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Thioredoxins (Trxs) are small ubiquitous proteins that participate in dithiol-disulfide exchange reactions. In con-
trast to animals and prokaryotes, plants possess different types of Trxs that play a vital role in a number of differ-
ent cellular processes. Two full-length cDNAs encoding different Trx h isoforms, designated VvTrx h2 and VvTrx
h3, were isolated and cloned from grape (Vitis vinifera L. cv. Askari) berry tissue by rapid amplification of cDNA
ends (RACE)method. VvTrxh2 andVvTrx h3wereheterologously expressed in Escherichia coli and their activities
were compared using DTT-dependent insulin reduction and 5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB) reduc-
tion activities. The NADPH-dependent DTNB reduction assay demonstrated that the both VvTrx h isoforms were
reduced byNADPH-dependent thioredoxin reductase (NTR) from E. coli. Under heat shock treatment, the recom-
binant VvTrx h proteins formed the oligomeric structures at above 50 °Cwith a decrease in their disulfide reduc-
tase activities. The redox-dependent structural changes of VvTrx h2 and VvTrx h3 revealed that their oligomeric
structures were changed into monomers and significantly increased their disulfide reductase activities. Further-
more, the both recombinant proteins were able to conserve a DTNB reduction activity even after 15min heating
at 99 °C.
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1. Introduction

Thioredoxins (Trxs) are small ubiquitous disulfide reductases that
control the redox status of target proteins through thiol-disulfide ex-
change reactions [1]. These proteins are found in all organisms ranging
from prokaryotes to higher eukaryotes. Animals and prokaryotes con-
tain a limited number of Trx with usually one or two isoforms, whereas
a wide range of genes encoding Trxs has been identified in plants [2]. In
higher plants, Trxs are classified into eight different groups (Trxs f, h,m,
o, s, x, y, and z) on the basis of both their primary structures and subcel-
lular localization. Trxs f, m, x, y, and z are addressed in the chloroplasts
[3,4], Trx o is localized inmitochondria [5] and Trx h is distributed in cy-
tosol [6], nucleus [7], plasmamembrane [8], endoplasmic reticulum [9],
andmitochondria [10]. The chloroplastic Trxs are reduced by ferredoxin
from photosynthetic electron transport via ferredoxin-dependent
thioredoxin reductase (FTR), but reduction of Trxs h and o depends on
acid); DTT, dithiothreitol; EST,
thioredoxin reductase; Grx,

eight; IPTG, isopropyl-β-D-thio-
-nitro-5-thiobenzoic acid; NTR,
mplification of cDNA ends; Trx,
NADPH and involves NADPH-dependent thioredoxin reductase (NTR)
[3,6].

Trx h isoforms constitute the largest type in the plant Trx family.
They could be classified into three subgroups I, II and III. Subroups I
and II are reduced by NTR in the presence of NADPH. In contrast, sub-
group III includes Trx h-like isoforms with dicysteinic or monocysteinic
forms that is reduced by the glutathione (GSH)/glutaredoxin (Grx) sys-
tem [6]. Multiple forms of Trx h exist in higher plants; at least eleven,
ten, and seven isoforms have been identified in Arabidopsis
(Arabidopsis thaliana) [11], poplar (Populus trichocarpa) [12], and rice
(Oryza sativa) [13], respectively. In addition, in the genome of grape
(Vitis vinifera) [14],Medicago truncatula [15], and banana (Musa acumi-
nate) [16] have been identified seven, twelve, and three genes encoding
Trx h, respectively. Due to the large number of Trxs h in plant cells, their
specific functions are not well known. However, some reports have re-
vealed that they have been implicated in a number of different cellular
processes including seed germination and development [17], intercellu-
lar communication [18], biotic and abiotic stress responses [19–21], and
chaperone activity [22,23].

A redox-independent, chaperone function has also been reported for
some Trxs h. In soybean (Glycinemax), a cytosolic thioredoxin (GmTRX)
acts as amolecular chaperone for peroxisomematrix proteins aswell as
antioxidant in peroxisome [23]. Liu et al. [24] demonstrate that an atyp-
ical h-type thioredoxin (ZmTrxh) exhibits a distinct defense profile in
maize (Zea mayze) resistance to Sugarcane Mosaic Virus (SCMV).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2018.09.026&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2018.09.026
rezaheidari@tabrizu.ac.ir
Journal logo
https://doi.org/10.1016/j.ijbiomac.2018.09.026
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac


2546 R. Haddad et al. / International Journal of Biological Macromolecules 120 (2018) 2545–2551
Because of lacks two canonical cysteines in its active-site motif, ZmTrxh
is unable to reduce disulfide bridges but possesses a strong molecular
chaperone-like activity. Moreover, ZmTrxh-mediated maize resistance
to SCMV showed no obvious correlation with the salicylic acid- and
jasmonic acid-related defense signaling pathways [24]. Trxs are also
used for the production of safer and more effective peptide immuno-
gens due to some their critical features such as a high thermal stability,
lack of cross-reactivity and a low-cost of production [25]. Escherichia coli
thioredoxin has been previously exploited as a scaffold for the presenta-
tion/stabilization of peptide aptamers as well as to confer immunoge-
nicity to peptide epitopes [26]. The use of a thermostable thioredoxin
from the hyperthermophilic archaebacterium Pyrococcus furiosus
(PfTrx) as a scaffold was lead to construct a low-cost alternative
human papillomavirus (HPV) vaccine at high amounts and high levels
of purity [27].

In this study, we report the isolation and cloning of two full-length
cDNAs encoding different Trx h isoforms from grape (Vitis vinifera L.)
berry tissue of an Iranian cultivar, called Askari by rapid amplification
of cDNA ends (RACE) method. After production and purification of re-
combinant Trx h proteins, we compare their activities using DTT-
dependent insulin reduction and Trx reduction by NTR assays and re-
veal that VvTrx h isoforms are able to reduce disulfide in insulin end
5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB), respectively. Using heat
shock treatment, we indicate that recombinant VvTrx h proteins form
the multimeric structures with a decrease in their disulfide reductase
activities. Also, in incubation with DTT, we demonstrated that
multimeric structures of VvTrx h2 and VvTrx h3 change into monomers
and significantly increase their disulfide reductase functions. Moreover,
we display that both recombinant proteins are thermostable and are
able to conserve a biological activity at high temperature. Therefore,
they may be used as a scaffold to construct low-cost alternative
human vaccines.

2. Materials and methods

2.1. Plant materials and total RNA extraction

Berry tissue from grape (V. vinifera L. cv. Askari) is collected from
plants grown in the grape collection of the Grape Research Station,
Takistan-Qazvin, Iran, during the 2012 field season. The berries were
immediately frozen in liquid nitrogen upon collection and then stored
at−80 °C. Total RNAwas also extracted from grape berries as described
by Heidari-Japelaghi et al. [28].

2.2. 3′- and 5′-RACE, RT-PCR and cloning

For 3′-RACE reaction, first strand cDNA was synthesized using 3′-
RACE primer as the initiation primer and amplifications were per-
formed using forward primers, 3′-RACE primer, and adaptor primer
(Table 1) [29]. For 5′-RACE reaction, the reverse transcription reaction
was also carried out using oligo (dT)18 primer as the initiation primer
and RNAwas degraded by RNase H (Fermentas, Germany). A homopol-
ymeric C-tail was added to the 5′ end of the purified cDNA by Terminal
Deoxynucleotidyl Transferase (Fermentas, Germany) [29]. Amplifica-
tions were performed using reverse primer, 5′-RACE primer, and
Table 1
Nucleotide sequence of oligonucleotide primers used for RT-PCR and RACE reactions with frag

Gene name Primer name Sequence (5′-3′)

VvTrx h2 VTrx2F
VTrx2R

taaGGATCCATGGCGGAAGAGGGACAAG
aagCTCGAGTCAAGCAGTTGCATGCTTCTC

VvTrx h3 VTrx3F
VTrx3R
3′-RACE primer
5′-RACE primer
Adaptor primer

ataGGATCCATGGGAGCCAGCCACTCG
actCTCGAGTCAATTTTTCCTGTGAGCCTCG
tatggatccgagctcctcgagT18
tatggatccgagctcctcgagG15

tatggatccgagctcctcgag
adaptor primer primers (Table 1). Amplification of ORF sequences was
subsequently performed using proof reading Pfu polymerase
(Fermentas, Germany) and forward and reverse primers. The specific
primers included a BamHI restriction site in forward primers
(underlined), a XhoI restriction site in reverse primers (underlined)
and an addition of three ncleotides (small letters) at the 5′-ends
(Table 1). The RACE and RT-PCR products of VvTrx h2 and VvTrx h3
were purified by AccuPrep Gel Purification kit (Bioneer, South Korea)
and cloned into the pTG19-T cloning vector (Vivantis, Malaysia). The
constructs were introduced to E. coli strain DH5α and the nucleotide se-
quence of the inserts were also determined in both directions by
dideoxynucleotide sequencing (Bioneer, South Korea).

2.3. Expression and purification of recombinant grape Trx h isoforms

For construction of expression vectors, the coding sequences were
isolated from pTG19-VvTrx h2 and pTG19-VvTrx h3 by digestion with
BamHI and XhoI and ligated into the pET28a expression vector linear-
ized with BamHI and XhoI, to give pET28a-VvTrx h2 and pET28a-
VvTrx h3, respectively. The recombinant plasmids were then trans-
formed into competent E. coli strain BL21 (DE3). Cells and grown in
Luria-Bertani medium supplemented with 5 μg/mL chloramphenicol
and 50 μg/mL kanamycin and at 37 °C with shaking until the OD600

reached of 0.5–0.6. Protein expression was induced by the addition of
Isopropyl-β-D-thiogalactopyranoside (IPTG) (Fermentase, Germany)
to a final concentration of 1 mM. Four hours after induction cells were
harvested by centrifugation and frozen at−80 °C until use. Total protein
of frozen pellets was extracted by repeated cycles of freezing and
thawing [30] and the recombinant proteins were purified by HisPur™
Cobalt Purification kit (Thermo scientific, USA) according to the manu-
facturer's instructions. The concentration of recombinant proteins were
determined by Bradfordmethodwith BSA as a standard [31]. SDS-PAGE
and native-PAGE were carried out on a 12.5% polyacrylamide gels with
stained protein markers in the range 9–235 kDa (Sinaclon, Iran).

2.4. Thioredoxin activity assays

2.4.1. Reduction of disulfides in insulin
The thioredoxin activity of insulin reduction was measured at

650 nm and room temperature by using a spectrophotometer
(Labomed, UK) [32]. The reaction mixture contained 100 mM KH2PO4,
2 mM EDTA pH 7.0, 1 mg insulin (Sigma-Aldrich, USA) and 1, 3, or 5
μM VvTrx h2 or VvTrx h3. The reactions were initiated by addition of
1 mM dithiothreitol (DTT) to the assay mixture. The blank contained
all components minus the DTT.

2.4.2. Thioredoxin reduction by NTR
The recombinant VvTrx h2 and VvTrx h3were tested as substrate for

E. coliNTR [32]. The reactionmixture contained 100mMKH2PO4, 2 mM
EDTA pH 7.0, 200 μM DTNB (Sigma-Aldrich, USA), 200 μM NADPH
(Sigma-Aldrich, USA) and 1, 3, or 5 μM VvTrx h2 or VvTrx h3. The reac-
tionswere initiated by the addition of 40 nM E. coliNTRat room temper-
ature and followed by measuring the rate of increase of absorbance at
412 nm indicating the formation of 2-nitro-5-thiobenzoic acid (NTB).
ment lengths of 3′ and 5′-UTR, ORF, and mRNA.

3′-UTR (bp) 5′-UTR (bp) ORF (bp) mRNA (bp)

235 80 345 660

166 103 366 635



Table 2
The physico-chemical characteristics of amino acid sequences of VvTrx h2 and VvTrx h3.

Gene name Protein (aa) Molecular weight (kDa) Isoelectric point (pI) Active site Instability index Aliphatic index Hydopathicity index

Vvtrx h2 114 12.80 5.22 WCGPC 32.65 88.77 −0.097
Vvtrx h3 121 13.60 6.74 WCGPC 29.48 71.65 −0.360

Fig. 1. Overexpression of grape Trx h isoforms in E. coli strain BL21 (DE3) and their
absorption spectrum. (A) SDS and native-PAGE analysis of VvTrx h isoforms synthesized
in bacteria. M, molecular mass markers; lane 1, total soluble protein extracted from wild
bacteria; lanes 2 and 3, total soluble protein extracted from bacteria harboring pET28a-
VvTrx h2 and pET28a-VvTrx h3 4 h after addition of IPTG, respectively; lanes 4 and 5,
purified His-VvTrx h2 and His-VvTrx h3 after affinity chromatography on a cobalt-resin
column, respectively; lanes 6 and 7, non-reducing conditions on dimerization of VvTrx
h2 and VvTrx h3, respectively. (B) Absorption spectrum of recombinant VvTrx h2 and
VvTrx h3 proteins. The recombinant proteins (5 μM) were dissolved in 20 mM Tris-HCl
buffer (pH 8.0) and spectrums were recorded with a spectrophotometer at a scan rate of
100 nm/min at room temperature.

2547R. Haddad et al. / International Journal of Biological Macromolecules 120 (2018) 2545–2551
2.5. Heat shock treatment and redox-dependent function

The recombinant proteins were incubated at various temperature
(25, 50, and 75 °C) for 30 min and their structural changes were ana-
lyzed by 12.5% native-PAGE and SDS-PAGE. The relative activity of the
heat-treated Trxs h was assayed for DTNB reduction and compared
with those of native VvTrx h incubated at 25 °C, which were set to
100%. To analyze of redox-dependent structural changes, the VvTrx h2
and VvTrx h3 were incubated with 20 mM DTT and 20 mM H2O2 and
then analyzed by 12.5% native-PAGE and SDS-PAGE. The redox-
dependent activity of the DTT-treated Trxs was analyzed for DTNB re-
duction and compared with the activities measured in the absence of
DTT, which were set to 100%. The DTNB reduction activity was checked
at A412 after 5 min reaction [22].

2.6. Thermostability

The thermostability assay was determined as described by Gelhaye
et al. [33]. The recombinant VvTrx h2 and VvTrx h3 (3 μM)were heated
at 99 °C in TE buffer pH 7.0 during 5, 10, and 15 min and immediately
cooled on ice. The samples were centrifuged for 5 min at 13000 rpm
to precipitate denatured protein. The structural changes of recombinant
proteins were analyzed by 12.5% native-PAGE and SDS-PAGE and their
relative activity were assayed for DTNB reduction and compared to con-
trol reaction.

3. Results and discussion

3.1. Isolation, cloning and sequence analysis of grape Trx h isoforms

The cDNA sequences obtained here correspond to the available
expressed sequence tags (EST) of CB348011 and CF518184whichprevi-
ously stated as VvTrx h2 and VvTrx h3, respectively [14]. The 3′ and 5′
RACE reactions were performed to characterize the full-length cDNAs
of VvTrx h2 and VvTrx h3 isoforms and the PCR products were cloned
into pTG19-T plasmid vector. The physic-chemical characteristics of
amino acid sequences of grape Trxs h were mentioned in Table 2.

The both isoforms contain the same active site WCGPC that is com-
mon to themajority of Trxs, such as Trxs h, Trxs o, and the chloroplastic
isotypes [6]. The replacement of the two Cys residues of active site with
Ser demonstrated that these residues are essential for disulfide reduc-
tion activity and not for chaperone function [22]. VvTrx h2 as well as
VvTrx h3 possess the conserved N-terminus tryptophan residue (W16

and W23, respectively), which is a signature of the Trx h sequences
[34]. VvTrx h2 contains a third Cys residue (Cys10) besides the two
Cys at the active site, whereas there are two additional Cys residues in
the VvTrx h3 sequence. The presence of the additional Cys residue was
previously reported in Trx h frompoplar [33],wheat (Triticum aestivum)
[17], and rice [35]. The site-directedmutagenesis showed that the addi-
tional Cys residue has a low effect on Trx h activity but is essential for di-
merization [17].

The comparison of genomic sequences with ORFs showed that in
contrast to VvTrx h2, VvTrx h3 contains three exons, with 108,123,
and 35 nucleotides length, and two intronswith 100 and 122 bp, respec-
tively. The introns are relatively AT rich compared to the coding se-
quences and the exon–intron connections in VvTrx h3 obey the GT–
AG rule [36]. The VvTrx h3 genomic sequence similar to other grape
Trxs h reveals introns at the same positions [37]. The phylogenetic
analysis has previously been revealed that the both isoforms belong to
different subgroups of Trxs h. VvTrx h2 belongs to subgroup I, whereas
VvTrx h3 is belonging to subgroup II [14]. Also, the deduced amino
acid sequence of VvTrx h2 andVvTrx h3 showed a lowdegree of identity
(53.0%) and similarity (72.0%), possibly showing the different physio-
logical role for these Trxs. The aliphatic index, as a positive factor for in-
creased thermostability were calculated 88.77 and 71.65 for Vvtrx h2
and VvTrx h3, respectively, using ProtParam program (http://www.
expasy.ch/tools/protparam.html). Moreover, hydropathicity and insta-
bility indeces displayed that VvTrx h2 and VvTrx h3 isoforms are hydro-
philic and stable into cell medium.

http://www.expasy.ch/tools/protparam.html
http://www.expasy.ch/tools/protparam.html
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3.2. Expression and purification of recombinant VvTrx h isoforms

The coding sequences of VvTrx h2 and VvTrxh3 isoforms were
subcloned into the expression plasmid pET28a, yielding the construc-
tions pET-VvTrx h2 and pET-VvTrx h3, respectively. The pET-VvTrx h2
and pET-VvTrx h3 plasmids were used to transform the E. coli strain
BL21 (DE3) to produce recombinant proteins containing an N-
terminal histidine tag. The presence of the recombinant VvTrx h2 and
VvTrxh3 proteins was verified in the soluble fraction of the correspond-
ing transformed E. coli culture after induction with IPTG by SDS-PAGE
(Fig. 1A, Lanes 2 and 3, respectively). SDS-PAGE analysis of cell extracts
showed a distinct polypeptide band for VvTrx h2 and VvTrxh3 with ap-
parent molecular mass of about 14 kDa, in close agreement with their
predicted mass (12.80 and 13.60 kDa, respectively). The recombinant
Trx h proteinswere purified from the crude extracts by affinity chroma-
tography on a cobalt-resin column (Fig. 1A, lanes 4 and 5). The yield of
recombinant VvTrx h2 and VvTrxh3 proteins was found to be identical
(approximately 1 mg/mL) suggesting that the majority of the recombi-
nant proteins are present in the soluble fraction and none of themwere
found to be located in inclusion bodies [38]. Native-PAGE analysis of two
purified recombinant VvTrx h showed that both isoforms form
multimeric protein structures (Fig, 1A, lanes 6 and 7). The both recom-
binant proteins showed a prominent tetrameric protein structure. How-
ever, versus VvTrx h3, VvTrx h2 protein also formed dimer and trimer
protein structures. Under reducing conditions, both isoforms were de-
tected as monomers, suggesting that the major force of their oligomer-
ization should be the hydrophobic interactions [22]. The recombinant
VvTrx h2 and VvTrxh3 proteins were characterized by their absorption
spectrumwhich showed amaximal absorption at 280 nm(Fig. 1B), sim-
ilar to a Trx h from wheat [39].
Fig. 2. Disulfide reduction activity of grape Trx h isoforms. (A) Reduction of insulin
disulfide bonds in the presence of 1 mM DTT at the different concentrations of VvTrx h2
and VvTrx h3. Control shows the reaction containing insulin and DTT without addition
of Trx h. (B) Reduction of DTNB disulfide bonds in the presence of NADPH and E. coli
NTR at the different concentrations of VvTrx h2 and VvTrx h3. Control shows the time
course of DTNB reduction by E. coli NTR without addition of Trx h.
3.3. The catalytic activity of VvTrx h isoforms

3.3.1. Insulin assay
Trx has been shown to catalyze the nonspecific reduction of insu-

lin disulfides by the reducing agent DTT [32]. The recombinant grape
Trx h isoforms were analyzed for their ability to reduce insulin
disulfides by DTT (Fig. 2A). The recombinant VvTrx h2 and VvTrx
h3 were found to reduce disulfides in insulin after the addition of
DTT compared to control reaction. Similar to other studies [15,20],
the rate of insulin reduction was found to increase as a function of
Trx concentration. Nevertheless, it has been demonstrated that at
higher molar ratios of Trx, the rate of insulin reduction was de-
creased [22]. Because, Trxs instantaneously trap the reduced and
partially denatured insulin due to their molecular chaperone activity
[40]. At the same concentrations, the rate of reaction was not similar
when different isoforms were added. At 5 μM, for example, the VvTrx
h3 showed higher specific activity than VvTrx h2. This suggested that
the rate of electron flux from each Trx h isoform to target proteins
may also vary in vivo indicating particular roles for each isoforms in
grape. It should be noted that VvTrx h2 and VvTrx h3 belong to differ-
ent Trx h subgroups and display the low level of identity (53.0%). The
differences in amino acid sequence may lead to charge difference on
the surface of protein and finally the variations in biochemical prop-
erties of proteins including the interaction with target proteins [41].
The residues that differ between VvTrx h2 and VvTrx h3 are mainly at
the N-termini and C-termini of the proteins. For instance, the N-
terminal sequence of VvTrx h2 contains the sequence M1AEE4 [14]
highly resemble to the M1AAEE5 motif that was shown to be essen-
tial for plasmodesmal translocation of the rice protein [18].
Lineweaver-Burk plots were also generated from the insulin assay
data and Vmax and Km values were calculated for both grape Trxs h.
The insulin reduction activity of VvTrx h3 (Vmax = 0.03 Δ650/min,
Km = 0.73 μM) was significantly higher than activity of VvTrx h2
(Vmax = 0.01 Δ650/min, Km = 0.43 μM).
3.3.2. NTR assay
The recombinant grape Trx h proteins were tested as substrates for

E. coli NTR by measuring their ability to catalyze the NADPH-
dependent reduction of DTNB as the final electron acceptor (Fig. 2B).
The E. coli NTR was able to reduce VvTrx h2 and VvTrx h3 with com-
pared to control reaction. However, the calculated Vmax and Km values
for VvTrx h2 (Vmax = 0.004 Δ650/min, Km = 79.52 μM) and VvTrx h3
(Vmax = 0.009 Δ650/min, Km = 59.12 μM) were demonstrated that
both proteins are poor substrates for E. coliNTR. Therefore, the high con-
centrations of Trxs h were required to reduce measurable quantities of
DTNB.

In the NADP-Trx system (NTS), electronsflow fromNADPH to Trx by
NTR, which in turn reduces its target protein. The flux of electrons may
varywith the ability of NTR to reduce Trx andwith the level of reductase
activity of Trx on its target protein [15]. Several molecular factors such
as charge difference on the surface of protein, conserved residues and
residues implicated in the NTR/Trx interaction may determine specific-
ity of the NTR/Trx interactions [42]. Molecular interactions between
NTR and Trx isoforms are generally species-specific and interspecies in-
teractionsmay occurwith lower affinity [43]. Juttner et al. [38] reported
that the Lolium Trx h cannot serve as a substrate for E. coli NTR at low
concentrations. Similirly, it was found that E. coli Trx is not efficiently re-
duced by barley NTR and the catalytic efficiently for E. coli Trx was 100-
fold lower than for barley Trxs h [44]. Moreover, it has been reported
that in plant, NTRs display a much higher affinity for some of specific
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Trxs h than the others [17,33,45]. Thus, there seems to be a special inter-
action between NTRs and Trxs, so that similar Trxs are preferentially re-
duced by a particular NTR [38].

3.4. Heat shock and redox status

The effect of heat shock on the recombinant VvTrx h2 and VvTrx h3
structures was analyzed using a native-PAGE gel and found that the pro-
tein structures of grape Trxs h were changed in vitro by incubating the
proteins at high temperature (Fig. 3A). At above 50 °C, the dimeric and
trimeric structures of VvTrx h2 were disappeared and just observed the
tetrameric structure. In VvTrx h3, the tetrameric structure was obviously
observed at different temperatures. Thus, with temperature increase, the
highmolecular weight (HMW) structures increase concomitantly with a
decrease in the levels of low molecular weight (LMW) proteins [22]. In
addition to the structural changes, the DTNB reduction activity of
VvTrx h2 and VvTrx h3 decreased with the heat treatment (Fig. 3B).
With compared to VvTrx h2, this activity decrease was more severe for
VvTrx h3, so that at 50 and 75 °C, the relative activities of heat-treated
VvTrx h3 to reduce DTNB were 43.87% and 42.90%, respectively. While,
VvTrx h2 showed 85.22% and 73.48% of disulfide reductase activity in
contrast to control at 50 and 75 °C, respectively. Therefore, it seems
that formation of oligomeric structures for grape Trxs h under heat
shock is not compatible with their disulfide reductase activities.

The redox-dependent structural changes of VvTrx h2 and VvTrx h3
were also analyzed using native and SDS-PAGE (Fig. 3C). The recombi-
nant VvTrx h2 and VvTrx h3 revealed oligomeric protein structures in
native-PAGE conditions (Fig. 3C, lanes 1 and 4). However, when VvTrx
h2 and VvTrx h3 were incubated with DTT prior to native-PAGE, the
oligomeric structures of VvTrx h2 and VvTrx h3 were changed into
monomers (Fig. 3C, lanes 2 and 5). Moreover, subsequent treatment of
hydrogen peroxide (H2O2) after removal of DTT nearly restored the
oligomeric protein structures of VvTrx h2 and VvTrx h3 (Fig. 3C, lanes
3 and 6), indicating that the structural changes of the grape Trxs h are
dependent on redox status. In contrast, the oligomerization of VvTrx
h2 and VvTrx h3 were failed in the presence H2O2 and DTT in reducing
SDS-PAGE conditions. The redox-dependent structural changes suggest
that the oligomeric structures are produced by hydrophobic interac-
tions and disulfide bonds [22]. The DTNB reduction activity of VvTrx
h2 and VvTrx h3 was also analyzed under DTT treatment (Fig. 3D).
The DTT induces a significant increase of disulfide reductase activity of
VvTrx h2 and VvTrx h3 via reduction of disulfide bonds and induction
of monomers formation. Park et al. [22] reported that AtTrx h3 forms
different multimeric structures, indicating LMW and HMW structures
correspondingwith disulfide reductase activity and chaperone function,
respectively. Under redox status and heat shock, the AtTrx h3 protein
structure is changed from LMW to HMW, indicating functional
switching from a disulfide reductase to a molecular chaperone [22].

3.5. Thermostability

One of interesting features of Trxs h is their thermal stability against
high temperatures. For thermostability analysis, VvTrx h2 and VvTrx h3
Fig. 3. Heat-shock and redox-dependent structural changes of VvTrx h2 and VvTrx h3
in vitro. (A) Analysis of structural changes of VvTrx h2 and VvTrx h3 incubated at
various temperatures for 30 min by 12.5% native PAGE (top section) or 12.5% SDS-PAGE
(bottom section) gels. (B) Relative activities of heat-treated VvTrx h2 (white bar) and
VvTrx h3 (black bar) to reduce DTNB. DTNB reduction activities were compared with
those of native VvTrxs h incubated at 25 °C which were set to 100%. The relative
activities of heat-treated or native VvTrxs h were measured at A412 after 5 min reaction.
(C) Analysis of redox-dependent structural changes of VvTrx h2 and VvTrx h3 by 12.5%
native PAGE (top section) or 12.5% SDS-PAGE (bottom section) gels. (D) Redox-
dependent relative activities of VvTrx h2 (white bar) and VvTrx h3 (black bar) to reduce
DTNB. DTNB reduction activities were measured in the presence of 20 mM DTT and
compared with the activities measured in the absence of DTT, which were set to 100%.
The activities were checked at A412 after 5 min reaction.



Fig. 4. Analysis of thermostability of recombinant VvTrx h2 and VvTrx h3 proteins.
(A) Analysis of structural changes of VvTrx h2 and VvTrx h3 incubated at 99 °C during
various incubation times with compared to control (25 °C) by 12.5% native PAGE (top
section) or 12.5% SDS-PAGE (bottom section) gels. (B) Relative activities of VvTrx h2
(white bar) and VvTrx h3 (black bar) incubated at 99 °C during various incubation times
to reduce DTNB. DTNB reduction activities were compared with those of native VvTrxs h
incubated at 25 °C which were set to 100%. The activities were checked at A412 after 5,
10, and 15 min reaction, respectively.
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proteins were incubated at 99 °C during various incubation times
(Fig. 4). The structural changes of incubated recombinant proteins
were analyzed using native and SDS-PAGE (Fig. 4A) and their relative
activities were assayed by reduction of DTNB (Fig. 4B). At 99 °C during
various incubation times, the dimeric and trimeric structures of VvTrx
h2 were conserved, whereas its tetrameric structure was disappeared.
In VvTrx h3, the tetrameric structure was completely disappeared
with compared to control. The DTNB reduction activity revealed that
the disulfide reductase functions of VvTrx h2 and VvTrx h3 significantly
decrease compared to control. Nevertheless, the both proteinswere able
to conserve a biological activity even after 15min heating at 99 °C. After
15minheating, VvTrx h2 andVvTrx h3 showed29.13% and20.97% activ-
ity, respectively, indicating VvTrx h2 was slightly more thermostable
thanVvTrx h3. Similarly, Trx h1 andh3 proteins frompoplar respectively
exhibited a DTNB reduction function around 30% and 15% after 15 min
heating at 99 °C in presence of Arabidopsis NTR [33].

4. Conclusions

In this study, the recombinant VvTrx h2 and VvTrx h3 proteins
showed reduction activity of insulin disulfide bonds and the DTNB
reduction function. With compared to VvTrx h2, the rate of reduction
of insulin, used here as a Trx target, was 3-fold higher for VvTrx h3.
Thus, the flux of electrons in the NTS in vivomay also vary with the na-
ture of the targets present. In addition, the function of the NADPH-
dependent reduction of DTNB revealed that both proteins are poor sub-
strates for E. coli NTR, indicating lower affinity in interspecies interac-
tions. Under heat shock treatment, the recombinant VvTrx h proteins
formed the oligomeric structures with a decrease in their disulfide re-
ductase activities. In contrast, in the presence DTT, the oligomeric struc-
tures of VvTrx h2 and VvTrx h3 were changed into monomers and
significantly increased their disulfide reductase activities. Moreover,
both recombinant proteins demonstrated disulfide reductase activity
after incubation at 99 °C, suggesting high thermostability of Trxs h.
Under high temperature conditions, the DTNB reduction activity of
VvTrx h2 was significantly higher than VvTrx h3. Considering that
VvTrx h2 and VvTrx h3 belong to different Trx h subgroups, the differ-
ence on the insulin/DTNB reduction activity between VvTrx h2 and
VvTrx h3 may correspond to the different key amino acid residues and
the varied physico-chemical characteristics of them. Finally, developing
further studies are needed to determine the particular role of different
Trx h isoforms in plant cells.
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