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Abstract 3-Lactoglobulin (BLG), a member of lipocalin family, is one of the major
bovine milk allergens. This protein exists as a dimer of two identical subunits and
contains two intramolecular disulfide bonds that are responsible for its resistance to
trypsin digestion and allergenicity. This study aimed to evaluate the effect of reduction
of disulfide bonds of BLG with different rice thioredoxins (Trxs) on its digestibility
and allergenicity. Therefore, the active recombinant forms of three rice Trx isoforms
(OsTrx1, OsTrx20, and OsTrx23) and one rice NADPH-dependent Trx reductase
isoform (OsNTRB) were expressed in Escherichia coli. Based on SDS-PAGE, HPLC
analysis, and competitive ELISA, the reduction of disulfide bonds of BLG with
OsNTRB/OsTrx23, OsNTRB/OsTrx1, GSH/OsTrx1, or GSH/OsTrx20 increased its
trypsin digestibility and reduced its immunoreactivity. The finding of this study opens
new insights for application of plant Trxs in the improvement of food protein
digestibility. Especially, the use of OsTrx20 and OsTrx1 are more cost-effective than
E. coli and animal Trxs due to their reduction by GSH and no need to NADPH and
Trx reductase as mediator enzyme.
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Introduction

Food allergy is known as an important worldwide problem that affects the health of children
and adults in both developing and developed countries [1]. Although the diversity of human
diets is high, only a small number of foods account for the majority of food allergies [2]. The
most common allergic foods are cow’s milk- and soy-based formulas [1]. The hypersensitivity
reactions against cow’s milk proteins affect up to 2.4% of infants [3]. It is very well-
documented that the allergic response to cow’s milk is caused by the proteins o-lactalbumin
(ALA), serum albumin, caseins, and 3-lactoglobulin (BLG) [4].

The protein BLG is one of the major bovine milk allergens [5]. This protein belongs to the
lipocalin family and is considered as retinol-binding proteins [6]. Like other members of this
protein family, BLG has a (-barrel fold with a large internal cavity that binds small hydro-
phobic molecules [7]. Under physiological conditions, BLG predominantly exists as a dimer of
two identical subunits of 162 amino acids with molecular weight of 18.3 kDa. Each monomer
contains one free cysteine and two disulfide bridges [8, 9].

The previous studies have shown that treatments like heat and high-pressure
microfluidization damage the native globular structure and expose residues for proteases,
thus enhancing the digestibility of BLG [10, 11]. Intermolecular disulfide bridges are
responsible for the stability of BLG structure [12]. Dissociation of disulfide bridges
destabilizes the native rigid globular structure of BLG, rendering it more vulnerable to
the enzymatic hydrolysis of digestive proteases [13]. This thereby leads to the reduction
of BLG allergenicity [14]. The reducing agents such as dithiothreitol (DTT) can reduce
disulfide bonds of BLG; however, due to the toxic effect of these agents, the use of them
is not applicable. In 1999, de val et al. showed that disulfide bonds of BLG could be
reduced in the presence of NADPH, E. coli thioredoxin (Trx), and E. coli NADPH-
dependent thioredoxin reductase (NTR) [15]. The treatment of milk with the NTR/Trx
system was a novel procedure to increase BLG digestibility. This method was indepen-
dent of heat, chemical agents, and proteolytic enzymes that reduce the food nutritional
value and taste [15].

Thioredoxins (Trxs) are small ubiquitous oxidoreductase proteins with two redox-active
Cys residues in a conserved active site (WCG/PPC) that regulate numerous target proteins via
thiol/disulfide exchanges in the cells of prokaryotes and eukaryotes [16]. Members of the Trx
superfamily share a similar fold known as the Trx fold (consisting of a four-stranded (3-sheet
surrounded by three «-helices), which is in common with the three-dimensional structure of
glutaredoxins (Grxs) [17]. Animal, microbial, and plant cytoplasmic Trxs (h-type) are reduced
themselves with NADPH via a flavoenzyme, NTR [18, 19].

Higher plants have a very complex NTR/Trx system compared with other organisms due
to the presence of multiple isoforms of Trxs and NTRs [20]. For instance, in the genome of
rice, 30 genes encode putative OsTrxs. Nine of these 30 genes are predicted to encode h-type
Trxs including OsTrx1, OsTrx10, OsTrx15, OsTrx18, OsTrx20, OsTrx23, OsTrx24,
OsTrx26, and OsTrx30 [21]. In addition, three isoforms of NTR (OsNTRA, OsNTRB,
and OsNTRC) have been identified in rice [22]. Previously, we heterologously expressed
OsTrx1, OsTrx20, OsTrx23, OsNTRA, and OsNTRB in Escherichia coli as His.tag fusion
proteins [23, 24]. Both OsSNTRA and OsNTRB were able to reduce OsTrx1 and OsTrx23
[24]. However, the isoform OsTrx20 was not reduced by OsNTR isoforms; but instead, it
was reduced by glutathione (GSH). Furthermore, we found that OsTrx 1 can be reduced with
either OsNTR isoforms or GSH [25].
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In the present work, the application of rice NTR/Trx systems in the improvement of milk
product digestibility was investigated. Therefore, BLG was pretreated before tryptic digestion
with different recombinant OsNTR/OsTrx and GSH/OsTrxs systems including OsNTRB/
OsTrx23, OsNTRB/OsTrx1, GSH/OsTrx1, and GSH/OsTrx20, and subsequently, its tryptic
digestibility degree was evaluated in comparison to control samples.

Materials and Methods
Chemicals

The chemicals were in analytical grade and obtained from either Sigma—Aldrich or Merck
chemical companies and used without further purification. BLG variant A (used as the
reference in all experiments) was purified from homozygote cow’s milk following the method
of Mailliart and Ribadeau Dumas (1988). It was >97% pure as judged by high-performance
liquid chromatography and poly acrylamide gel electrophoresis.

Production and Purification of Recombinant OsNTRB and OsTrxs

Recombinant OsNTRB and OsTrxs (OsTrx1, OsTrx20, and OsTrx23) were produced and
purified as previously described in detail [24, 25]. To this end, E. coli cells containing plasmids
pET28a-OsNTRB were grown at 37 °C in Luria-Bertani medium supplemented with 50 pg/
mL kanamycin and 5 pg/mL chloramphenicol. For the production of OsTx1, OsTrx20, and
OsTrx23, the E. coli cells containing pET15b-OsTrx1, pET15b-OsTrx20, and pET15b-
OsTrx23 were grown at 37 °C in Luria-Bertani medium supplemented with 5 pg/mL
chloramphenicol and 100 pug/mL ampicillin. When ODgq reached 0.6, the cultures were
induced by 100 uM isopropyl (3-d-1-thiogalactopyranoside (IPTG) for 4 h under vigorous
agitation. Cells were harvested by centrifugation at 9000xg and frozen at —20 °C until time of
use. For extraction of cytoplasmic soluble proteins, the frozen pellets were suspended in pre-
cooled buffer (10 mM Tris—HCI, pH 8.0) and disrupted by mild sonication at 0 °C. Soluble and
insoluble fractions were separated by centrifugation at 13,500xg for 20 min. Recombinant
proteins in the supernatant were purified by a His-Trap HP column (GE, Healthcare) and pre-
equilibrated with binding buffer (10 mM imidazole, 500 mM NaCl, 30 mM Tris—HCI, pH 7.5).
Afterwards, the bound proteins were eluted using a step gradient of 70-280 mM of imidazole.
Eluted fractions were analyzed by 12% SDS—-PAGE procedure. Purified proteins were desalted
in 10 mM Tris—HCI buffer (pH 8.0) at 4 °C using 12 kDa molecular weight cut-off cellulose
acetate membranes (Sigma—Aldrich). The concentrations of the desalted proteins were deter-
mined according to the Beer—Lambert law by measuring the UV absorbance of proteins at
280 nm (using the calculated molar extinction coefficient of 28,545 M ! em™! for OSNTRB,
19,5425 M em™" for OsTrx1, 17,085 M' em ™' for OsTrx20, and 8542.5 M cm™' for
OsTrx23) using a spectrophotometer (Beckman DUS530).

The Activity Assays of OsNTRB and OsTrxs

The reduction of OsTrxl and OsTrx23 by OsNTRB was tested by DTNB assay as
described previously [24, 25]. The reduction of OsTrx20 and OsTrx1 by GSH was also
confirmed by the method described previously [25].
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Reduction and Digestion of Pure BLG

(A) Digestibility of pure BLG without reduction (Control): A 150-ul reaction solution
containing 100 mM potassium phosphate buffer (pH 7.5) and 0.2 mg/ml BLG was incubated
with trypsin in the ratio of 100:1 BLG/trypsin at 37 °C for 2 h.

(B) Digestibility of BLG after reduction with DTT: A 150 pl reaction solution containing
100 mM potassium phosphate buffer (pH 7.5), 0.2 mg/ml BLG and 5 mM DTT was incubated
at room temperature for 1 h. Then, in order to digestion, trypsin was added to the reaction
medium in the ratio of 100:1 BLG/trypsin and reaction was incubated at 37 °C for 2 h.

(C) Digestibility of pure BLG after reduction with either OsNTRB/OsTrx23 or OsNTRB/
OsTrx1: A 150-pl reaction media containing 100 mM potassium phosphate buffer (pH 7.5),
0.2 mg/ml BLG, 0.1 mg/ml BSA, 0.1 mM NADPH, 160 nM OsNTRB, 7 uM OsTrx1 or
OsTrx23 was incubated at 4 °C overnight or at 25 and 37 °C for 1 h. Then, trypsin was added
in the ratio of 100:1 BLG/trypsin and incubated at 37 °C for 2 h.

(D) Digestibility of BLG after reduction with GSH/Trx: A 150-ul reaction solution
containing 100 mM potassium phosphate buffer (pH 7.5), 0.2 mg/ml BLG, 5 uM OsTrx1 or
OsTrx20, and 20 mM GSH was incubated at 4 °C overnight or at 25and 37 °C for 1 h. The
trypsin was then added to the reaction medium in the ratio of 100:1 BLG/trypsin and incubated
at 37 °C for 2 h.

Sulfhydryl Quantification

The sulthydryl content was determined based on the method initially described by Ellman using
DTNB (Ellmant’s reagent, Thermo Scientific) [26]. The protein BLG was treated with DTT,
OsNTRB/OsTrx1, OsNTRB/OsTrx23, GSH/OsTrx1, or GSH/OsTrx20 described in the above
section. After reduction for determination of sulthydryl content, DTNB was added to the samples
(200 uM as final concentration). In addition, DTNB was added to a sample containing untreated
BLG as control sample. The reactions were incubated at room temperature for 30 min. The
absorbance was monitored spectrophotometrically at 412 nm and the sulthydryl content was
calculated on the basis of the molar extinction coefficient of TNB (14,150 M ' em™). Each data
point represents the mean = SD obtained from three independent reactions. The means were
compared with least significant difference test (LSD, P0.05) test.

SDS-PAGE Analysis

The digested products (20 pl) were run on 12% Tris—glycine SDS-PAGE. Gels were stained
with Coomassie blue. The intensity of BLG bands were quantified using Image] software
(W.S. Rasband; 1997-2007; National Institutes of Health; http://rsb.info.nih.gov/ij). The
means were compared with least significant difference test (LSD, P0.05) test.

Reversed-Phase High-Performance Liquid Chromatography

Reversed-phase high-performance liquid chromatography (RP-HPLC) experiments
were carried out using a 1200 series Agilent HPLC and an Agilent automatic injector
(Agilent Technologies, Palo Alto, CA), with a diode array detector set at 220 nm.
Samples were filtered through a 0.45-um syringe filter. Fifty microliters was separated
on C18 column (C18, 4.6 x 150 mm, particle size of 5 um) with linear gradients of
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solvent A (10% v/v acetonitrile, 0.1% v/v trifluoroacetic acid) and solvent B (90% v/v
acetonitrile, 0.1% v/v trifluoroacetic acid) at flow rate of 0.3 mL/min at 20 °C. The
gradient was as follows: 3 min 100% A, 45 min 100% A to 50% B, 5 min 50% B to
70% B, 5 min 70% B, 5 min 70% B to 100% A. EZ Chrom Elite software (version
3.3.1) was used for data acquisition.

Competitive Enzyme-Linked Immunosorbent Assay

The pretreatment of BLG with GSH/OsTrx1 and digestion with trypsin was performed
as explained above (part 2.4 D). The competitive enzyme-linked immunosorbent assay
(ELISA) was used to evaluate the binding strength of the untreated and treated BLG
to the immunoglobulin E (IgE) in pool sera of the cow’s milk allergy (CMA) patients.
Ninety-six-well microtitration plates were pre-coated overnight with native BLG
diluted to 5 pg/mL in PBS buffer pH 7.0 at 4 °C. By substituting BLG with the
same volume (100 ul) of PBS, the negative control (blank) was prepared. The plates
were washed three times with PBS containing 0.1% (v/v) Tween-20 (PBS/T) and then
saturated for 2 h with 250 pL of PBS/T containing 1% (w/v) polyvinyl alcohol (PBS/
T/PVA). A 14 sera sample pool obtained from BLG allergic patients was used. After a
1:20 ratio dilution, the pool sera were combined with equivalent volumes of untreated
or treated BLG in PBS/T/PVA (0 to 250 pg/ml) serial dilutions. A 100-ul potion of
the mixture was added to every one of the wells and incubated overnight at 4 °C.
After washing three times with PBS/T, the plate was incubated with the secondary
antibody (alkaline phosphatase- conjugated polyclonal antihuman IgE, Sigma) diluted
1:1000 on PBS/T/PVA, for 2 h at 37 °C. After washing with PBS/T, binding of the
secondary antibody was quantified by adding 4-methylumbelliferyl phosphate (4-
MUP) substrate mixed in the ratio of 1:5 with Tris—HCI pH 9.8. After 90 min of
incubation at 37 °C, the fluorescence emission was measured with the FLx800 plate
reader (Biotech Instruments, Inc., Winooski, VT) fitted with a 360-nm excitation filter
and a 440-nm emission filter. The experiment was performed in triplicate, and the
fluorescence data were corrected through deduction of the fluorescence of the control
with no antigen. Protein (inhibitor) concentration desired for 50% inhibition of IgE
binding (ICsy) was calculated from the inhibition curves by relating fluorescence
intensity to inhibitor concentration.

Digestibility of Milk Lactoserum Proteins After Reduction by OsNTR/OsTrxs
and GSH/OsTrx

For preparation of milk lactoserum (whey), 200 mg skimmed milk powder was solved
in 0.1 M sodium acetate buffer (pH 4.8) and incubated at 65 °C for 15 min. Then,
the solution was centrifuged three times at 16,000 rpm for 10 min at room temper-
ature. The upper phase containing lactoserum proteins was transferred to new tubes.
Then, the sodium acetate buffer was removed by dialysis. The concentration of total
protein in lactoserum fraction was determined by Bradford assay using BSA as
standard. Pretreatment of lactoserum proteins at four temperatures (4, 25, 37, and
55 °C) with GSH/OsTrxs and digestion with trypsin was performed in reactions
containing 2 mg/ml lactoserum proteins using the condition described in the
“Reduction and Digestion of Pure BLG” section, D.
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Results
Heterologous Expression of OSNTRB and OsTrxs

The recombinant forms of Hisg-OsNTRB, Hisg-OsTrx1, Hisg-OsTrx20, and Hisg-OsTrx23
were produced in E. coli. They were found in the soluble fraction of the transformed E. coli
culture after induction by IPTG. The theoretical molecular weight of Hise-OsTrx1, Hise-
OsTrx20, Hiss-OsTrx23, and Hisc-OsNTRB were 16.8, 17.5, 15.3, and 38.4 kDa, respectively.
The SDS-PAGE analysis showed sharp protein bands of expected molecular masses (Fig. 1).
The recombinant proteins were purified from the soluble fraction using nickel affinity chro-
matography and desalted using dialysis. The quality of purification was assessed by SDS-
PAGE analysis (Fig. le). The protein yields for Hiss-OsTrx1, Hisg-OsTrx20, Hise-OsTrx23,
and Hisg-OsNTRB were 23, 13, 25, and 30 mg, respectively of purified fusion protein per liter
of culture.

DTNB and Insulin Assays

The kinetic parameters of OsNTRB toward either OsTrx1 or OsTrx23 were calculated using
DTNB assay. The K, and k., values of OsSNTRB toward OsTrx1 were 1 uM and 0.5 s
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Fig. 1 SDS-PAGE analysis for verification of expression and purification of recombinant proteins. Total soluble
protein extracted from E. coli harboring a pET15b-OsTrx1, b pET15b-OsTrx20, ¢ pET15b-OsTrx23, and d
pET28a-OsNTRB before addition of IPTG and 2 or 4 h after addition of IPTG. e Purified His-OsTrx1, His-
OsTrx20, His-OsTrx23, and His-OsNTRB, respectively
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respectively. These parameters for OsSNTRB toward OsTrx23 were 4.9 uM and 0.48 S™',
respectively. As previously reported, the isoform OsTrx20 was not reduced by OsNTRB. The
reduction of OsTrxs was also tested in the presence of GSH. As Fig. 2 shows, the isoforms
OsTrx20 and OsTrx1 were reduced by GSH. However, the isoform OsTrx23 was not reduced
in the presence of GSH.

Sulfhydryl Quantification

The sulfhydryl content of BLG pretreated with DTT increased almost ninefold as compared to
untreated BLG (36.5 vs 4.6 umol/g, Fig. 3). In comparison, the sulfhydryl contents of samples
containing BLG pretreated with OSNTRB/OsTrx23, OsNTRB/OsTrx1, GSH/OsTrx1, or GSH/
OsTrx20 were significantly higher than that for the sample containing untreated BLG (26.5,
25.25,26.4, and 24.5, respectively vs 4.6 pmol/g). These results show the tremendous effect of
NTR/Trxs and GSH/Trxs in the reduction of BLG. Nevertheless, the effect of these systems is
significantly lower than DTT as shown in Fig. 3.

Trypsin-Digestibility of BLG after Treatment with OsNTRB/OsTrxs and GSH/
OsTrxs Systems

(A) SDS-PAGE analysis Figure 4a shows the percentage of intact BLG before and
after treatment with trypsin. Almost 50% of BLG was undigested after treatment of
BLG with trypsin. However, the amount of undigested BLG was significantly de-
creased to less than 25%, when, before digestion with trypsin, BLG was pretreated at
25 °C with each reducing system including OsNTRB/OsTrxl, OsNTRB/OsTrx23,
GSH/OsTrx1, or GSH/OsTrx20. It should be noted that there was no significant
difference in BLG digestibility when BLG was pretreated with different systems. In
comparison, the pretreatment of BLG with DTT caused the highest increase in BLG
digestibility, with only 8% undigested BLG left. These results show that the systems
OsNTRB/OsTrxs and GSH/OsTrxs are able to reduce disulfide bonds which thereby
can increase BLG digestibility. Furthermore, pretreatment of BLG with different
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Fig. 2 Insulin reduction by OsTrxs in the presence of GSH. The experiments were performed using 20 M each
recombinant OsTrxs in the presence of 10 mM GSH
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Fig. 3 The sulthydryl content in untreated and treated BLG

systems was also tested at different temperatures. As Fig. 4b shows, there was no
significant variation between BLG digestibilities when BLG is pretreated with differ-
ent systems at different temperatures.
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Fig. 4 Effect of Trx reduction systems on digestibility of BLG determined by SDS (12% SDS-PAGE gels). The
percent of intact BLG was determined by relative band intensity and shown on vertical axis. a Line 1, BLG
(untreated and undigested); line 2, untreated BLG was incubated with trypsin; lines 3—6, the pretreated BLG with
either OSNTRB/OsTrx1, OsNTRB/OsTrx23, GSH/OsTrx1, or GSH/OsTrx20 at 25 °C was incubated with
trypsin; line 7, pretreated BLG with DTT was incubated with trypsin. b Comparison of trypsin-digestibility of
BLG after pretreatment with different systems at different temperature
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(B) HPLC analysis Figure 4 shows the RP-HPLC profiles of BLG before and after digestion
with trypsin. Undigested BLG showed a single peak with a retention time of about 48 min
(Fig. 5a). The tryptic digestion of BLG leads to 50% decrease in BLG peak area and
appearance of new small peaks (Fig. 5b). The pretreatment of BLG with GSH/OsTrx1 and
DTT at 25 °C before digestion with trypsin resulted in almost 80 and 90% decrease in BLG peak
area, respectively (Fig. 5c, d). This decrease in peak area was also observed for BLG pretreated
with OsNTRB/OsTrx23, OsNTRB/OsTrx1, and GSH/OsTrx20 (data not shown). These results
demonstrate that the systems OsNTRB/OsTrxs and GSH/OsTrxs effectively reduce BLG which
consequently lead to considerable increase in the digestibility of BLG. Furthermore, based on the
results, there was no significant difference between the effects of different systems.

Response of Patient Sera to Treated BLG with GSH/OsTrx1

The consequence of protein treatment of BLG on its binding affinity to IgE was investigated
through a competitive ELISA experiment. Figure 6 shows the binding ability of the IgE of
CMA patients’ pool sera to tryptic digestions of untreated and treated BLG with GSH/OsTrx1.
It can be noted that treated BLG’s recognition and binding to the serum IgE was significantly
weaker in comparison with the untreated BLG. Inhibitor concentration, ICsq, denotes the BLG
concentration binding 50% of the IgE in the sera of the CMA patients. According to Fig. 6, the
ICs¢ value of intact BLG was calculated to approximately 1.43 pg/ml whereas the treated
protein had an ICs, value of 17.34 pg/ml high. These results demonstrate that IgE binding to
the tryptic digests of treated BLG is approximately 12 times inferior as compared to tryptic
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Fig. 5 Effect of GSH/OsTrx1 on digestibility of BLG determined by HPLC analysis. The arrows show the peack
of intact BLG. a BLG (untreated and undigested). b Untreated BLG was incubated with trypsin. ¢ The pretreated
BLG with GSH/OsTrx1 at 25 °C was incubated with trypsin
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Fig. 6 Inhibition of anti-BLG IgE in serum pool. The signal (AU) results from the binding of IgE on native BLG
coated plates. Comparison between trypsin-digested product of untreated BLG (square) and trypsin-digested
product of treated BLG with GSH/OsTrx1 (triangle)

digests of untreated protein. The results illustrated that the reduction of BLG by GSH/OsTrx1
before trypsin digestion could reduce its allergenicity. This decrease in allergenicity is related
to the effect of this pretreatment on the BLG digestibility. Indeed, the lower amount of intact
BLG in the treated samples resulted in a decrease in allergenicity.

Effect of GSH/OsTrxs on Milk Lactoserum Proteins

The lactoserum fraction was isolated from milk as described previously. The SDS-PAGE
analysis of lactoserum proteins showed two sharp proteins with the size of 18 and
14 kDa corresponding to the molecular weight of two major lactoserum proteins, BLG
and ALA, respectively. As shown in Fig. 7, the pretreatment of lactoserum with GSH/
OsTrx1 and GSH/OsTrx20 before digestion with trypsin lead to a considerable decrease
in the intensity of BLG and ALA bands, indicating the effect of these reducing systems
improves the digestibility of lactoserum proteins. Pretreatment with GSH/OsTrx1 and
GSH/OsTrx20 was also tested at different temperature. Whereas the digestibility of BLG
was not affected by pretreatment temperature, the digestibility of ALA was at the highest
level when pretreatment was performed at 50 °C.

GSH/OsTrx1 GSH/OsTrx20
Control 4°C 25°C 37°C 55°C 4°C 25°C 37°C 55°C
kDa M 1 2 3 4 5 6 7 8 9

BLG
ALA

18.6 | T .-
14.8 |G

Fig. 7 Effect of GSH/OsTrx!1 and reduction systems on the digestibility of BLG and ALA in lactoserum
determined by SDS (12% SDS-PAGE gels). The arrows show the bands correspond to intact BLG and ALA in
untreated lactoserum incubated with trypsin (control, line 1), treated lactoserum with either GSH/OsTrx1 (lines
2-5) or GSH/OsTrx20 at different temperatures (lines 6-9), and then incubated with trypsin
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Discussion

Trxs are ubiquitous proteins that participate in thiol disulfide reactions via two active site
cysteine residues (WCXXC), allowing Trx to reduce disulfide bonds in target proteins [16]. In
higher plants, Trx isoforms are divided into six subfamilies based on their primary sequences
and subcellular localization [27]. The Trxh isoforms make the largest subfamily in plants
which further subdivided into three groups [16]. Groups I and II of Trxsh are reduced by
NADPH in the presence of NTR [16, 28]. In contrast, group III contains Trxh isoforms with
the unusual active site (WCXXS) and is reduced by GSH or glutaredoxins [16]. Recent
progress in proteome analysis has resulted in identification of numerous Trxh target proteins
in different species. For instance, Trxh isoforms play a critical role in the reduction of
disulfides in seed storage proteins upon germination, making them more soluble and accessible
for proteolytic digestion [29]. Furthermore, during seed germination, Trxh activate hydrolytic
enzymes and inactivate hydrolytic enzyme inhibitors through the reduction of disulfide bonds,
resulting in the mobilization of carbohydrate and protein reserves [29].

Due to the effective role of Trxs in the reduction of disulfide bonds, the application of
recombinant forms of E. coli NTR/Trx system for improvement of food digestibility has been
already evaluated [15, 30]. One of the major food allergens is BLG in the bovine milk. The
solved structure of this protein shows the binding of two IgE/Fab molecules to the dimeric
BLG [31]. The BLG epitope consists of six different short fragments of the polypeptide chain,
which are located especially in the 3 strands, covering a flat area on the allergen surface.
Because of BLG stability under acidic pH conditions, BLG is resistant to acid digestion and
remain intact after passing through the stomach [32, 33]. When proteins are denatured by heat,
the original tertiary structure is often lost, leading to the disappearance of the native protein
epitopes recognized by antibodies [34]. Therefore, thermal treatment alters the digestibility of
milk, which makes it more susceptible for degradation by hydrolyzing enzymes [35]. How-
ever, the aggregation of BLG which improves its stability is considered as an important side
effect of high temperature processing of milk [36]. Based on previous studies, the presence of
two disulfide bonds in the BLG structure, one clearly accessible on the surface (Cys66-
Cys160) and the other close to the core (Cys106-Cys119), is an important factor for the
BLG stability [15]. Reduction of disulfide bridges destabilizes the native rigid globular
structure of BLG, making it more accessible for enzymatic hydrolysis [13]. In agreement, a
computer modeling revealed that the disruption of the exposed disulfide bond of BLG (Cys66-
Cys160) changes the conformation and accessibility of the major human IgE epitope [15].
Therefore, finding efficient and safe ways for reduction of BLG disulfide bonds can be
extremely beneficial. The treatment of milk BLG with E. coli NTR/Trx system effectively
reduced BLG disulfide bonds which led to enhancing tryptic digestibility and decreasing the
allergenicity of BLG [15]. The treatment of wheat proteins and soy flour with this system
effectively reduced disulfide bonds, increased their susceptibility to proteolysis, and decreased
their allergenicity [30, 37]. Despite the high potential of plant NTR/Trx system in reduction of
disulfide bonds, the treatment of food proteins with plant NTR/Trx has not yet been examined.
Therefore, in the present work, we studied the in vitro effects of OsTrx23, OsTrx1, and
OsTrx20 as three rice Trxh isoforms on the digestibility of BLG by trypsin. The isoform
OsTrx23 belongs to the subgroup I of h-type Trxs and is effectively reduced by OsNTRB in
the presence of NADPH [25]. The isoform OsTrx20 and OsTrx1 are members of subgroup III.
Whereas OsTrx1 is reduced by both OsNTRB and GSH, the isoform OsTrx20 is reduced only
by GSH [25]. The production and purification of recombinant forms of these three Trx
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isoforms and OsNTRB as His.tag fusion proteins enabled us to study the effects of systems
OsNTRB/OsTrx23, OsNTRB/OsTrx1, GSH/OsTrx1, and GSH/OsTrx20 on the BLG digest-
ibility and allergenicity. The pretreatment of BLG, either pure or in milk lactoserum, by these
reduction systems enhanced digestibility of BLG as shown by both SDS-PAGE and HPLC
analysis and decreased the allergenicity in comparison to untreated BLG. There was no
significant difference between the effects of different systems. However, in order to practically
use these reduction systems and large-scale pretreatment for improvement of BLG digestibil-
ity, the cost should be considered. It seems that the lower cost of GSH than NADPH and the
need to produce only one recombinant protein make the use of GSH/OsTrx1 and GSH/OsTrx2
more economical than the use of OSNTRB/OsTrx23 and OsNTRB/OsTrxl1.

In conclusion, in the present work, we found that plant NTR/Trx and GSH/Trx systems are
efficient systems for reduction of BLG disulfide bonds. Therefore, the pretreatment of milk
BLG with these systems improves significantly the digestibility of BLG and decreased its
allergenicity. However, there are still barriers to the practical use of these systems. The most
important barrier is the need for a treatment system to do reduction without direct addition of
GSH and OsTrxs. Further work is necessary to overcome these problems.
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