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Abstract: T hioredoxins (Trxs), as small ubiquitous proteins, participate in dithiol-disulfide exchange reactions. In contrast to other organisms,
plants have a complex family of Trxs, which contains seven different Trx types: f, h, m, o, x, y, and z. The h-type Trx consists of
multiple forms that are involved in different processes. A full-length cDNA coding for a Trx h, designated VvTrx h2, was isolated and
cloned from grape (Vitis vinifera L. cv. White Seedless) berry tissue by RT-PCR technique. Nucleotide sequence analysis revealed 561
nucleotides in length encoded for a protein of 114 amino acid residues. The deduced polypeptide sequence harbors a typical catalytic
site, WCGPC and its calculated molecular mass and its predicted isoelectric point  are 12.79 and 5.06 kDa, respectively. The threedimensional modeling and docking studies allow for the proposal that VvTrx h2 could be reduced by a NADP-thioredoxin reductase
rather than glutaredoxin, as shown for its ortholog from Arabidopsis. The deduced amino acid sequence showed a high degree of
similarity to Trx h isoforms from other sources. Phylogenetic studies indicated that VvTrx h2 gene is related to h-type Trx subgroup I.
Semi-quantitative RT-PCR analysis revealed that the VvTrx h2 gene was expressed in all plant tissues at different developmental stages.
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dpa
- days post anthesis;
EST
- expressed sequence tag;
FTR
- ferredoxin-dependent thioredoxin reductase;
Grx
- glutaredoxin; GSH, glutathione;
NTR
- NADPH-dependent thioredoxin reductase;
RT-PCR - reverse transcription polymerase chain
reaction;
Trx
- thioredoxin.

1. Introduction
Thioredoxins (Trxs) are small ubiquitous disulfide
reductases that are present in all organisms. They
participate in dithiol-disulfide exchange reactions
with a large range of substrates [1]. The active site of
all Trxs is conserved and contains two redox active
cysteine residues, except the isoforms labeled CxxS
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[2] that form an intramolecular disulphide bridge in the
oxidized form of the protein. When the disulphide is
reduced to a dithiol, the Trx protein is able to reduce
disulphides in target proteins involved in numerous
redox-dependent cellular processes [3]. In contrast
to non-photosynthetic organisms, different types of
Trxs exist in plants [2]. Plants are distinguishable from
other organisms by their complex Trx systems as
revealed by plant genome sequencing projects, such
as that of Arabidopsis (Arabidopsis thaliana). In the
fully sequenced Arabidopsis genome at least 18 major
groups of Trx and Trx-like genes have been identified
[4] that can be classified based upon primary sequence
analysis and subcellular localization into different groups
and subgroups [5].
In higher plants, Trxs are classified into seven
different groups (Trxs f, h, m, o, x, y, and z) that reside
in different cell compartments and function in an array
of processes [2]. Trxs m, f, x, and y are located in the
chloroplasts and regulate the redox status of enzymes
* E-mail: raheemhaddad@yahoo.co.uk
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that grape contains members of each of the Trx types
known to be present in Arabidopsis. By constructing
structural models, we found that VvTrx h2 may be
reduced with NTR enzyme rather than Grx as shown
for its ortholog from Arabidopsis. Finally, we show that
this gene belongs to subclass IA of Trx h subgroup I and
expresses in all grape tissues.

2. Experimental Procedures
2.1 Plant materials
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Berries, leaves, petioles, clusteres, stems, and roots
from grape (V. vinifera L. cv. White Seedless) were
used for the experiments. The tissues were collected
from plants in the field collection of the Grape Research
Station, Takistan-Qazvin, Iran, during the 2008 field
season. Berries were collected at six ripening stages
including 14, 28, 42, 56, 82, and 110 days post anthesis
(dpa). Leaves, petioles and clusteres were harvested
at three stages of development (young, mid, old), and
green stems and young roots were used for extraction.
All samples were immediately frozen in liquid nitrogen
at the time of collection and then stored at –80°C until
extraction.
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involved in photosynthesis and light-dependent CO2
fixation [6]. The chloroplastic Trxs also have antioxidant
functions [7]. Trx o is distributed in the mitochondria
[8], and Trx h is also located in the cytosol [2]. Trxs h
are typically localized in the cytosol, but they have also
been identified in other cellular compartments such
as the mitochondria [9], endoplasmic reticulum [10],
plasma membrane [11], and even the nucleus [12].
The chloroplastic Trxs are encoded in the nucleus
and reduced by ferredoxin via ferredoxin-dependent
thioredoxin reductase (FTR) [6], while the cytosolic and
mitochondria Trxs are reduced by NADPH via NADPHdependent thioredoxin reductase (NTR) [2,13].
In addition to the classical Trxs, it has been
revealed that Arabidopsis contains new types of Trx-like
genes which present significant similarity to classical
Trxs. The Trx-like proteins with different subcellular
localization include: the chloroplastic Trxs CDSP32,
HCF164, WCRKC, Lilium, NTRC and APR, the nuclear
Trxs Nrx and TDX, and the cytosolic Trxs Clot, TDX,
WCGVC, and Picot [4]. Recently, novel types of Trxs,
called s and z, have been identified in Medicago
truncatula and Arabidopsis, respectively [14,15]. Trx
s with atypical putative catalytic site and endoplasmic
reticulum localization does not belong to any of the
types previously described. Nevertheless, on the basis
of protein sequence and gene structure, it is related to
Trx m and probably has evolved from Trx m after the
divergence of the higher plant families [14]. Despite
Trx s, Trx z contains the active site signature typical of
Trxs and has in vitro disulfide reductase activity. Trx z
is distantly related to other known Trxs and involved in
plastid gene expression [15].
Multiple forms of Trx h exist in plants; at least
eleven, ten, and seven isoforms have been identified in
Arabidopsis [5], poplar (Populus trichocarpa) [16], and
rice (Oryza sativa) [17], respectively. Their abundance
in the phloem sap of rice (O. sativa L. var Kantou) and a
range of monocot and dicot species suggests that they
could act as messenger proteins [18]. Trxs h could be
classified into three subgroups I, II and III. Reduction of
Trxs h subgroup I and II depends on NADPH and involves
NTR [2]. In contrast, Trx h subgroup III, first reported in
poplar [19], is reduced via the GSH (glutathione)/Grx
(glutaredoxin) system.
The Trx family has been most intensively studied
in the model species Arabidopsis. However, whether
the phylogeny and function of Trxs in other plants are
similar to those reported for Arabidopsis remains to be
established. Here, we report the isolation and cloning
of a full-length cDNA encoding for a Trx h, designated
VvTrx h2, from grape (Vitis vinifera L.) berry tissue of an
Iranian cultivar, called White Seedless, and also reveal
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2.2 Total RNA extraction and first strand cDNA
synthesis

Total RNA was extracted from different grape tissues at
different developmental stages as described by Heidari
Japelaghi et al. [20]. First strand cDNA was synthesized
from 5 μg of total RNA treated with RNase-free DNase I
(Fermentas), using RevertAidTM M-MuLV Reverse
Transcriptase (Fermentas) and Oligo (dT)18 (Qiagen) as
the initiation primer. The composition of each reaction
was as follows; 50 mM Tris-HCl (pH 8.3), 50 mM KCl,
4 mM MgCl2, 10 mM dithiothreitol, 50 ng Olig (dT)18
primer, 500 µM of each dNTP and 200 units RevertAidTM
M-MuLV RT. Reverse transcription was carried out
at 42°C for 1 h and terminated by heating to 70°C for
10 min. cDNA was recovered by ethanol precipitation
and the concentration determined by spectrophotometric
measurment.

2.3 RT-PCR, cloning and sequencing of cDNA
encoding VvTrx h2
Amplification of the VvTrx h2 gene was performed
by Reverse Transcription-PCR (RT-PCR) using two
sets of constructed oligonucleotides primers based
on the available expressed sequence tag (EST
CB348011), identified with the BLAST program
(http://www.ncbi.nlm.nih.gov).
The
upstream
oligonucleotides were synthesized homologous to the
1007
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using BLAST network services at the National Center
for Biotechnology Information (NCBI) and several Trx
h sequences were selected with highest score from
different plants. Multiple alignment and construction
of phylogenetic trees were performed using ClustalW
(http://clustalw.genome.ad.jp).

2.5 Prediction of 3D structure of VvTrx h2
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The three-dimensional structure of VvTrx h2 was
predicted using I-TASSER [28] with the crystal structure
of AtTrx h1 from Arabidopsis (PDB ID code 1xflA) [29]
as a template. Superimposition analysis of the 3D
models of VvTrx h2 and its templates, such as; human
(Homo sapiens) Trx protein (PDB ID code 1ertA),
Chlamydomonas reinhardtii Trx h1 (PDB ID code
1ep7A), Saccharomyces cerevisiae Trx1 protein (PDB
ID code 3f3qA) and Trx1 protein from E. coli (PDB ID
code 2trxA) was done using 3-Dimensional Structural
Superposition (3d-SS) service [30]. Conserved amino
acids at the protein surface were determined using
ConSurf [31] and functionally important regions were
also identified in protein by PatchFinder [32].
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coding strand and the downstream oligonucleotides were
complementary to the coding strand. The oligonucleotide
primers included an addition of three nucleotides and
of a BamHI restriction site at the 5′-ends (Table 1). The
reaction mixture in a final volume of 50 µl consisting of
20 mM Tris-HCl (pH 8.8), 10 mM (NH4)2SO4, 10 mM
KCl, 2 mM MgSO4, 0.1% Triton X-100, 0.1 mg/ml BSA,
500 µM of each dNTP, 50 pM of each primer (forward and
reverse primers), 100 ng template DNA and 1.25 units
Pfu DNA polymerase (Fermentas). The RT-PCR reaction
was carried out using a thermal cycler programmed
(Techne, U.K) under the following conditions: 30 s 94°C,
1 min 58°C, 1 min 72°C for 40 cycles and final extension
of 5 min at 72°C.
The RT-PCR product was separated on 0.8%
agarose gel, then the amplified fragments with the
expected size were excised from the gel and purifed
using GF-1 PCR Clean Up Kit (Vivantis). The purified
fragments were digested with the appropriate enzyme
and cloned into pUC19 plasmid vector (Fermentas) to
generate the pVTRXh-2 plasmid. The ligation sample
was directly used to transform the competent Escherichia
coli strain DH5α as described in Sambrook and Russell
[21]. After screening, the recombinant plasmids were
isolated and purified, and then the nucleotide sequence
of the insert was determined in both directions by
dideoxynucleotide sequencing (Sequence Laboratories
Gottingen, Germany).
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The properties of deduced amino acid sequence were
estimated using ProtScale, TMHMM, ScanProsite,
CSS-PALM (links available at http://www.expasy.ch),
ProtParam [22] and Conseq [23] programs. The
subcellular localization prediction of VvTrx h2 and other
grape Trxs was performed by using a combination
of three programs, TargetP [24], iPSORT [25] and
YLOC [26], and secondary structure was determined
by SOPMA [27]. The deduced protein sequence was
searched for homologous proteins in different databases
Primer Name
Primers used for cDNA cloning
VTrx2F1
VTrx2R1
VTrx2F2
VTrx2R2
Primers used for sq.RT-PCR
Sq-VTrx2F
Sq-VTrx2R
AtAct2F
AtAct2R

Docking properties of VvTrx h2 with NTR and Grx were
analyzed using a two-step procedure of PatchDock
and FireDock services. Interaction models of VvTrx h2
and AtNTRB (PDB ID code 1vdc) And of VvTrx h2 and
PtGrxC1 (PDB ID code 1z7p) were predicted by the
PatchDock web server [33] with AtTrx h1 as control.
Obtained results were redirected for refinement and
scoring by the FireDock server [34].
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2.4 Sequence analysis

2.6 Docking modeling analysis of VvTrx h2 with
NTR and Grx

2.7 Gene expression analysis

The expression of the VvTrx h2 gene was analyzed
in different tissues at different developmental stages
by semi-quantitative RT-PCR. The PCR reaction was
performed using 1/20 of the reverse transcription reaction
in a final volume of 20 µl containing 20 pmol of specific

Sequence (5’-3’)

Melting Temperature (°C)

Size of Amplicon (bp)

tacggatccAGAGGTATCCGAAATTTAGAG
atcggatccAAATAACACACATATTGTATTATC
tacggatccATGGCGGAAGAGGGACAA
atcggatccTCAAGCAGTTGCATGCTTCT

75.8
72.8
78.6
76.2

561

ATGGCGGAAGAGGGACAA
TCAAGCAGTTGCATGCTTCT
GTTAGCAACTGGGATGATATGG
AGCACCAATCGTGATGACTTG

71.1
67.0
66.8
69.6

345

345

530

Table 1. Nucleotide sequence of oligonucleotide primers used for RT-PCR. The oligonucleotide primers used for cloning include an addition of
three nucleotides (small letters) and of a BamHI restriction site (underlined) at the 5’-ends.
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3. Results and Discussion

y

3.1 All the types of Trxs described for
Arabidopsis are present in grape
The search for Trx sequences in the large public EST
databases (NCBI EST; TIGR, http://www.tigr.org) and
the genoscope website (http://www.genoscope.cns.
fr/cgibin/blast_ server/projet_ML/blast.pl) has allowed
us to identify 16 sequences of putative Trxs (Table 2).
All the Trx sequences from grape were aligned with
ClustalW to show conserved amino acids (Figure 1A)
and then compared to those of Arabidopsis and new
type of Trx with two isoforms from M. truncatula (Trx s)
in a phylogenetic tree (Figure 1B). All the types of Trxs
previously described for Arabidopsis [5] are present in
grape. While some types are represented in grape by
only a single member, others contain multiple isoforms:
seven Trxs h, one Trx o, one Trx f, four Trxs m, one Trx
x, one Trx y, and one Trx z.
All the Trx sequences from grape have a complete
open reading frame of 114–189 amino acids and are
distributed on eight different chromosomes (1, 3, 4, 8,
12, 14, 18, and 19). They present the classical sequence
WCGPC in the active site with the exception of CxxS
type that exhibits a nontypical active site CIPS, this
active site being not compatible with typical Trx activity
[5]. It has been suggested that CxxS Trxs have disulfide
isomerase activity [35]. VvTrx h1 and h2 are associated
with the classic Arabidopsis Trxs h (AtTrx h1, h3, h4,
and h5) in subgroup I. VvTrx h3 and h4 are related to
AtTrx h2, h7 and h8 in subgroup II, all members of this
subgroup having the N-terminal amino acid extension.
The significance of this particularity remains unclear but
could be important for the physiological role of these
Trxs [5]. VvTrx h5, VvCxxS1 and VvCxxS2 are related
to AtTrx h9, AtCxxS1, AtCxxS2, and AtCxxC2 present
in the third Trx h subgroup. Nevertheless, VvTrx h5
is closely associated with AtTrx h9, which contain the
same classical active site WCGPC, while VvCxxS is
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2.8 Accession numbers

(GQ354821); tobacco (Nicotiana tabacum): Nth1
(P29449); Nth2 (Q07090); rice (Oryza sativa): Osh1
(Q42443); Osh2 (Q9FRT3); pea (Pisum sativum):
Psh1 (AAO12854); Psh2 (CAC36986); poplar (Populus
trichocarpa): Pth1 (AF483625); Pth3 (BU822062);
peach (Prunus persica): Pph (AAL26915); castor oil
(Ricinus communis): Rch1 (XP_002534131); Rch2
(XP_002510456); Saccharomyces cerevisiae: Yeast
Trx1 (P22217); Salvia miltiorrhiza: Smh (ACI31202);
potato (Solanum tuberosum): Sth (BM111010);
wheat (Triticum aestivum): Tah1 (CD886902); Tah2
(CD892602); Tah3 (BJ210524).

op

primers for coding region of VvTrx h2 gene (Table 1).
As a control, the primers specific to Arabidopsis actin
gene (AtAct2; under NCBI GenBank accession number
AF485783) were used (Table 1). PCR was carried out
in a thermal cycler programmed (Techne-U.K) under the
following conditions: 3 min at 94°C followed by 30 cycles
of 30 s at 94°C, 1 min at 58°C, and 30 s at 72°C, with
a final extension for 5 min at 72°C. The actin gene was
PCR-amplified in the same PCR conditions as VvTrx h2
gene with the same amplification cycles (30 cycles) and
was used as an internal control to normalize each sample
for variations in the amounts of RNA used. To control for
possible genomic DNA contamination, parallel reactions
were carried out where reverse transcriptase activity
was inactivated by incubation at 95°C. A negative control
lacking template was included for each set of RT-PCR
reactions. Reactions were performed in triplicate. Five
microliters of amplification products were separated by
1.5% (W/V) agarose gel electrophoresis and quantified
using ImageJ software (W.S. Rasband; 1997-2007;
National Institutes of Health; http://rsb.info.nih.gov/ij).
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The NCBI, EMBL and SwissProt accession numbers
for the sequences described and mentioned in
this study are as follows: Arabidopsis (Arabidopsis
thaliana): AtTrx h1 (At3g51030); AtTrx h2 (At5g39950);
AtTrx h3 (At5g42980); AtTrx h4 (At1g19730);
AtTrx h5 (At1g45145); AtTrx h7 (At1g59730); AtTrx
h8 (At1g69880); AtTrx h9 (At3g08710); AtCxxS1
(At2g40790);
AtCxxS2
(At1g11530);
AtCxxC2
(At3g56420);AtTrx o1 (At2g35010);AtTrx o2 (At1g31020);
AtTrx m1 (At1g03680); AtTrx m2 (At4g03520); AtTrx
m3 (At2g15570); AtTrx m4 (At3g15360); AtTrx f1
(At3g02730); AtTrx f2 (At5g16400); AtTrx x (At1g50320);
AtTrx y1 (At1g76760); AtTrx y2 (At1g43560); AtTrx
z (At3g06730); peanut (Arachnis hypogaea): Ahh
(CD038084); rape (Brassica napus): Bnh1 (U59379);
Bnh2 (U59380); red pepper (Capsicum annuum):
Cah (AY496104); Chlamydomonas reinhardtii: Crh1
(P80028); grapefruit (Citrus paradisi): Cph (AY271308);
Citrus cv. Shiranuhi: Csh (ABL67654); Escherichia
coli: E.coli Trx1 (P0AA27); red gum (Eucalyptus
grandis): Egh (ABB53600); soybean (Glycine max):
Gmh1 (ABV71991); Gmh2 (EU144127); Hevea
brasiliensis: Hbh (CB377001); human (Homo sapiens):
Human Trx (P10599); barley (Hordeum vulgare):
Hvh1 (AY245454); Hvh2 (AY245455); sweet potato
(Ipomoea batatas): Ibh1 (AY344230); Ipomoea nil: Inh
(CJ760056); Medicago truncatula: Mth2 (AAZ98843);
Mts1 (DQ121444); Mts2 (DQ121445); alfalfa (Medicago
sativa): Msh (AAZ32865); peppermint (Mentha piperita):
Mph (AW255457); Nicotiana benthamiana: Nbh1
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Types

Here Referred to as:

EST and TC Nos.

Protein IDa

EST

Localization

Chromosome Nos.

HI

h1
h2

CF216136
CB348011

18852001
09794001

76
100

Cytosolic
Cytosolic

4
18

H II

h3
h4

CF518184
TC25464

20089001
32600001

54
42

Mitochondrial
Cytosolic

1
14

H III

h5
s1
s2

CB004453
EU280164
CF513566

25873001
07337001
14587001

14
97
-

Cytosolic
Cytosolic
Cytosolic

8
Unknown
19

M

m1
m2
m3
m4

EC944820
BM436574
EC979521
EC951344

20537001
14360001
31727001
10012001

27
29
53
6

Chloroplastic
Chloroplastic
Chloroplastic
Chloroplastic

12
18
19
3
4

f

EE102290

19070001

25

Chloroplastic

o

EE085878

12130001

2

Mitochondrial

1

X

x

CB342548

26149001

9

Chloroplastic

Unknown

Y

y

GO653033

34548001

1

Chloroplastic

18

Z

z

CB035759

36664001

12

Chloroplastic

Unknown

a

EST and TC numbers corresponding to Trx sequences from V. vinifera and the names they were given in this work.
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Table 2.

y

F
O

Protein ID is available at the genoscope website (http://www.genoscope.cns.fr/cgibin/blast_ server/projet_ML/blast.pl).

the translation initiation codon are in agreement with
the consensus sequence of Kozak [36], in which
nucleotide –3 is always A or G. In addition, there are
three in-frame stop codons (TAG and TGA) in the
5’–untranslated sequence of 76 bp, indicating that
the first ATG should correspond to the initiation of
translation. The 3’–untranslated sequence of 140 bp,
contains a putative polyadenylation signal (GATAAT)
that matches the consensus sequence (A/GATAAA/T)
for plant genes [37] (Figure 2A).

rc

related to AtCxxS1, sharing also this unusual active site
as well as sequence homology.
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3.2 Isolation, cloning and nucleotide sequence
analysis of cDNA encoding VvTrx h2
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Using the BLAST program, several EST sequences
were identified for Trx h, with one of these
sequences (NCBI GenBank accession number
CB348011) from the berry grape EST library
(F. Goes da Silva, unpublished results) corresponding to
a putative full-length Trx h cDNA, called VvTrx h2 in this
study. In order to characterize the full-length cDNA, total
RNA was isolated, cDNA was synthesized, and then,
the corresponding cDNA amplification was performed
using oligonucleotides primers VTrx2F1 and VTrx2R1
(Table 1), designated based on EST sequence. The
PCR product was cloned, sequenced, and the obtained
sequence was used to synthesize oligonucleotides
primers VTrx2F2 and VTrx2R2. The full-length open
reading frame (ORF) was amplified by PCR using
oligonucleotides primers VTrx2F2 and VTrx2R2
(Table 1). A single PCR fragment of the expected size
was generated, purified, and digested with the BamHI
restriction enzyme (Fermentas) and cloned. The VvTrx
h2 cDNA (submitted in NCBI GenBank under accession
number HM370525) was 561 nucleotides long and
contains a single open reading frame of 345 bp. This
ORF with 49% G+C content, encodes a protein of 114
amino acid residues, beginning at the initiation codon
ATG (position 77) and ending at the stop codon TGA
(position 419) of the cDNA. The sequences around
1010

3.3 Analysis of the deduced amino acid
sequence

The deduced primary structure of grape Trx h contains
the canonical WCGPC active site that is common to the
majority of Trxs, such as; Trxs h, to the mitochondrial
Trxs o and to the chloroplastic isotypes [2]. The
theoretical molecular mass of the deduced polypeptide
is 12.82 kDa and the predicted pI is 5.22. By calculating
the hydrophobicity value by the method of Kyte and
Doolittle [38], it was determined that VvTrx h2 was
highly hydrophobic (Figure 2C). In VvTrx h2, based
on alignment with Chlamydomonas and E. coli Trx
sequences, the corresponding residues to the aromatic
tetrahedral cluster are Trp16, Phe34, Trp76, and Leu87.
This aromatic tetrahedral cluster participates in the
forming of part of the hydrophobic interior of the VvTrx
h2, and structural data indicated that the tetrahedral
cluster is not conserved. The aliphatic index, regarded
as a positive factor for increased thermostability [39],
was calculated as 89.65 by using ProtParam.

R.H. Japelaghi et al.
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Figure 1. Alignment

and phylogenetic tree of V. vinifera Trx protein sequences using ClustalW. (A), Protein multiple-sequence alignment of
V. vinifera Trx sequences. The numbers of V. vinifera Trx sequences are indicated in Table 2. The numbers of Arabidopsis Trx genes are
given in experimental procedures. (B), Phylogenetic tree of V. vinifera and Arabidopsis Trx protein sequences. The protein sequences
were deduced from nucleic sequences available for each species.

The substrate-binding loop motif, that play a central
role in the recognition of substrate proteins [40], involves
three loop segments, Trp38-Cys39(CysN)-Gly40-Pro41,
Ala80-Met81-Pro82, and Val97-Gly98-Ala99 of VvTrx h2.
Conserved hydrophobic residues near the active site that
are implicated in the E. coli NTR:Trx interaction (Trp31,
Ile60, Gly74, Gly92, and Ala93) [41] are also found in

VvTrx h2 (Trp38, Val66, Ala80, Gly98, and Ala99).
Based upon studies of Arabidopsis NTR with different
Trx h proteins from barley, it has been demonstrated
that Arg101 can play a particularly crucial role in the
association of HvTrx h1 with target proteins [40]. Thus
it seems that Arg101, corresponding to Lys100 in VvTrx
h2, plays a critical role in identification of plant NTRs and
1011
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Figure 2. c DNA, deduced amino acid sequence, predicted secondary structure, and Hydropathic index of VvTrx h2. (A), Nucleotide and deduced

amino acid sequences of VvTrx h2 with the open reading frame from 77 to 419. Nucleotide and amino acid residue numbers are
shown on the left and right, respectively. The initiation (ATG) and termination (TGA) codons are indicated in bold. The putative active
site sequence WCGPC, characteristic tryptophan (Trp16), aspartate (Asp33), potential structural motifs involved in cell-to-cell transfer
(MAEE and KREE) and the hydrophobic tetrahedral cluster are indicated in red, green, orange, blue, and italic, respectively. The
substrate-binding loop motif and the residues implicated in NTR:Trx interaction are also distinguished by triangles. Polyadenylation
signals (GATAAT) and three upstream in-frame stop codons (TAG and TGA) are underlined. (B), Predicted secondary structure of
VvTrx h2 using the SOPMA program. The helix, sheet, turn, and coil are indicated by blue, red, green, and purple boxes, respectively.
(C), Hydropathic index analysis of VvTrx h2 deduced amino acid sequence. Hydrophobic domains are indicated by positive numbers;
hydrophobic domains are above the line, and hydrophilic domains are below.
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By using a combination of two programs, TargetP and
iPSORT, no signal peptide or transit peptide is present
in the gape Trx h sequence, suggesting a cytosolic
localization for this protein that also was predicted
by using an interpretable subcellular localization
prediction program, YLOC, with high confidence score
about 0.9554. It has been demonstrated that rice Trx
h, RPP13–1, is present in the phloem sieve tubes
in abundance [18]. This Trx is synthesized in the
companion cells prior to being transferred, through
plasmodesmata, to the enucleate sieve-tube members
[42]. Residues of the VvTrx h2 N-terminus (M1AEE4)
and the start of the α4 helix (K100REE103) highly resemble
the M1AAEE5 and R101KDD104 (loosely conserved as a
BBAA motif; B=basic, A=acidic) motifs that were shown
to be essential for plasmodesmal translocation of the
rice protein [42]. Among grape Trxs h, the N-terminal
sequence (M1AEE4) is conserved in only the VvTrx h1
and h2, which are the only ones that without a substantial
N-terminal extension and belong to subgroup I. The
BBAA motif is also restricted to the Trxs h subgroup I,
and strictly conserved only in VvTrx h2.
Posttranslational addition of a variety of lipids, such
as myristate (C14), farnesyl (C15), palmitate (C16),
geranylgeranyl (C20), and glycosylphosphatidylinositol
(GPI) groups can affect membrane-binding properties
of proteins [43]. N-myristoylation refers to the
co-translational and irreversible addition of myristate at
the N-terminal Gly of a protein via amide linkage [44].
Palmitoylation, on the other hand, represents a reversible
posttranslational attachment of a palmityl group to
specific Cys residues through thioester linkage [45].
Palmitoylation will enhance the surface hydrophobicity
and membrane affinity of protein substrates, and play
important role in modulating proteins trafficking [46].
VvTrx h2 possesses a conserved N-terminal Gly (Gly5)
and Cys (Cys10) suggestive of lipid modification.
By using ScanProsite program, Grape Trx h was
analyzed for potential myristoylation, and was found for
myristoylation at Gly5. VvTrx h2 was also subjected to

y

3.4 VvTrx h2 may be capable of movement
from cell to cell

palmitoylation prediction using the CSS-PALM program
and was showed that Cys at position 10 (Cys10) was
positive for palmitoylation with a score (S) of 2.417
(S≥1.0 indicates high confidence). Also, analysis of
VvTrx h2 sequence with the TMHMM program was
revealed that this grape Trx h is a outcellular protein and
is able to plasmodesmal translocation. The confirmation
of this hypothesis requires further experiments studying
subcellular and tissue localization of this protein.
Analysis of rice Trx h (Osh1) by using the predator
programs, was found for cytosolic localization,
myristoylation at Gly6, and palmitoylation at position
11 (Cys11). Also, it has been demonstrated that AtTrx
h9 appears to be capable of undergoing myristoylation
and palmitoylation at Gly2 and Cys4, respectively [11].
Furthermore, based on these analyses, we found that
grape Trxs h3 and h4 may be myristoylated, whereas
VvTrx h5 appears to be capable of undergoing dual lipid
modification (myristoylation and palmitoylation), similar
to AtTrx h9 [11]. Analyses revealed that other grape
Trxs (f, m, x, y, o, and z) would also not undergo lipid
modification as reported by Meng et al. [11]. Overall,
these results suggest that VvTrx h2 and possibility VvTrx
h1 have a similar movement to rice cytosolic Trx h that
moves from companion cells through plasmodesmata
into adjacent sieve elements in mature phloem [42].
This type of movement differs from that described for
AtTrx h9 that can moves from cell to cell via migration
from its original expression site in endodermal cells to
other cell layers of the root [11]. It is noted that Osh1
and VvTrx h2 movement is dependent on the structural
motifs involving in cell to cell transfer, while the same
motifs could not be observed in AtTrx h9.

op

target proteins and binding Trxs to them. Because Lys
and Arg residues are identical in their chemical nature
(positively charged), it seems that Lys100 in VvTrx h2
plays a similar role to Arg101 in HvTrx h1. Positions of
other amino acids that are important for maintaining the
tertiary structure and function in VvTrx h2 based upon
ConSeq and PatchFinder servers, i.e. Val7, Asp26,
Phe34, Ala36, Trp38, Cys39, Pro41, Cys42, Pro47,
Phe61, Lys63, Asp65, Val66, Asp67, Val78, Ala80,
Met81, Pro82, Thr83, Lys88, Val97, Gly98, and Ala99.

3.5 Homology analysis of grape Trx h with Trxs
from other organisms
The deduced polypeptide sequence for VvTrx h2
was compared with those of previously reported Trx
h proteins (Figure 3). The putative protein encoded
by VvTrx h2 shares a high degree homology with
poplar (P. trichocarpa: Pth3; 76.2% identity and 92.4%
similarity), Citrus cv. shiranuhi (Csh; 74.6% identity and
87.7% similarity), and N. benthamiana (Nbh1; 74.8%
identity and 86.5% similarity). VvTrx h2 is also 67.3%
identical and 83.6% similar with a Trx h from Arabidopsis
(AtTrx h1), used as a template for comparative modeling
of the predicted 3D structure for VvTrx h2 by applying
I-TASSER simulation. In contrast, VvTrx h2 shares lower
degrees of identity to Trx of human (52.2% identity and
71.1% similarity), C. reinhardtii (Trx h1; 44.1% identity
and 58.6% similarity), S. cerevisiae (Trx1; 46.8%
identity and 62.8% similarity) and E. coli (Trx1; 33.8%
identity and 58.4% similarity). The overall sequence
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tree has been constructed by
Trxs belonging to subgroup I
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3.6 VvTrx h2 belongs to a specific cluster of
Trxs h subgroup I

(Figure 4). These Trxs could be further divided into
three subclasses, as described by Gelhaye et al. [1].
One group containing proteins related to AtTrx h1 and
grape Trxs h (VvTrx h1 and h2) called IA; whereas, two
other subclasses IB and IC include Arabidopsis Trxs h
(Ath3, h4, and h5), rape sequences and cereal Trxs h.
Prediction of subcellular localization of each protein was
also performed by using TargetP, iPSORT and YLOC
programs. The cell sorting prediction programs revealed
that this sequences no harbor of a signal peptide or a
transit peptide, suggesting a cytosolic localization for
them.
Concerning to proposed classification based on
the residue at position 101 [47], VvTrx h2 with Trxs h
in subclass IA, similar to subclass IB, exhibit a charged
or hydrophilic residue in this position (R, K, D, N or Q),
whereas Trxs h in subclass IC contain a hydrophobic
residue (A, M or I). However, there are also differences in
other positions, such as positions 77 and 88 (numbering
based on Osh1). In position 77, Trxs h in subclasses IA
and IC demonstrate a conserved residue Trp and Phe
respectively, while Trxs h in subclass IB contain Phe or
Tyr residue. Similarity, Trxs h in subclasses IB and IC
harbor a conserved residue Ile and Met in position 88,
respectively, whereas the corresponding residue in this
position is not conserved (Leu or Val) for subclass IA.

op

identity between VvTrx h2 with other grape Trxs ranges
from 30.4% to 67.8%. VvTrx h2 shows high similarity
with grape Trxs h, specially Trx h subgroup I (VvTrx h1;
67.8% identity and 80.9% similarity). However, there is
also a low similarity of sequences between VvTrx h2
and grape Trxs m (VvTrx m3; 30.4% identity and 55.4%
similarity), Trx x (VvTrx x; 32.7% identity and 58.4%
similarity), and Trx z (VvTrx z; 33.3% identity and 54.7%
similarity).
The sequence comparisons presented in Figure 3
indicate the conserved regions between VvTrx h2
and Trxs h from other organisms. It is interesting to
note that the five N-terminal residues shown to be
important in Osh1 cell to cell transport are absent
from the Chlamydomonas Trx h1. Furthermore, there
is also sequence divergence in the RKDD motif of
Osh1 and the Chlamydomonas Trx h1. Interestingly,
these residues are conserved in the Trxs h subgroup I,
especially VvTrx h2, indicating that these plant proteins
may also have the capacity to traffic from cell to cell
through plasmodesmata.

Figure 3. M
 ultiple sequence alignment of VvTrx h2 and selected h-type Trxs from different sources. The protein sequence deduced from the VvTrx

h2 was aligned with its homologs and human Trx protein, C. reinhardtii Trx h1, S. cerevisiae Trx1 protein, and Trx1 protein from E. coli
using ClustalW. Accession numbers are given in Experimental Procedures.
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Figure 4. P hylogenetic tree of various Trxs h belonging to the subgroup I. The phylogenetic tree was constructed using the ClustalW, with Trxs

rc

h sequences searched in NCBI and SWISS-PROT databasesIn clusters IA, IB and IC, residue 101 is shown. Accession numbers are
given in experimental procedures.

and the conserved N-terminal Gly5 and Cys10 to
structure, 3D models were constructed for four VvTrx
h2 mutants (VvTrx h2MAEE, VvTrx h2KREE, VvTrx
h2G5A, and VvTrx h2C10S) using the I-TASSER method
(Figure 6). Ishiwatari et al. showed that M1AAEE5 and
R101KDD104 motifs are essential for cell to cell movement
this protein and deleting/altering residues composing of
the structural motifs does not influence on the predicted
crystal structure of RPP13-1 [42], as demonstrated for
VvTrx h2 (Figure 6). The N-terminal four residues were
deleted in VvTrx h2MAEE, KREE motif was replaced by
four Ala residues in VvTrx h2KREE, Gly5 was replaced
by Ala in VvTrx h2G5A, and in VvTrx h2C10S, Cys10
was replaced by Ser.
Based on structural prediction analyses, deletion
of the N-terminal four residues from VvTrx h2 had
little influence over the 3D structure of the protein
(Figure 6B). The important structural difference
between wild-type and mutant of VvTrx h2 appears
to be that, despite wild-type, the N-terminus of VvTrx
h2MAEE does not project into the interior of the protein,
and the two charged Glu residues (Glu3 and Glu4) that
project out from the surface of the wild-type protein
(Figure 6A and D), are absent in the VvTrx h2MAEE.
Also the VvTrx h2MAEE N-terminal residues (Gly1 and
Gln2) do not project out from the surface of the protein.
It seems that the N-terminal M1AEE4 motif acts like an
arm appended to the main body to VvTrx h2 and may

ho

These 77 and 88 residues are implicated in the aromatic
tetrahedral cluster important for thermostability of Trxs h
[48], while 101 residues are involved in the R101KDD104
motif critical for cell to cell movement [42].

ut

3.7 Analysis of molecular modeling of the
deduced polypeptide sequence of VvTrx h2

A

Using AtTrx h1 as a template for comparative modeling,
a predicted 3D structure was determined for VvTrx h2
by applying I-TASSER simulation (Figure 5). VvTrx
h2 thus has the typical fold of Trx consisting of a fivestranded central β-sheet surrounded by four α-helices
in a β1α1β2α2β3α3β4β5α4 topology and the active site
WCGPC is present at the N-terminal end of helix α2
(Figure 5A). VvTrx h2 3D structure match nearly perfectly
with crystal structures from human Trx, C. reinhardtii Trx
h1, S. cerevisiae Trx1 and E. coli Trx1 (Figure 5B). Analysis
of the evolutionary conservation of its surface amino acids
was performed using ConSurf program and were identified
several residues (Figure 5C) that were also determined as
functional and structural important regions in protein by
using PatchFinder and ConSeq servers.

3.8 Analysis of in silico mutations in the
structural motifs involving in cell to cell
transfer
To analysis the contribution of the structural motifs
involving in cell to cell transfer (M1AEE4 and K100REE103)
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Figure 5. T hree-dimensional models and conserved residue prediction for VvTrx h2.
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(A), Cartoon display of the three-dimensional structure of
VvTrx h2. The Cys residues in the active site sequence are indicated by ball-stick and α-helices, β-sheets, and coiled coil regions are
colored in blue, pink, and green, respectively. (B), Superimposition of 3D model of VvTrx h2 (green) and the top four templates of:
human Trx protein (orange; PDB ID code 1ertA); C. reinhardtii Trx h1 (white; PDB ID code 1ep7A); S. cerevisiae Trx1 protein (red; PDB ID
code 3f3qA); and Trx1 protein from E. coli (blue; PDB ID code 2trxA), using 3d-SS (3 Dimensional Structural Superposition) service. (C),
Conserved residue analysis of VvTrx h2. Residue conservation from variable to conserved is shown in green to dark red, respectively.
The front and back views of protein are left and right, respectively.

A

be able to mediate protein cell to cell transport through
plasmodesmata. Also the charged Glu residues (Glu3
and Glu4) play a crucial role in this cell to cell transport,
since replacement of Glu residues with Ala appeared
to potentiate a limited interaction between protein and
plasmodesmata [47].
The substitution of the surface charge cluster
(K100REE103) with four Ala residues had little effect on
the predicted 3D structure of VvTrx h2 (Figure 6C).
Nevertheless, it is predicted that this mutant form of Trx
h is also capable to movement from cell to cell [47]. It
would appear that two clusters of charged residues, E3E4
and K100REE103, predicted to project from the surface of
protein, function in the same way to mediate in the binding
and/or transport of this protein through plasmodesmata
[47]. Similarity, mutation of Gly5 had also relatively little
effect on the 3D structure (Figure 6E); the VvTrx h2G5A
appeared still to be capable of cell to cell transport.
However, replacing Cys10 with Ser dramatically altered
the structure and probably protein will be unable to move
from cell to cell through plasmodesmata (Figure 6F).
1016

3.9 NTR, not Grx, fits in the potential binding
pocket of VvTrx h2
Computational docking analysis of VvTrx h2 revealed
that VvTrx h2 seemed not to interact with Grx but its
predicted structure indicated that it was preferentially
reduced by NTR (Figure 7), like Trxs h subgroup I and II
[2]. Grx (PtGrxC1) was small and unfit in interaction with
VvTrx h2 and binding was in place contrary to what was
expected (Figures 7B and C). Whereas, NTR (AtNTRB)
was perfectly accommodating with VvTrx h2, yielding a
tight and stable complex (Figures 7E and F). Also, as
described, the conserved hydrophobic residues near
the active site (Trp38, Val66, Ala80, Gly98, and Ala99)
and Lys100 implicate NTR:VvTrx h2 in the interaction
[40,41]. Predicted specificity of VvTrx h2 was supported
by the observation that AtTrx h1, which is reduced by
NTR, fits perfectly with the AtNTRB enzyme (Figures 7A
and D). Analysis of docking parameters in VvTrx h2:NTR
and AtTrx h1:NTR complexes revealed that the amount
of parameters in both complexes is almost the same.
For example, the amount of global energy or the binding
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Figure 6. P redicted three-dimensional structures for mutant forms of VvTrx h2. (A) and (D), Predicted three-dimensional structures for wild-type of

ho

VvTrx h2. The M1AEE4 and K100REE103 motifs, glycine (Gly5) residue, and alanine replacements are shown in blue, dark red, brown, and
purple, respectively. (B), (C), (E), and (F), Three-dimensional model of VvTrx h2MAEE, VvTrx h2KREE, VvTrx h2G5A, and VvTrx h2C10S,
respectively. The C, H, N, O, and S atoms are depicted in gray, white, blue, red, and yellow, respectively.

A

ut

energy of the solution, as expected, is much lower and
are 3.95 and 3.23, respectively. While, this amount for
VvTrx h2:Grx and AtTrx h1:Grx complexes is plenty and
are 33.06 and 33.09, respectively. This shows that most
Trx h are reducible by Grx system. But this alternative
reduction system is less efficient and action to revive
spending more energy doing than the NTR system.
Nevertheless, it has been demonstrated that Grx system
allows almost normal growth and fertility in a mutant
Arabidopsis completely devoid of NTR activity [49]. The
other computational docking parameters are in Table 3.
As predicted, the mutant forms of VvTrx
h2,
VvTrx
h2MAEE,
VvTrx
h2KREE,
and
VvTrx h2G5A, had no effect on the predicted
interaction of VvTrx h2 with NTR (AtNTRB)
(Figure 8A-F), yielding tight and stable complexes
via the conserved hydrophobic residues implicated
in NTR:Trx interaction. However, mutation of Cys10
to Ser (VvTrx h2C10S) that dramatically altered the
three-dimensional structure of VvTrx h2, seemingly
abolished this ability (Figure 8G and H). Although the
main body of the serine mutant VvTrx h2C10S could
interact with AtNTRB via the conserved residues
implicated in NTR:Trx interaction, yielding a weak and
unstable complex. The amount of global energy for the

mutant forms of VvTrx h2 in interaction with NTR is
much lower and is approximately similar. So they can
spend a little energy to form tight and stable complexes.
Also, the other parameters are calculated and they are
somewhat similar to each other nearly to the calculated
values for AtTrx h1:NTR complex (Table 3). However,
despite high levels of global energy equal to 27.69
for the VvTrx h2C10S:NTR complex, can explain the
formation of the unstable complex with NTR. It should
be noted that docking supposes a very rigid structure
for NTR. This is not the case, because NTR undergoes
an important rotation during the catalytic cycle. In fact
AtNTR is able to reduce most Trx variants of different
origins including E. coli or chloroplastic Trx [50]. Thus
the conclusions of the docking should be presented
with more caution.

3.10 Tissue expression pattern of VvTrx h2 gene

Studying of the number of ESTs coding for VvTrx
h2 among all of the grape ESTs present in the NCBI
GenBank database, revealed that around 390 ESTs are
present of a total 563 detected for the whole Trx h group.
For comparison, only two ESTs encoding Trx y have
been found in the database. Among all of the grape Trxs
h, VvTrx h2 with 100 ESTs showed the most number
1017
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Figure 7. D
 ocking property analysis of VvTrx h2 and AtTrx h1. (A), Docking model of AtTrx h1 (PDB ID code 1xflA) with PtGrxC1 (PDB ID code

A
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1z7p). (B) and (C), Docking models of VvTrx h2 with PtGrxC1. (D), Docking model of AtTrx h1 with AtNTRB (PDB ID code 1vdc). (E) and
(F), Docking models of VvTrx h2 with AtNTRB. Atoms are displayed as 10% of van der Waals in C and F. PtGrxC1 is shown in red in A-C.
AtNTRB is shown in red in D-F. AtTrx h1 is shown in blue in A and D, and VvTrx h2 in blue in B, C, E, and F. Cysteines are shown in yellow
in A-F with their numbered amino acid position also indicated in C and F as 10% of van der Waals.

Figure 8. D
 ocking

property analysis of Predicted three-dimensional structures for mutant forms of VvTrx h2. (A-B), Docking models of VvTrx
h2MAEE with AtNTRB (PDB ID code 1vdc). (C-D), Docking models of VvTrx h2KREE with AtNTRB. (E-F), Docking models of VvTrx
h2G5A with AtNTRB. (G-H), Docking models of VvTrx h2C10S with AtNTRB. Atoms are displayed as 10% of van der Waals in B, D, F and
H. AtNTRB is shown in red and mutant forms of VvTrx h2 in blue in A-H. Cysteines are shown in yellow in A-H with their numbered amino
acid position also indicated in B, D, F and H as 10% of van der Waals.in A-F with their numbered amino acid position also indicated in
C and F as 10% of van der Waals.
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Global energya

Attractive VdWb

Repulsive VdWb

ACEc

HBd

VvTrx h2:NTR

3.95

-6.69

0.71

2.38

0.00

AtTrx h1:NTR

3.23

-0.57

0.00

0.88

0.00

VvTrx h2:Grx

33.06

-19.01

7.05

12.65

-2.55

Complex name

AtTrx h1:Grx

33.09

-31.25

15.98

10.05

-3.10

VvTrx h2MAEE:NTR

8.61

-7.80

0.45

2.34

-0.42

VvTrx h2KREE:NTR

6.18

-2.81

0.01

1.40

0.00

VvTrx h2G5A:NTR

8.43

-0.08

0.00

0.27

0.00

VvTrx h2C10S:NTR

27.69

-10.79

4.76

6.53

0.00

Table 3. The amounts of computational docking parameters for different complexes obtained from the FireDock server (http://bioinfo3d.cs.tau.
ac.il/FireDock/).

Indicating binding energy of the solution.
b
Representing contribution of the van der Waals forces to the global binding energy.
c
ACE shows contribution of the atomic contact energy (ACE) to the global binding energy.
d
HB refers to contribution of the hydrogen bonds to the global binding energy.
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of ESTs at all grape tissues, such as bud, berry, flower,
leaf, root, petiole, cluster, and seed, suggesting a major
role for this isoform in grape. However, no EST coding
for VvTrx h2 was found in stem tissue in the NCBI EST
sequence database. Based on the number of identified
ESTs in different tissues, VvTrx h2 thus appears to be
transcribed at high levels in buds (32 hits) and berries
(30 hits) tissues, and at low levels in clusters (4 hits) and
seeds (4 hits).
The expression of VvTrx h2 gene was
analyzed by semiquantitative reverse transcription
(RT)-PCR using total RNA from different grape
tissues
at
different
developmental
stages
(Figure 9). Transcripts of VvTrx h2 were present in all
tissues at different developmental stages, although it
appears to express in berry more than other tissues.
Similarity, the pea Trx h3 and h4 genes are clearly
expressed in all organs, while Trx h1 and h2 genes are
only detected in green leaves in a very low amount [51].
Also, Trx h1 and h2 genes from poplar are detected in
all compartments of the plant, especially leaves [52].
In Arabidopsis, Trxs h are also expressed in a range of
plant tissues including roots, leaves, stems, and flowers
[53]. In berry tissue, a considerable increase in amount
was revealed from 14 dpa to 42 dpa, then remained
approximately constant to 82 dpa, and followed to a
relatively dramatic decrease to ripeness (110 dpa)
(Figure 9A). The expression of VvTrx h2 gene was also
analyzed in leaf, petiole and cluster tissues at three
developmental stages: young, mid and old, and was
shown that the gene expression pattern is similar in
petiole and cluster tissues with higher expression at
young as compared to the leaf (Figure 9B). The VvTrx
h2 gene expression was also confirmed in green stem
and young root, and it was observed that the lowest
amount of VvTrx h2 transcripts is related to young root.

y

a

Figure 9. G
 ene

expression of VvTrx h2 in different grape tissues
at various developmental stages. (A), RT-PCR analysis
of VvTrx h2 gene in grape berry tissue at six times of
sampling (14-110 dpa). (B), RT-PCR analysis of VvTrx h2
gene in leaf, petiole, cluster, stem, root, and seed tissues.
One representative gel is shown from three independent
replicates. Relative band intensities were normalized to
the AtAct2 band intensity (100%). Bars with the same
lowercase letter are significantly different (P<0.01). Each
bar represents the mean ± SD obtained from three
independent RT-PCR reactions. yL, young leaf; mL, mid
leaf; oL, old leaf; yP, young petiole; mP, mid petiole; oP,
old petiole; yC, young cluster; mC, mid cluster; oC, old
cluster, S, stem; R, root; Se, seed.
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4. Conclusions
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In this study, an h-type Trx, designated VvTrx h2, was
isolated from grape berry tissue of an Iranian cultivar,
called White Seedless, and demonstrated that may be
capable of cell to cell transport through plasmodesmata.
Two structural motifs together with two amino acids in
its N-terminal extension appeared to be responsible for
this unique property. The constructed phylogenetic tree
revealed that VvTrx h2 belongs to a specific subclass of
Trx h subgroup I, named IA, and contains a high degree
of identity with other plant Trxs h. A modeling analysis
indicated that VvTrx h2 shares a common structure with
other Trxs, and is preferably reduced by NTR, similar to
its Arabidopsis ortholog, rather than by GSH and Grx.

These data and obtained results from tissue expression
pattern suggest that this gene plays a crucial role in
the plant development and is involved in important and
specific reactions. Therefore, to understand the function
of this Trx h, determination of catalytic properties and
subcellular and tissue localization of this protein, as well
as its expression pattern against oxidative stresses is
essential.
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