016/j.ijbiomac.2016.07.001
https://www.ncbi.nlm.nih.gov/pubmed/15086825
https://doi.org/10.1080/10242422.2020.1856097
https://doi.org/10.1016/j.animal.2024.101337
https://doi.org/10.1016/j.jff.2019.103587
https://doi.org/10.1016/j.colsurfb.2020.110787
https://www.ncbi.nlm.nih.gov/pubmed/31954269
https://doi.org/10.2174/0929866526666190116162958
https://doi.org/10.1016/j.bbapap.2011.07.009
https://doi.org/10.1016/j.bej.2017.06.007

	Introduction 
	Materials and Methods 
	Materials 
	Purification of Endogenous -Amylase 
	Extraction of Crude Enzyme Solution 
	Graded Precipitation of Ammonium Sulfate 
	Ion Exchange Chromatography 
	I Gel Filtration Chromatography 

	Determination of Protein Content 
	Determination of Endogenous -Amylase Activity 
	SDS-PAGE and Enzyme Activity Staining Analysis 
	Optimal pH for Endogenous -Amylase 
	pH Stability of Endogenous -Amylase 
	Optimal Temperature for Endogenous -Amylase 
	Temperature Stability of Endogenous -Amylase 
	The Effect of Metal Ions on the Activity of Endogenous -Amylase 
	The Impact of Various Compounds on the Activity of Endogenous -Amylase 
	Substrate Specificity of Endogenous -Amylase 
	Circular Dichroism Spectroscopy Determination 

	Results and Discussion 
	Isolation and Purification of Endogenous -Amylases 
	Molecular Weight Determination 
	Optimum pH of Endogenous -Amylase 
	The pH Stability of Endogenous -Amylases 
	Optimum Temperature of Endogenous -Amylase 
	Thermal Stability of Endogenous -Amylases 
	Effect of Metal Ions on Endogenous -Amylase Activity 
	Effect of Compounds on Enzyme Activity 
	Substrate Specificity of Endogenous -Amylase 
	Circular Dichroism (CD) Spectroscopy Analysis 

	Conclusions 
	References

