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KEYWORDS Abstract Gamma-amino butyric acid (GABA) has antihypertensive and anti-stress effects on

human health. High hydrostatic pressure (HHP), a nonthermal treatment, has been documented
as a novel approach to enhance the nutritional quality and functional components of plant-
based food. In this study, a novel method to convert monosodium glutamate (MSG) to GABA
using bee pollen as a natural catalyst was observed, and the GABA yield was improved by HHP
treatment. Firstly, GABA production was confirmed by high performance liquid chromatography
(HPLC) and tandem mass spectrometry (MS-MS), the highest GABA production was found in
lotus bee pollen (LBP) when different varieties of bee pollen were used for the reaction. Secondly,
the reaction conditions were utilized, and the optimal reaction condition of the GABA production
was determined as described below: 250 mg/mL of bee pollen mixed with 590 mmol/L of MSG that
prepared by 80 mmol/L of phosphate buffer (pH 5.8), and incubated at 40 °C for 6 h. For HHP
treatment conditions, a treatment of 200 MPa for 10 min at 40 °C was found as the optimal. Under
optimal conditions, GABA production reached 508.79 mmol/L (containing GABA from LBP) from
590 mmol/L of MSG. In conclusion, we found and optimized a novel method to convert monoso-
dium glutamate (MSG) to GABA, and proposed the promotion of HHP on GABA bio-conversion.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

y-Aminobutyric acid;

Bee pollen;

Monosodium glutamate;
Mass spectrometry;

High hydrostatic pressure

1. Introduction

* Corresponding author at: College of Food Science and Technol-

ogy, Nanjing Agricultural University, No.1, Weigang Road, Nanjing,
Jiangsu, People’s Republic of China.

E-mail address: dongms@njau.edu.cn (M.sheng Dong).
Peer review under responsibility of King Saud University.

&

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2020.05.014

Gamma (y)-aminobutyric acid (GABA) is a natural and non-
protein amino acid that has many functions in the mammalian
brain and spinal cord, and acts as an inhibitory neurotransmit-
ter in the central nervous system (Yu et al., 2011). Thus,
GABA is considered as a valuable material for use in medical
and health care products (Diana et al., 2014). It also has the
effect of heat stress and growth on livestock and poultry. At
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present, preparation of GABA is mainly classified into two
categories: chemical methods and biological methods. Biolog-
ical methods include plant enrichment and microbial fermenta-
tion (Zhang et al., 2014). The biosynthesis of GABA has been
made by simple a-decarboxylation of glutamate decarboxylase
(Kang et al., 2013). Glutamate decarboxylase (GAD, EC
4.1.1.15) is an enzyme that catalyzes the o-decarboxylation
of glutamate to GABA and carbon dioxide (Schomburg and
Salzmann, 2015). This enzymatic production has been found
in bacteria such as LAB (Bertoldi et al., 1999), Escherichia
(Ma et al., 2013), Streptococcus, Aspergillus (Kato et al.,
2002) and Neurospora (Hao and Schmit, 1991); in plants such
as tea (Mei et al., 2016), tomato (Gallego et al., 1995), soybean
(Matsuyama et al., 2009), mulberry leaf (Yang et al., 2012),
tobacco (Mclean et al.,, 2003), germinated brown rice
(Khwanchai et al., 2014) and cowpea (Johnson et al., 1997).
GABA is also found in insects such as cockroaches (Bernard
and Thomas, 1988), grasshoppers, moths, honeybees and flies
(Anthony et al., 1993). However, most studies have focused on
GABA-producing microorganisms rather than GABA-
producing plants.

Bee pollen has been proposed as food supplements, it is
the main way that humans consume pollen products. It
has rich nutritional value and includes protein, fatty acids,
phenol, vitamins and trace elements and is described as
the “only perfect complete food” and “a miracle food in
worldwide 7 (Krell, 1996). Furthermore, bee pollen been
recorded to include more than 100 enzymes, mainly can be
divided into 6 categories: oxidoreductase, transferase, hydro-
lase, lyase, isomerase, and ligase. Mainly including invertase,
amylase, glucose, oxidase, phosphatase, catalytic enzyme,
pectinase, cellulase, protease, catalase, lipase and superoxide
dismutase (Kai, 2011). But to the best of our knowledge,
GAD enzyme activity or GABA production using bee pollen
has rarely reported.

High hydrostatic pressure (HHP) processing is new tech-
nology, which has appeared in food production in the past
decade, and recently in pharmaceutical and medical applica-
tions. In the recent years, several studies have found that
HHP treatment lead to an increase in metabolite concentra-
tions in plant food matrices (Ramosparra et al., 2019).
Patras et al. (2009) have studied that high effect of
600 MPa for 15 min on increasing the content of phenolic
compounds in strawberry and blackberry purées. Ueno
et al. (2010) have reported that high pressure processing at
200 MPa causes higher accumulation of y-aminobutyric acid
when using soybean. We have also found that HHP
increases the enzymatic production of GABA using bee
pollen.

In the present study, bee pollen was employed as an enzyme
source to produce GABA, a value-added product, via a simple
and eco-friendly reaction. The objectives of this study were to
determine the method for GABA production from MSG using
different types of bee pollen, to optimize the reaction condi-
tions and apply the HHP method for GABA production and
to determine the highest production level of GABA and reuti-
lization time of bee pollen using an immobilized continuous
reaction system.

2. Materials and methods

2.1. Materials

Different varieties of bee pollen were kindly provided by Nan-
jing Jiu Feng Tang Bee Products Co., Ltd; GABA,
pyridoxal5’-phosphate (PLP), and O-phthaldialdehyde (OPA)
were purchased from Sigma Chemicals Co.; monosodium glu-
tamate (MSG) was bought from the supermarket in Nanjing,
China; and acetonitrile was of high-performance liquid chro-
matography (HPLC) grade. Other chemicals and reagents of
analytical grade were purchased from Sigma Chemicals Co.

2.2. The y-aminobutyric acid (GABA) production reaction

Bee pollen at a range of 50-450 mg/mL and MSG at a range
of 59-590 mmol/L was added into sample tubes and adjusted
to 10 mL with distilled water or different buffer, then mixed
completely. The reaction time, pH, and temperature were arbi-
trarily changed. Different buffers with a variety of concentra-
tions replaced the distilled water where applicable. After the
reactions, the suspensions were centrifuged for 10 min at
8000 rpm. The GABA production and residual MSG in the
reaction solution were determined by HPLC. Each reaction
was performed in triplicate and averages were calculated.

2.3. Determination of GABA content

For the determination of GABA content and residual MSG in
the reaction supernatant, HPLC method was applied with
minor modifications (Li et al., 2016). 100 pL of the samples
underwent pre-column derivatization with 100 pL of OPA
solution consisting of 4 mg/mL OPA, 40 pL of B-
mercaptoethanol in 10 mL of acetonitrile, and 500 pL of boric
acid buffer (0.4 mol/L, pH 10.4) was added to maintain alka-
line environment for derivatization. The mixture was vortexed
for 15 s and allowed to react for 2 to 5 min at room tempera-
ture, 20 pL of derivatized sample was injected and monitored
at a wavelength of 334 nm by using a DAD detector (G1315 B,
1200series, Agilent Technologies). The analytes were separated
with a mobile phase consisting of 20 mM ammonium acetate
buffer (eluent A, pH 7.3) and acetonitrile (eluent B, HPLC
grade) at a flow rate of 0.7 mL/min, and the column tempera-
ture was set at 25 °C. The program was: 20% of B from 0 to
12 min, 100% of B from 12 to 15 min, then 20% of B from
15 to 20 min. The standard curves were generated based on
four levels (0.1, 1, 2, and 3 mmol/L) of the GABA standard.

The conversion rate of MSG to GABA was calculated with
the following formula:

. te (%) Final GABA concentration (mM)
conversion rate =
)™ Additional MSG concentration (mM)

x 100%

Both of final GABA and additional MSG demonstrated in
above formula were including endogenous GABA and MSG in
LBP.
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2.4. Mass spectrometry (multiple reaction monitoring, MRM )

The GABA product was determined by mass spectrometry
(Agilent 1200 and 6410 triple quadrupole mass spectrometry
series; Agilent, Palo Alto, CA, USA). The analytes were sepa-
rated with a mobile phase consisting of 80% 20 mmol/L
ammonium acetate buffer (eluent A, pH 7.3) and 20% acetoni-
trile (eluent B) at a flow rate of 0.6 mL/min, and the column
temperature was set at 25 °C. The triple quad mass spectrom-
eter was equipped with an ESI detector in positive-ion mode.
The system was operated in multiple reaction monitoring
(MRM) mode. The MS collision gas was highly pure N,
(>99.9995). The MRM conditions were as follows: MRM
transition 87, fragmenter 70, collision energy 6, capillary
4 nA, polarity +, HV voltage 3.5 kV, nebulizer 30 psi, gas flow
10 L/min, gas temperature was 300 °C, and scan range, m/z
50—400 units. The mixture from the above reaction was filtered
through a 0.22 um membranes after diluting 30-fold with
Milli-Q water. 10 pL of sample were injected into the chro-
matographic system.

2.5. High hydrostatic pressure treatment

Weighted 12.5 g pollen was added into 50 mL substrate solu-
tion (590 mmol/L MSG and 100 pM PLP dissolved in
80 mmol/L pH 5.8 phosphate buffer) at 25% (w/v). After vac-
uum sealing, the mixed solution was placed in a sealed bag and
treated for 10 min under different pressure using high pressure
mini food 1AB (Stansted Fluid Power Ltd, Britain). The sealed
bag was then incubated in a shaking bed at 40 °C for 6 h. After
incubation, GABA and MSG were determined by HPLC
method, and the conversion of substrates was calculated.

Fragmentor Voltage 70

Collision Energy 6

Table 1 Endogenous MSG content and endogenous and
preliminary enrichment of the GABA content of eight different
types of bee pollen collected in Shandong province of China.

Bee pollen GABA (mmol/L)
Endogenous Enrichment

Rape 5.25 £ 0.041 ¢ 26.52 + 1.513 be
Camellia 5.03 £ 0.470 ab 22.38 + 0.139 a
Lotus 1.94 £ 0.267 be 49.36 + 0.970
Rose 5.00 £ 0.146 ab 36.46 £ 0.877 ¢
Corn 490 + 0.083 a 31.05 + 1.087 d
Buckwheat 4.95 + 0.083 ab 28.02 £+ 0.364 cd
Schisandra 593 + 0.045 ¢ 25.27 + 3.010 ab
Leonurus 5.54 £ 0.287 d 24.53 £ 0.152 ab

2.6. Response Surface methodology (RSM)

A three levels, three-factor factorial Box-Behnken design of
RSM were performed with high hydrostatic treatment time
(A), pressure (B), temperature (C) as independent variables,
and GABA content was chosen as a dependent variable. The
independent variables were studied at three different levels,
and 17 experiments were carried. The design scheme and the
test results are shown in the Table 2. Design-Expert 8.0.6 soft-
ware was used to design and analyze these experimental data.

2.7. Statistical analysis

All experiments were repeated in triplicate, standard deviation
(Std.) and average values were calculated. The significant
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Fig. 1

MRM qualitative analysis report of GABA produced by LBP. CALGABA: chromatograms of standard 1 mg/ml of GABA;

SAMGABA: chromatograms of GABA from enrichment samples after dilution by 30 times.
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Fig. 2 The effect of reaction temperature and reaction time on
GABA production using 50 mg/ml of LBP and 59 mM (10 mg/
mL) of MSG. Data are means from two independent experiments.
All experiments were repeated three times and average values were
calculated.

differences between the indicators were analyzed by Variance
analysis (Anova) and Duncan’s multiple comparison tests
using Stata statistical method (P < 0.05).

3. Results and discussion

3.1. Determination of the GABA production using different types
of bee pollen

Eight types of bee pollen were selected to determine the pro-
duction of GABA, and the quantitative results are shown in
the Table 1. The results presented that all types of bee pollen
containing a certain amount of endogenous MSG and GABA,
after added exogenous MSG, highly produced GABA using
MSG as substrate. However, the highest production of
49.36 mmol/L (25.45-fold higher than initial GABA content)
was observed using lotus bee pollen. The results declare that
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Fig. 3  Effect of buffer type, concentration, and pH on GABA
production using 50 mg/mL of LBP and 59 mM (10 mg/mL) of
MSG at the reaction temperature was 40 °C for 6 h. All
experiments were repeated three times and average values were
calculated.

any type of bee pollen could efficiently transform MSG into
GABA by using the endogenous GAD enzyme without adding
any exogenous enzyme or coenzyme, but the conversion rate of
MSG still needs to improve. Therefore, the LBP was selected
for further study to optimize reaction conditions and further
studies due to its higher production.

The product was identified by mass spectrometry. As is
shown in the Fig. 1, a high concentration of GABA was
detected by MRM at the transition of 87. This is explained
by the fact that, for some neurotransmitters, the most abun-
dant transition corresponds with the loss of NH3, and thus this
transition was selected to determine these compounds
(Gonzalez et al., 2011). As shown in the Fig. [, the peak area
of GABA in the diluted sample was 2 times higher than 1 mg/
mL of GABA sample. These results clearly indicate that
GABA was highly produced in the reaction using LBP by
intracellular glutamic acid decarboxylase.

3.2. Utilization of reaction conditions for GABA production
using LBP

The effect of reaction temperature on GABA production using
LBP is shown in Fig. 2A, GABA yield reached a high level at a
reaction temperature of 40 C and decreased sharply with
increasing temperature. However, at the optimal reaction tem-
perature, 51.31 mmol/L of GABA was produced with the
86.81% conversion rate, while 0.85 mmol/L of MSG remained
in the mixture.

A time course analysis of GABA and MSG concentrations
during GABA production using LBP was conducted (Fig. 2B).
GABA content increased quickly when time was up to 1 h,
then showed a smooth increase from 1 h to 6 h and was opti-
mally produced at 6 h. In the optimal reaction time,
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Fig. 4 Effect of LBP and MSG concentration on GABA
production, (A) effect of LBP concentration, (B) effect of MSG
concentration on GABA production using 250 mg/mL of LBP at
the optimal temperature, time, buffer condition.

59.65 mmol/L of GABA was produced with a 100% conver-
sion rate. There was decreased obviously after 8 h. The GABA
production patterns at the various times suggested that 6 h
should be selected as the optimal reaction time using LBP.

The effect of buffer types, concentrations and pH on
GABA production using LBP was investigated using the
method described by (Eamarjharn et al., 2016). The GABA
content increased with incubation pH and reached a maxi-
mum (55.08 mmol/L) at pH 5.8 (The substrate was prepared
with a phosphate buffer containing 59 mmol/L MSG). Sim-
ilar results have been reported by Hwang et al. (2007), who
stated that the optimum pH of carrot GAD is 5-5.9. This
result may be caused by H" process during the catalytic
reaction of GAD.

The different types of buffers at pH 5.8 consisted of citric
acid buffer, phosphate buffer, acetic acid buffer, and control.
After incubation, the highest and most stable GABA content
was found in a reaction mixture using phosphate buffer.
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Fig. 5 Effect of high hydrostatic pressure (HHP) on GABA

production and residual MSG of LBP after incubation at 40 °C
for 6 h. Values are mean + standard deviation (n = 3).

Maximal GABA content (59.88 mmol/L) was obtained with
80 mmol/L phosphate buffer. This was possibly due to an
increase in the ionic strength of the reaction system. Higher
ionic strength might reduce the activity of the enzyme (Stoll
and Blanchard, 1990). The result indicated that the optimal
buffer concentration for the reaction was 80 mmol/L of phos-
phate buffer and pH was 5.8 (Fig. 3).

The effect of the initial bee pollen addition was investigated
by designing various concentrations of bee pollen between 50
and 450 mg/mL in 10 mL reaction mixture (80 mmol/L of
pH 5.8 phosphate buffer containing 59 mmol/L MSG), as
shown in Fig. 4. After incubation for 6 h at 40 °C, GABA con-
tent showed an obvious increase as pollen addition increased
from 50 to 250 mg/mL. GABA production decreased when
the pollen addition increased to 450 mg/mL. The highest
GABA content was also detected using a larger reaction scale.
Therefore, 250 mg/mL of LBP was selected as an optimal con-
dition for GABA production.

All factors mentioned above suggested that 100% of con-
version of MSG into GABA was achievable, but the GABA
content was still can be improved through to change pollen
and MSG concentration. We observed another peak of GABA
content (388.94 mmol/L) as described in Fig. 4, it shown a high
level in terms of GABA concentration and conversion rate.
Therefore, optimal MSG concentration was selected as
590 mmol/L for GABA production of the optimal condition.
Even if the GABA content reached unprecedented level, but
the lees conversion rate of 65.9% was forced us to continue
our research on the optimization, and the new technology like
HHP has given us a sense of hope.

As is shown in the Fig. 5, HHP induced the bioconversion
of MSG to GABA, when the pressure was increased to
200 MPa, 457.2 mmol/L of GABA was produced in the
HHP treated mixture and determined 403.67 mmol/L in the
untreated group. Consequently, higher conversions (77.5%)
in the reaction was achieved. This conversion was expected
to improve in our next study on optimizing the HHP
conditions.
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Table 2 Box Behnken design and responses to GABA yield and residual MSG after HHP treatment.
Run Order A B C GABA (mmol/L) MSG (mmol/L)

time Pressure Temperature

min MPa °C Predicted Observed Predicted Observed
1 1 (15) 0 (200) -1 (30) 414.76 417.188 £+ 2.43 64.87747 99.74185
2 0 (10) 1(300) =i 412.11 407.001 + 5.11 120.7328 101.7921
3 0 0 0 (40) 457.63 451.71 = 593 81.23813 116.1435
4 -1 —1 (100) 0 391.96 389.281 + 2.67 118.4699 111.3255
5 1 —1 0 419.78 417.994 + 1.78 32.96087 52.17704
6 0 0 0 457.63 467.41 + 9.77 81.23813 52.66909
7 0 1 1 (50) 390.87 391.52 £ 0.64 113.921 114.0728
8 —1 0 1 394.97 392.54 + 2.43 81.23813 97.67115
9 0 —1 —1 402.84 402.19 = 0.64 108.6443 117.1481
10 1 0 1 405.17 401.85 + 3.32 115.2793 122.2736
11 0 -1 1 406.84 41195 + 5.11 111.8349 122.2736
12 0 0 0 457.63 452.52 + 5.12 81.23813 107.5326
13 —1 0 —1 402.62 405.94 + 3.32 37.50977 34.21722
14 1 1 0 399.78 402.45 + 2.67 81.23813 32.16702
15 —1 1 0 405.26 407.05 = 1.78 46.40767 30.48585
16 0 0 0 457.63 463.09 + 5.45 52.78894 37.29254
17 0 0 0 457.63 453.46 + 4.17 51.43068 32.06451
Table 3 Analysis of variance (ANOVA) for Response Surface Quadratic Model.
Source Sum of Squares df Mean Square F Value p-value Significance
Model 11047.4 9 1227.489 27.58083 0.0001 -
A- time 249.4596 1 249.4596 5.605186 0.0498 <
B-Pressure 22.4309 1 22.4309 0.504007 0.5007
C-Temperature 148.4296 1 148.4296 3.335112 0.1106
AB 277.389 1 277.389 6.232741 0.0412 &
AC 0.943812 1 0.943812 0.021207 0.8883
BC 159.2618 1 159.2618 3.578503 0.1004
A? 2871.044 1 2871.044 64.51038 < 0.0001 :
B? 3144.618 1 3144.618 70.65741 < 0.0001
C? 3101.787 1 3101.787 69.69503 < 0.0001
Residual 311.536 7 44.50514
Lack of Fit 107.5296 3 35.84321 0.702786 0.598
Pure Error 204.0064 4 51.00159
Cor Total 11358.94 16
R? = 0.9726 R? .4 = 0.9373
Notes:

" Significant at 0.05 levels.
™ Significant at 0.01 levels.

3.3. RSM analysis of high hydrostatic pressure treatment on
GABA production

Some single factor experiment was carried out according to
three key factors of high hydrostatic pressure treatment as
pressure, treated time, temperature (results was not shown).
The factors and levels of the Box- Behnken design were per-
formed based on these single factor optimizations. The design
scheme and the test results are shown in the Table 2. Analysis
of variance (ANOVA) for response surface quadratic model
was shown in the Table 3.The regression equation with GABA
production as a response value was GABA (mmol/L) =
457.63 + 5.58A — 1.67B — 4.31C — 8.33AB — 0.49AC —
6.31BC — 26.11A% — 27.33B? — 27.14C>. The P value of the

model was less than 0.01 and the P value of the lack of fit
was 0.598 (>0.05), which indicates that the lack of fit was
not significant, but the regression was very significant. Accord-
ing to the R? value, the model can explain the effect of 97.26%
of the key factors on the ability of bee pollen to produce
GABA, and can be used to determine the optimum conditions.
The effect of the first term A of the regression equation on
GABA yield reached a significant level (P < 0.01). The order
of influence of three factors on GABA yield was: treated time
(A) > pressure (B) > temperature (C).

The RSM results suggested that the optimum conditions
for improving GABA production by bio-conversion of bee
pollen with high hydrostatic pressure treatment were: pressure
of 200 MPa, time of 10 min and temperature of 40 °C. Under
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Fig. 6 Contour plots and response surface plots showing the effect of pressure, treated time, temperature on GABA yield.

these optimum conditions, the predicted value of GABA was
457.634 mmol/L. Under these optimal conditions, a mean
value 508.79 mmol/L (with 86.25% of conversion rate) was
obtained from actual experiments, which is obviously higher
than predicted value of 457.634 (p < 0.05). The results showed
that the response model was adequate for the optimization of
GABA production (see Fig. 6).

Bee pollen has strong glutamate deactivation activity,
which can efficiently and eco-friendly convert sodium gluta-
mate into GABA. Through optimization, the yield of GABA
reached an unprecedented high level in both content and con-
version compared with the yield of other plant or microbial
sources. GABA as a great bioactive component in foods, the
development of high level of GABA in lotus bee pollen has
been investigated, and the accumulation of GABA by applying
HHP has hardly been reported.

4. Conclusion

This study developed a novel and simple method for GABA
production using bee pollen as the enzyme source, monoso-
dium glutamate as a substrate. GABA content in different
reaction conditions such as temperature, reaction time, initial
LBP addition, initial MSG addition, PLP concentration, buf-
fer type, buffer concentration, buffer pH, HHP treatment
was determined because of its significant effect on GABA pro-
duction. However, optimization and RSM indicated the LBP
produced high amount of GABA (508.79 mmol/L) when
fortified with 590 mmol/L MSG in 80 mmol/L of pH 5.8 phos-
phate buffer and immediately treated with 200 MPa high pres-
sure for 10 min, in the and incubated at 40 °C for 6 h.
Therefore, it may be claimed that high hydrostatic pressure
treatment could improve the enzymatic production of GABA
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although in-depth studies are needed to determine the structural
and functional consequences of the treatment for the LBP.
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