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A B S T R A C T

Thioredoxins (Trxs), key components of cellular redox regulation, act by controlling the redox status of many
target proteins, and have been shown to play an essential role in cell survival and growth. The presence of a Trx
system in the nucleus has received little attention in plants, and the nuclear targets of plant Trxs have not been
conclusively identified. Thus, very little is known about the function of Trxs in this cellular compartment.
Previously, we studied the intracellular localization of PsTrxo1 and confirmed its presence in mitochondria and,
interestingly, in the nucleus under standard growth conditions. In investigating the nuclear function of PsTrxo1
we identified proliferating cellular nuclear antigen (PCNA) as a PsTrxo1 target by means of affinity
chromatography techniques using purified nuclei from pea leaves. Such protein–protein interaction was
corroborated by dot-blot and bimolecular fluorescence complementation (BiFC) assays, which showed that both
proteins interact in the nucleus. Moreover, PsTrxo1 showed disulfide reductase activity on previously oxidized
recombinant PCNA protein. In parallel, we studied the effects of PsTrxo1 overexpression on Tobacco Bright
Yellow-2 (TBY-2) cell cultures. Microscopy and flow-cytometry analysis showed that PsTrxo1 overexpression
increases the rate of cell proliferation in the transformed lines, with a higher percentage of the S phase of the cell
cycle at the beginning of the cell culture (days 1 and 3) and at the G2/M phase after longer times of culture (day
9), coinciding with an upregulation of PCNA protein. Furthermore, in PsTrxo1 overexpressed cells there is a
decrease in the total cellular glutathione content but maintained nuclear GSH accumulation, especially at the
end of the culture, which is accompanied by a higher mitotic index, unlike non-overexpressing cells. These
results suggest that Trxo1 is involved in the cell cycle progression of TBY-2 cultures, possibly through its link
with cellular PCNA and glutathione.

1. Introduction

In plants, abiotic and biotic stresses usually interfere with the redox
state of the cells, leading to the generation of excess reactive oxygen
and nitrogen species (ROS/RNS) that affect plant growth and devel-
opment under normal and stress conditions. In addition, ROS and RNS
are known to act as signaling molecules in the maintenance of
physiological functions and in the response to changing environments

[1–3]. In green tissues, although the main sources of ROS are
chloroplasts and peroxisomes, mitochondria account for the total
production, generating ROS as a product of respiration [4,5], while
several reports point to the nuclear compartment as being particularly
sensitive to the deleterious effects of oxidation [6]. Furthermore, recent
evidence shows that ROS and, particularly H2O2, generation occurs as a
consequence of DNA damage, suggesting that the nuclear generation of
oxidants may also function in cell signaling. In plant cells, experiments
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performed in tobacco (Nicotiana tabacum L.) Bright-Yellow-2 (TBY-2)
nuclei also suggest that this compartment may not only be invaded by
ROS diffusing from neighboring compartments but is also an active
source of ROS, in particular of H2O2 [7], which has been implicated in
the regulation of plant development, the cell cycle and the induction of
plant defense responses during stress adaptation, as well as in plant cell
death [8,9].

These reactive molecules may perturb cellular homeostasis, and
some protein cysteine residues are highly sensitive to oxidation due to
the reactivity of their thiol groups, which may interrupt cellular
homeostasis [10,11]. The redox state of plant thiols and the regulation
of cysteinyl residues in proteins are emerging as key players in the
response of plants to different stresses, as well as in plant development,
functioning in the redox sensing and signal transduction pathways.
Thiol reduction is mainly controlled by the thioredoxin (Trx)/peroxir-
edoxin (Prx) and glutathione (GSH) systems, which modulate redox
signaling during development and stress adaptation [12–15].
Thioredoxins are small proteins containing two cysteines in the redox
active center and they are involved in the reduction of disulfide bonds
of other proteins through a dithiol-disulfide exchange mechanism. In
plants there are at least ten families of Trxs, with more than 40
members present in almost all cellular compartments [16]. The
diversity of isoforms seems to support the idea that plants have an
additional antioxidant system compared to mammals, where only two
types of Trxs have been described, Trx1 and Trx2, in the cytosol/
nucleus and mitochondria, respectively [17].

The presence of Trx in plant mitochondria was demonstrated in
Arabidopsis [18], where it was classified as Trxo type (AtTrxo1). More
recently, we described how pea Trxo1 is located in both the mitochon-
dria and nucleus under physiological non-stressed conditions [19],
while several cytosolic Trxh isoforms accumulate in the nucleus of
developing wheat aleurone and scutellum cells during oxidative stress
[20], subsequent studies describing a functional thioredoxin system in
the plant nucleus [21]. However, in general, little has been published
on the presence of Trxs in the nucleus in plants. In mitochondria, and
in cytosol, these oxidoreductases are reduced with electrons from
NADPH by compartment-specific NADPH/TRX reductases (NTRs),
whereas the chloroplast Trxs are reduced by the electrons provided by
photosynthetic electron transport [22]. In animal systems, on the other
hand, cytosolic/nuclear Trx1 has been well characterized. Stress-
induced Trx1 accumulates in the nucleus to get the required redox
state of the transcription factors (TFs) to bind the promoter region of
DNA, acting as a master regulator of transcription. For example, Trx1
induces transcriptional activity of NF-kB increasing its ability to bind
to DNA [23]. It is also required to resist apoptosis, probably by
regulating the apoptotic gene p53 [24]. In plants, some redox-regulated
TFs under retrograde regulation have been described in response to
stress. Trxh5 has been reported as involved in the reported redox
regulation of NPR1 allowing its translocation to the nucleus, to activate
redox-sensitive TGA [25]. In sugarcane, Trxh1 has been identified as an
interacting partner of the redox-regulated TF SsNAC23, which is a
member of the plant-specific NAC TF family, with roles in development
and the response to cold stress [26].

Furthermore, previous evidence supports the view that cellular
redox homeostasis is a crucial regulator of cell fate in mammals and
plants, and that an intrinsic redox cycle consisting of reductive and
oxidative phases can exert a major influence over cell cycle progression
[27]. Trx has been shown to be necessary for cell-cycle progression in
E. coli [28] and Xenopus [29]: more specifically, its lack in yeast
induces cell-cycle arrest at G1 to S phase [30], acting as the physio-
logical electron donor for ribonucleotide reductase (RNR) during DNA
precursor synthesis [31,32]. In the human system, Trx is reported to
enhance cell growth [33], whereas in plants, the Trx system and
glutathione are involved in the control of the postembryonic develop-
ment of the shoot apical meristems [34]. Moreover, accumulated
evidence shows that in both mammalian and plant cells, glutathione

(GSH) concentrates in the nucleus in the early phases of cell growth,
where it fulfills a number of important functions [35,36].

Recently we reported that the overexpression of PsTrxo1 caused
significant differences in the response of a TBY-2 cell culture to high
concentrations of H2O2, consisting of a higher and maintained viability
in over-expressing cells, while non-overexpressing lines suffered a
severe decrease in viability and marked oxidative stress, with general-
ized and rapid cell death. All these data pointed to PsTrxo1 as a pivotal
factor responsible for the delay in the programmed cell death provoked
by the H2O2 treatment [37]. However, to the best of our knowledge,
there is no information on the functional involvement of Trxo1 in the
nucleus. Previous biochemical and proteomic approaches have been
developed to identify target proteins of different thioredoxins, and
among the high number of proteins detected, some were nuclear
proteins. Only a few of these candidate proteins have been experimen-
tally validated [38]. Thus, to increase our knowledge of the potential
nuclear functions of Trxo1, we first followed a proteomic approach to
identify possible target proteins, using a purified nuclear preparation
obtained from pea (Pisum sativum L.) leaves. As a result, proliferating
cell nuclear antigen (PCNA) was identified as a putative PsTrxo1 target.
This was confirmed by dot blot analysis and bimolecular fluorescence
complementation (BiFC) assays, which revealed that PsTrxo1 and
PCNA interact in the nucleus. PCNA is a key component of the DNA
replication machinery present in the nuclei of all dividing cells, where it
plays a central role connecting different DNA metabolic pathways
[39,40]. Therefore, to further understand the relationship between
both Trxo1 and PCNA proteins, an in vitro oxido-reductase enzymatic
assay was carried out. Furthermore, PsTrxo1 overexpressing TBY-2 cell
cultures were used to study the function of thioredoxin in living cells,
analyzing the effects on cell growth as well as on the PCNA and
glutathione content and its cellular localization by flow cytometry.
Taken as a whole, the flow cytometry results suggest that Trxo1 is
involved in cell cycle progression, possibly providing a reductive
nuclear environment and interacting with PCNA. All these data may
represent a key aspect linking the influence of Trxo1 on GSH and PCNA
to the observed changes in TBY-2 cell cycle progression.

2. Material and methods

2.1. Plant material, culture growth conditions and growth
measurement

Stable PsTrxo1 over-expression lines of Nicotiana tabacum ‘Bright
Yellow-2′ (TBY-2) suspension cells were generated as reported [37],
and two of these lines and a control GFP line were used. The
suspension of tobacco cells was routinely propagated and cultured at
26 °C and a stationary culture was diluted 4:100 (v/v) in new medium
according to [41]. The growth of the cell culture was measured by
optical density at 600 nm [42].

2.2. Protein extracts

50 mL of TBY-2 culture at different days of growth were centrifuged
at 3000g for 5 min at 4ᵒC and resuspended in extraction buffer
100 mM Tris-HCl pH 7.5, 20 mM DTT, 10 mM EDTA, 0.2% Triton
X-100, 1 mM PMSF. After 30 1-s-long pulses of sonication on ice, the
homogenate was centrifuged at 15,000g for 15 min at 4ᵒC and the
supernatant was incubated with 1% streptomycin sulfate for 20 min at
room temperature to precipitate the DNA after centrifugation at
15,000g at room temperature. The supernatant was kept at 80 °C until
use for western blot analysis. Total proteins were determined using the
Bradford assay [43].

2.3. Antibodies and recombinant proteins

Monoclonal antibody against PCNA (clone PC10, mouse) was
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purchased from Sigma-Aldrich Química (Spain), anti-glutathione anti-
body [D8] was from Abcam (UK) and the anti-PsTrxo1 polyclonal
antibody was generated against the C-terminal sequence
ARLNHITEKLFKKD as previously reported [19]. Goat anti-rabbit
and goat anti-mouse antibodies conjugated to alkaline phosphatase
(Boehringer Mannheim, Germany) were used as secondary antibodies.
Recombinant human PCNA-138H (HsPCNA) was supplied by Creative
biomart® (USA). Recombinant PsPCNA was expressed and purified as
follows. Pisum sativum RNA from leaves was extracted using an
RNeasy Mini Kit (Qiagen, Germany) following the manufacturer's
instructions. 2 µg of total RNA was reverse transcribed with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Spain).
The coding sequences of PsPCNA were amplified using the Platinum
Pfx DNA Polymerase Kit (Invitrogen, Germany) (45 cycles of 30 s at
94 °C, 30 s at 65ᵒC, and 60 s at 72 °C) with the following primers:

attB1- PsPCNA, AAAAAAGCAGGCTTCATGTTGGAACTCCGTCTCGTT
attB2-PsPCNA, CAAGAAAGCTGGGTCCTATCAGACTAAGCTTGT-

GGTTTGG
The recognition sequences for BP Recombinase II (Invitrogen,

Germany) are underlined. The PCR product was purified and cloned,
by site-specific recombination, performed with Gateway BP Clonase II
enzyme mix (Invitrogen, Germany), following the manufacturer's
instructions, into the entry vector pDONR221 (Invitrogen, Germany)
and sequenced. Then, the coding sequence of PsPCNA was subcloned
with the restriction enzymes XbaI and BamHI (Invitrogen, Germany)
into the expression vector pET13 using T4 Ligase (Invitrogen,
Germany). This construction was used to transform Escherichia coli
strain BL21(DE3) grown in 1 l of Luria-Bertani medium containing
ampicillin (50 µg/mL) to reach an OD600 nm of 0.5 at 37ᵒC. PsPCNA
expression was induced for 6 h at 37ᵒC by adding IPTG (isopropyl b-
thiogalactoside) to a 0.4 mM final concentration. Cells were centrifuged
at 7000g for 10 min, and bacterial pellets were resuspended in a 50 mL
of 25 mM lysis buffer Tris-HCl pH 7.5 containing 0.2% PMSF, 0.1%
Triton X-100 and 125 mM NaCl. After three freezing cycles, the
insoluble material was removed by centrifugation for 15 min at
15,000g on ice. The supernatant was then fractionated with ammo-
nium sulfate (40–85% p/v saturation) and the pelleted proteins were
dissolved in the above buffer. Then the sample was fractionated by
Sephacryl S-200 using a FPLC system (GE Healthcare, UK). The same
buffer and fractions containing the protein were pooled and concen-
trated by dialysis using Amicon Ultra-0.5 mL Centrifugal Filters
(Merck Millipore).

The recombinant protein AtNTRA2 was kindly provided by Dr. JJ
Lázaro (EEZ-CSIC, Granada, Spain).

2.4. Nuclei isolation

For the isolation of semipure nuclei from pea leaves (80 g), the
Plant Nuclei Isolation Extraction Kit (CelLytic PN; Sigma-Aldrich
Química (Spain)) was used following the manufacturer's instructions.

2.5. Identification of nuclear Trxo1 target proteins

Nuclear proteins were isolated from pea leaves as described above.
For the identification of nuclear target proteins we followed essentially
the method previously described in [19]. Briefly, in each experiment,
around 2 mg of recombinant protein PsTrxo1C37S was incubated with
20 mM 1,4-dithiothreitol (DTT, Sigma-Aldrich Química, Spain) for 1 h
at 4 °C and then filtered through Sephadex G25 to eliminate DTT, and
eluted in 20 mM Tris-HCl buffer pH 7.9 containing 50 mM NaCl, 5%
glycerol (v/v) and 1 mM PMSF. The reduced sample was bound to
400 µL of coaffinity resin prepared in the same buffer (TALON
Clontech, Takara Bio USA) and maintained by gently shaking at 4 °C
for 16 h. Afterwards the sample was centrifuged at 200g and washed
twice with the same buffer and finally resuspended in the extract
containing 1 mg of nuclear proteins. The mixture was maintained by

gently shaking at 4 °C for 16 h. Washing and elution of intact Trx target
disulfide complexes with imidazole were performed as described by the
manufacturer. Two-dimensional non-reducing and reducing SDS-
PAGE was performed for the optimal overall resolution of Trx and
target proteins.

2.6. Proteomic characterization

The proteins of interest were excised from gels and subjected to
automated reduction, alkylation, and digestion with sequencing-grade
bovine pancreas trypsin (Roche) in the Proteomic Service of the CNB-
CSIC (Centro Nacional de Biotecnología, Madrid, Spain), using a
Proteineer DP (Bruker-Daltonics) following the manufacturer's instruc-
tions. The tryptic peptide mixtures were analyzed with a MALDI
Ultraflex (Bruker-Daltonics) LIFT-MS/MS [44]. The automatic analysis
of the data was carried out with the software flexAnalysis (Bruker-
Daltonics™). Data from MALDI-MS and MS/MS were combined using
the BioTools program (Bruker-Daltonics) to search in the non-redun-
dant data bases (NCBInr and SwissProt) using the Mascot (Matrix
Science, UK) software. All data were manually revised using the BLAST
protein program (www.expasy.org).

2.7. Protein dot blot

4 µg of PsPCNA and PsTrxo1 recombinant proteins were spotted
onto four nitrocellulose membranes (Hybond, Amersham Pharmacia,
UK), which were blocked by incubation in TBST buffer (25 mM Tris-
HCl pH 7.5 containing 1% (w/v) bovine serum albumin (BSA, Sigma-
Aldrich Química, Spain) and 0.1% (v/v) Tween-20) for one hour at
room temperature. Then, the membranes were overlaid with 0.1 mg/
mL of recombinant proteins PsPCNA (A and C) or PsTrxo1 (B and D) in
TBST and incubated for 2 h at room temperature. BSA protein was also
spotted as a control. Membranes A and D was revealed with mono-
clonal anti-PCNA antibody PC10 (1:1500, Sigma-Aldrich Química
(Spain) and membranes B and C with polyclonal anti-PsTrxo1 (Martí
et al., 2009), diluted in Tris-buffered saline (TBS) containing 1% (w/v)
BSA and 0.1% (v/v) Tween-20. After extensive washing with TBS
containing Tween 20, the membranes were incubated with the appro-
priate IgG conjugated to peroxidase. Immunodetection was performed
using NBT/BCIP (Roche, Germany) according to the manufacturer's
instructions.

2.8. Western blot analysis

For western blot analysis, equal amount of total proteins from TBY-
2 cells (30 µg) were resolved using non-reducing 15% SDS–PAGE as
described by [45] and transferred onto a nitrocellulose membrane
using a semi-dry blotting apparatus (BioRad, Spain). Pounceau stain-
ing of the membrane was used to check the loading. Immunoreaction
was carried out using monoclonal antibody against PCNA PC10
(1:3000, Sigma-Aldrich Química, Spain) diluted in Tris-buffered saline
(TBS) containing 1% (w/v) BSA and 0.1% (v/v) Tween-20. Goat anti-
mouse antibody conjugated to alkaline phosphatase (1:7500,
Boehringer Mannheim, Germany) was used as secondary antibody.
The antigen was detected by a colorimetric assay using NBT/BCIP
(Roche, Germany) following the manufacturer's protocol.

2.9. Mitotic index

The percentage of mitotic cells (mitotic index) was calculated as the
ratio between mitotic cells and the number of cells scored. Following
the growth curve, three replicates a day were analyzed using Hoechst
33258 staining with a fluorescence microscope (DMLS, Leica) as
reported by [46]. The excitation and emission filter wavelengths were
380 nm and 410 nm, respectively.

A. Calderón et al. Redox Biology 11 (2017) 688–700

690

http://www.expasy.org


2.10. Bimolecular fluorescence complementation

The LR reaction of the Gateway technique was used to fuse part of
the Yellow Fluorescent Protein (YFP) (the N-terminal 155 amino acid
or the C-terminal 84 residues) with the ORFs of PsTrxo1 and PsPCNA
genes in the destination vectors pE-SPYNE (N-terminal domain of
YFP) and pE-SPYCE (C-terminal domain of YFP) as described in [47],
generating the following constructs: 35S::PsTrxo1-NYFP;
35S::PsTrxo1-CYFP; 35S::PsPCNA-NYFP; 35S::PsPCNA-CYFP. Using
the plasmid combination indicated in each case, co-bombardment of
epidermal onion cells was carried out with a biolistic helium gun
(DuPont PDS-1000; BioRad Laboratoires, Hercules, CA, USA) as
previously described [48]. The epidermal onions were incubated in
Petri dishes with sterile MS medium for 96 h in darkness at 22 °C. The
fluorescence emission was analyzed after 96 h of incubation with a
confocal microscope (Leica TCS-SP8) using excitation wavelengths of
405 and 458 nm and emission wavelengths of 488 and 514 nm for
DAPI and YFP, respectively. The images were analyzed with a 40x
objective inverter and processed using the Leica SP8 software. The
results were confirmed in three biological replicates of two independent
experiments.

2.11. Flow cytofluorometric analysis of the cell cycle

Cell cycle phases were determined by estimating the DNA content
in TBY-2 cell nuclei using propidium iodide (50 μg/mL; PI) staining
and flow cytometry analysis [49]. In order to isolate TBY-2 nuclei,
protoplasts were obtained as described in [50] using 0.25% (w/v)
cellulose (Sigma-Aldrich Química, Spain), 0.05% (w/v) pectolyase Y-23
(Duchefa Biochemie BV, The Netherlands) and 0.1% (v/v) pectinase
(Sigma-Aldrich Química, Spain), and the progress was monitored by
observing sub-samples of the cells under the light microscope. DNA
profiles were examined using a flow cytometry station (MACSQuant
Analyzer, Miltenyi). Histograms or density plots were arranged using
the MACSQuant Digital software. For each sample, a minimum of
10,000 and a maximum of 15,000 particles were examined. Analyses
were performed on three replicates in two different assays.

2.12. Measurement of reduced glutathione

The reduced glutathione (GSH) was measured with ThioStar
glutathione detection reagent (L002, Arbor Assays, Ann Arbor, MI,
USA) using reduced glutathione as standard (Sigma-Aldrich Química,
Spain). Initially, 0.5 g of filtered cells were incubated with 5% SSA (5-
sulfosalicylic acid, Sigma-Aldrich Química, Spain) with a final sample
dilution in the assay of 1:20. The fluorescence was measured using
excitation at 400 nm and emission at 490 nm in 96 well plates in a T-
CAM.

2.13. Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen,
Germany) followed by a gel electrophoresis assay of RNA integrity.
Reverse transcription (RT) was performed with 2 µg of total RNA
pretreated with DNaseI (Roche, Germany) to obtain cDNA using the
High-capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Spain) in a 20 µL reaction volume. Each cDNA sample was diluted 1:5
in sterile ddH2O, and 1 µL of this dilution was used as template for
qPCR, using a home-made 2 x SYBR Green I master mix in 10 µL
reactions using the 7500 fast real-time PCR system (Applied
Biosystems, Spain) according to the manufacturer's instruction. All
primers used are presented in the Table S1. The cycling parameters
were 95 °C for 2 min, 35 cycles of 94 °C for 15 s and 60 °C for 1 min
followed by a dissociation curve running. Each gene was assayed on
three biological replicates and normalized using the GAPDH cDNA
levels [51].

2.14. Subcellular localization of glutathione

Double staining was performed 1, 3 and 7 days after subculture as
follows: 5 µM monochlorobimane (mCBM) (Sigma-Aldrich Química,
Spain) was used to detect GSH and 0.5 µMMito-Tracker Deep-Red 633
to detect mitochondria. The cells were washed with 10 mM sodium
azide (Sigma-Aldrich Química, Spain) in the cell culture medium and
incubated for 5 min at 26 °C in the dark. As a negative control, 5 mM
DEM (1,3-diethyl maleate) was added and left to react for two hours to
inhibit the GSH signal.

2.15. Transient expression of PsTrxo1 in TBY-2 cells

The coding sequence of PsTrxo1 was amplified using the Platinum
Pfx DNA Polymerase Kit (Invitrogen, Germany) with the following
primers for C-terminal fusion proteins with the stop codon omitted:

attB1- PsTrxo1 AAAAAAGCAGGCTTCATGGTTGGAACCAGAAATTT
attB2-PsTrxo1 CAAGAAAGCTGGGTCGTCCTTCTTGAAGAGTTTCTC
The recognition sequences for BP Recombinase II (Invitrogen,

Germany) are underlined. The PCR product was purified and cloned
into the entry vector pDONR221 (Invitrogen, Germany) and se-
quenced. Then, the coding sequence of PsTrxo1 was subcloned with a
Gateway LR recombinase into the constitutive expression vector
pMDC83. A. tumefaciens strain GV3101 containing the plasmid
pMDC83 with the construction 35S::PsTrxo1-GFP was transformed
as described in [52] and grown in Luria-Bertani medium (OD600 nm

0.8–1.1) and then TBY-2 control cells were agroinfiltrated 3 days
before subcultivation at 1:40 (v/v bacteria/cells) and incubated in the
dark at 26ᵒC for 24 h. Visualization with a confocal microscopy was
performed after double staining using 5 mL of cells incubated with
0.5 µM Mito-Tracker Deep-Red 633 and 10 µM DAPI (4,6-diamidino-
2-phenylindole) for 10 min at room temperature in the dark.

2.16. Confocal microscopy

Confocal images were acquired using a Leica TCS-SP2 confocal
laser scanning unit equipped with argon and helium-neon laser beams
and attached to a Leica DM1RB inverted microscope. The excitation
wavelengths for fluorochromes were 390 nm for mCBM, 364 nm for
Hoechst, 633 nm for MitoTracker Deep-Red, 358 nm for DAPI and
488 nm for GFP. The emission apertures for fluorescence detection
were 470–500 nm for mCBM, 380–485 for Hoechst, 630–680 nm for
MitoTracker Deep Red, 440–470 for DAPI and 520–540 nm for GFP.
All pictures were obtained with a of 40× objective.

2.17. Biochemical analysis of the interaction of PCNA and Trxo1 by a
NADPH consumption assay

The activity of the recombinant PsTrxo1 protein was tested by the
standard insulin assay where the rate of insulin reduction was
measured spectrophotometrically at 650 nm as an increase in turbidity
[19] using the mitochondrial electron donor, NADPH-dependent Trx
reductase (AtNTRA2). Reducing activity of Trx on an oxidized PCNA
was performed in 0.1 M Tris-HCl buffer pH 7.0, containing 2 mM
EDTA, 0.2 mM NADPH, 50 nM AtNTRA2, 3 µM PsTrxo1 and 2 µg
HsPCNA or PsPCNA. PCNA was previously oxidized with 4 mM of
hydrogen peroxide for 30 min at 30 °C and dialyzed using Bio Spin6
columns (BioRad, Spain). The reaction was started by the addition of
NADPH and the decrease in absorbance was followed at 340 nm at
30ᵒC using a double beam spectrophotometer. When the reaction
reached equilibrium, oxidized PCNA was added in a final total volume
of 0.5 mL. Control reactions were performed on oxidized PCNA in the
absence of Trxo1 and in the absence of NTR and the specificity of the
reaction was tested using BSA instead of PCNA.
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2.18. Redox mobility shift assay

Twenty-four micrograms of recombinant protein HsPCNA was
previously reduced with 20 mM DTT in 100 µL of reaction buffer
Tris-HCl 50 mM pH 7.5 during 30 min at room temperature. After
eliminating the excess of DTT using a Bio-Spin 6 column (Bio-RAD,
Spain), 16 µg of DTT-treated recombinant protein was oxidized in a
total volume of 50 µL with 4 mM H2O2 for 1 h at room temperature in
the reaction buffer, and afterward dialyzed using the same chromato-
graphy columns. Four micrograms of HsPCNA in 100 µL of reaction
buffer Tris-HCl 50 mM pH 7.5 containing 0.2 mM NADPH were
incubated with 4 µg of PsTrxo1 and/or 0.2 µg of AtNTRA2 for one
hour at 30 °C. To detect the thiol groups in the protein, cysteine
derivatization by 4-acetamido-4-maleimidylstilbene-2,2-disulfonic acid
(AMS, Molecular Probes, Spain) was carried out as described in [53]
with some modifications. For that, 50 µL from the previous reaction
were incubated with and without 10 mM AMS, 10 mM EDTA and 1%
SDS in the reaction buffer in darkness for 2 h at 30 °C. The mobility
was examined by non-reducing 15% SDS–PAGE using Quantity One
software (BioRAD, Spain).

3. Results

3.1. PCNA interacts with PsTrxo1

Nuclear proteins were obtained after purification of nuclei from pea
leaves and used in a two-dimensional electrophoresis chromatographic
assay under non-reducing and reducing conditions (see Fig. 1). A
mutant variant of PsTrxo1, in which Cys 37 is substituted by a Serine,
was used (PsTrxo1C37) for affinity chromatography on a His-binding
co-affinity resin column in order to identify the potential nuclear
targets of PsTrxo1. Mass spectrometry was used to identify the major
spots of soluble nuclear proteins trapped in the heterodisulfide
complex formed by the mutated PsTrxo1 and the oxidized target.
This analysis led to the identification of the proliferating cell nuclear

antigen (PCNA) as a possible new target, among other proteins, of
PsTrxo1 in the nucleus with three peptides identified in different spots,
matching to the pea PCNA protein sequence (see table in Fig. 1 and
Supplementary Fig. S1).

Bimolecular fluorescence complementation analysis enables direct
visualization of protein interactions in living cells [47,54]. To explore
whether PsTrxo1 interacts with PCNA experiments to reconstitute the
YFP fluorophore were carried out, using two ORF non-fluorescent
fragments of the YFP, which, when brought together by two interacting
proteins fused to each of the fragments, thus reconstituting the YFP
fluorophore. In this experiment the two fragments of the YFP were fused
to the ORFs of PsTrxo1 and PsPCNA and then co-bombarded onion
epidermal cells. We also used the mutant variant PsTrxo1C37 to reach a
more stable interaction with the target proteins. Microscopic observation
(Fig. 2) showed that the YFP fluorescence was obtained and targeted to
the nucleus with all the combinations, indicating the positive interaction
in this organelle between PsTrxo1 and PsPCNA. Reconstitution of the
YFP was independent of the portion of the gene used (the N-terminal or
C-terminal (Fig. 2)). Nuclear DNA was stained by 4,6-diamidine-2-
phenylindol (DAPI) and the fluorescence resulting from molecular
association of the two YFP fragments was visualized after 36 h of
incubation. As expected, no fluorescence was detected in reactions
containing only one of the proteins or one of the fragments of the
YFP, which were used as negative controls (see Supplementary Fig. S2).

To confirm the physical interaction of PsTrxo1 and PsPCNA a
protein dot blot experiment was made, using purified recombinant
proteins spotted onto nitrocellulose membranes and overlaid with both
proteins separately. After extensive washing of the membrane, the
presence of PCNA bound to Trxo1 spotted on the filter was revealed by
anti-PCNA antibody (Fig. 3 line A) and the presence of Trxo1 bound to
spotted PCNA was revealed by anti-Trxo1 (Fig. 3 line B), both being
positive. As a control, PCNA protein was spotted and revealed with
anti-PCNA, and the same for Trxo1 to visualize both proteins (Fig. 3
lines A, first spot and B, second spot). Also a positive control was
performed in an identical membrane overlaying TBS buffer without

Fig. 1. Protein pattern of pea nuclear target proteins of HisPsTrxo1C37S after affinity chromatography and 2D SDS-PAGE in non-reducing (1st dimension) and reducing (2nd
dimension) conditions of the eluted complexes. Gels were stained with Blue PageR. Circles are drawn on the spots in which the peptides corresponding to PCNA (Proliferating Cell
Nuclear Antigen) were identified by MALDI MS/MS sequencing as shown in the table. Data were combined using the BioTools program (Bruker-Daltonics) to search in the non-
redundant data bases (NCBInr and SwissProt) using the Mascot (Matrix Science, UK) software. All data were manually revised using the BLAST protein program (www.expasy.org).
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proteins and revealed with the corresponding antibodies (Fig. 3 line C
and line D). The interaction appeared to be specific, since no signal was
detected in positions corresponding to equivalent amounts of BSA,
spotted as negative controls (last column in the membranes). No cross-
reaction between the antibodies was noticed (lines C and D). These
results confirm the physical interaction of PsTrxo1 and PsPCNA
proteins.

3.2. The NADPH thioredoxin reductase/Thioredoxin (NTR/Trx)
system is able to reduce PCNA in vitro

In order to analyse the capacity of the NTR/Trxo1 system to reduce

PCNA, we initially studied how the system operates in a typical assay of
Trx activity: the insulin precipitation method. For this, the reduction of
the disulfide bridges of insulin was measured as an increase in the
absorbance at 650 nm, indicating a loss of solubility of this protein in the
presence of DTT and NTR/Trxo1 (Supplementary Fig. S3A and S3B,
respectively). In this last reaction, we checked that 4′-acetamido-4′-
maleimidylstilbene-2,2′-disulfonic acid (AMS), a water-soluble thiol-re-
active reagent, inhibited the activity (Supplementary Fig. S3C).
Afterwards, recombinant HsPCNA protein was oxidized with
4 mMH2O2. The reduction of oxidized Trxo1 with AtNTRA2 and
NADPH was followed as a decrease in the absorbance of NADPH at
340 nm. When the reaction stabilized, oxidized PCNA was added to the
reaction cuvette and a decrease in absorbance indicated the effective
reduction of the HsPCNA by the NTR/Trx system (with a decrease in
Abs340/min of 0.04, Fig. 4). The same behavior was observed for PsPCNA
(data not shown). Control reactions were performed in the absence of
Trxo1 (with a decrease in Abs340/min of 0.0057 in the absence and in the
presence of PCNA), and in the absence of NTR (with no change in Abs340,
in the absence and in the presence of PCNA), and using BSA instead of
PCNA (with no change in absorbance as shown in Fig. 4).

A parallel experiment was carried out using AMS bound to Cys
residues. AMS is a NEM variant that reacts with thiols, increasing
protein mass by ~0.5 kDa, so treated proteins can be analyzed by SDS-

Fig. 2. Visualization of PsTrxo1 or mutated PsTrxo1mut and PsPCNA protein interactions in live onion cells using BiFC. Nuclear location of reconstituted yellow fluorescent protein
(YFP) complexes in transiently transformed onion epidermal cells. Nuclear fluorescence was visible following reconstitution of 35S::NYFP-PsTrxo1mut and 35S::CYFP-PsPCNA,
35S::NYFP-PsPCNA and 35S::CYFP-PsTrxo1mut and 35S::NYFP-PsPCNA and 35S::CYFP-PsTrxo1. The fluorescence emission was analyzed after 96 h of incubation using a confocal
microscope (Leica TCS-SP8) with excitation wavelengths of 405 and 458 nm and emission wavelengths of 488 and 514 nm for DAPI (nuclear stain) and YFP, respectively.

Fig. 3. Protein gel dot blot analysis of the interaction between recombinant PsPCNA and
PsTrxo1. Membranes were spotted with PsPCNA, PsTrxo1 and BSA (4 µg) and were
overlaid with TBS buffer containing 0.1 mg/mL recombinant PCNA and Trxo1. The
presence of the proteins was revealed using anti-PCNA and anti-Trxo1 antibodies,
respectively. The indicated amounts of BSA were spotted on both membranes as negative
controls. TBS was used instead of the proteins to verify the antibody signals and the
absence of cross-reactivity.

Fig. 4. Activity of NADPH-thioredoxin reductase (TR)-oxidized pea thioredoxin o1
(Trxo1ox) on the reduction of oxidized HsPCNA measured by the decrease in absorbance
of NADPH at 340 nm. Proteins were previously oxidized with 4 mm H2O2 as described in
Material and Methods.
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PAGE. This method allows visualization of the change in electrophore-
tic mobility of an oxidized HsPCNA when incubated with the NTR/Trx
system and AMS. As shown in Fig. 5, a shift in mobility of the HsPCNA
band could correspond to the 6 Cys contained in this protein reduced
by the system (lane 1 and 2). A control of oxidation is presented in lane
3 with the oxidized HsPCNA and AMS that did not change its mobility.

3.3. Trxo1 is localized in nuclei of transformed over-expressing
PsTrxo1 TBY-2 cells

To delve further into the physiological role of Trxo1 in the nucleus,
we used two TBY-2 cell culture overexpressing PsTrxo1 (Oex1 and
Oex2), previously obtained as reported in [37]. Consistent with
previous reports [19,37], PsTrxo1 was efficiently targeted to mitochon-
dria and nuclei, as was observed after transient expression of expo-
nential TBY-2 cells (3 days after subculture), with the PsTrxo1
sequence fused to GFP (in green) using Agrobacterium (Fig. 6).
Images were taken with a confocal Leica microscope 24 h after
agroinfiltration. DAPI blue and mitotracker Deep Red fluorescence
were used as markers of nuclei and mitochondria, respectively. The
over-expression of PsTrxo1 was checked by RT-qPCR, measuring the
gene level in the control and the two Oex lines after 1, 3, 5, 7 and 9 days
of subculture. Gene expression was found to be stable and high in the
transfected cell lines although it decreased near the end, and was
undetected in control cells (Supplementary Fig. S4).

3.4. NtPCNA and NtTrxo1 gene expression

RT-qPCR was performed to measure endogenous NtPCNA and
NtTrxo1 gene levels during the TBY-2 control cell culture. Two PCNA
genes have been described in Nicotiana tabacum, PCNA1 (CAA77062)
and PCNA2 (AAD19905), encoding two proteins with high level of
identity (98%) containing 5 conserved cysteine residues (Cys30, Cys62,
Cys81, Cys148, Cys18 [55]). The analysis of NtTrxo1 expression in the
control and overexpressing cells revealed that over-expression did not
alter the endogenous levels of Trxo1 during cell culture, and this gene
presented a peak of expression at day 3, decreasing thereafter, and
again a slighter increase at day 6 (Fig. 7A). Interestingly, the expression
of NtPCNA gene during the growth of the TBY-2 control line cells
showed a parallel pattern until day 5, with constant low expression
thereafter (Fig. 7B).

3.5. Effect of Trxo1 over-expression on cell growth and cell cycle
progression

Cultured Tobacco Bright yellow-2 cells entered the exponential
growth phase at approximately the same time (after 2 days), culture
density being determined by changes in the absorbance at 600 nm.
Samples were collected at 24 h intervals, with the first sample taken
24 h after the initial inoculation. As shown in Fig. 8A, the growth of the
GFP control cell line and the two Trxo1 over-expressing cell lines (Oex1
and Oex2) was parallel until day 6. After this day, overexpressing lines
continued growing, while the control line entered into the stationary
phase, which was reached by the transformed cells at day 9 of growth
(Fig. 8A).

Flow cytometry was used to assess the distribution of cells in the
different phases of the cell cycle. Due to the size of plant cells and the
presence of a rigid cell wall, protoplasts were obtained and used instead
of whole cells. As shown in Fig. 8B, over-expression modified the
percentage of cells in the different phases of the cell cycle, depending
on the stage of the cell culture. After 1 and 3 days of subculture, the
percentage of control cells in the GO/G1 phase remained similar
(around 60%), with a similar percentage (around 16–20%). of cells in
S and G2/M phases. When cell growth slowed-down (at day 7 and
later), the percentage of cells in GO/G1 phase increased to around 80%,
the percentage of cells in the S phase being similar (around 18%).
Fewer transformed cells than control cells were found in the Go/G1
phase (between 40–65%) during cell culture, while the percentage in
the S phase was higher in the first stage of the culture (although not
statistically significant at around 28%) and was similar to that of
control cells at 7 and 9 days, when the over-expressing cultures
presented a higher cellular density. Analyzing the percentage of cells
in the G2/M phases, the highest and most significant difference was
observed in the final stage of the culture, when the over-expressing
lines presented around 6-fold higher values than control cells.

When the percentage of TBY-2 cells undergoing mitosis was
evaluated at different times during cells growth and expressed as a
percentage of cells in this stage (MI: mitotic index), it was seen that the
maximum percentage of mitotic cells was reached at 3 days for Oex2
line and at 4 days for the control and Oex1 line (Fig. 9). The two over-
expressing lines presented a higher percentage of cells in mitosis that
the control lines at both the beginning (day 1) and end (days 7
onwards) of the cell growth culture.

3.6. Effect of Trxo1 over-expression on the PCNA protein content

The PCNA content extracts of control and Oex PsTrxo1 TBY-2 cells,
as observed by immunostaining at different days of the growth culture
is provided in Fig. 10 showing a representative western of three
independent experiments. PCNA level in control cells decreased when
the culture reached the stationary phase to be maintained low there-
after. However, PCNA content in overexpressing cells was found higher
than in control cells in these last phases, being the highest differences
at days 7 and 8 of the cell growth.

3.7. GSH content and compartmentation during TBY-2 cell
proliferation

A reduced glutathione content was recorded in the control and the
two lines over-expressing PsTrxo1 (Oex1 and Oex2). As shown in
Fig. 11, the GSH content decreased in the three lines as the culture
progressed, with the highest content at days 1 and 3. In general,
overexpressing cell lines presented a lower GSH content than the
control cell line, indicating a possible compensatory mechanism
between GSH and Trxo1.

To determine whether the intracellular location of GSH changes
with the over-expression of PsTrxo1 in the transformed TBY-2 cells, a
confocal microscopy analysis was performed during cell proliferation

Fig. 5. Recombinant NADPH-thioredoxin reductase (AtNTRA), proliferating cell nucle-
ar antigen (HsPCNA) and thioredoxin o1 (Trxo1) treated with or without AMS as
described in Material and Methods.
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after 1, 3 and 8 days of subculture using monochlorobimane (mCBM)
staining. As shown in Fig. 12, at day 1, GSH was located mainly in the
nuclei in the three lines analyzed, while at day 3, at the beginning of the
exponential phase of cell growth, fluorescence accumulation appeared
to be lower in the over-expressing lines, in which a nuclear location of
the GSH was still evident. The main difference was observed at day 8,
when the GSH fluorescence in the nuclei was lower in the control line
but remained high in both Oex lines, coinciding with the highest degree

of cell density. At this stage, the percentage of cells in G2/M phase and
the mitotic index was higher (see results above) than in the control cell
line. Control experiments were performed in vitro in order to confirm
the specificity of the mCBM for the thiol group of GSH and not for the

Fig. 6. Subcellular localization of PsTrxo1 after transient expression of PsTrxo1-GFP protein in TBY-2 wild type cells in the exponential phase using confocal microscopy. (A) bright
field; (B) DAPI stained nucleus (blue); (C) Fluorescence of the GFP protein (green); (D) Mitotracker staining of mitochondria (red); (E) merged images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (A) RT-PCR of NtTrxo1 gene expression during the culture of control cells
normalized to GAPDH gene expression in control and over-expressing PsTrxo1 lines. (B)
RT-PCR of NtPCNA gene expression during the culture of control cells normalized to
GAPDH gene expression. The reported values are the means of three independent
experiments ± standard deviation. Asterisks indicate the values that are statistically
different from the respective control (A) or the day 1 (B) (Student's t-test, P < 0.05).

Fig. 8. (A) Effects of thioredoxin o1 overexpression on TBY-2 cell growth. The growth of
the cell culture was monitored measuring optical density (OD) at 600 nm over time. (B)
Effect of thioredoxin o1 overexpression on the TBY-2 cell cycle. The percentages of cells
population in G0/G1, S and G2/M phases were quantified cytofluorimetrically. The
reported values are the means of three independent experiments ± standard deviation.
Asterisks indicate the values that are statistically different from the respective controls
(Student's t-test, P < 0.05).
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Trxo1 ones, using recombinant PsTrxo1 and DTT-reduced PsTrxo1
proteins. As shown in Supplementary Fig. S5A, reduced Trxo1 did not
react with the mCBM. As negative control we used the thiol blocking
agent diethyl maleate (DEM) at 5 mM, which abolished the fluores-
cence signal, preventing the reaction. This experiment demonstrated
that the observed fluorescence signal was specific for GSH
(Supplementary Fig. S5B).

4. Discussion

4.1. PCNA as a target of PsTrxo1

In this paper, affinity column, in vitro and BiFC data support the
idea that PsTrxo1 interacts with PCNA in the cell nucleus. At the same
time, the over-expression of PsTrxo1 in TBY-2 cells correlates with
changes in the growth of the culture and with the level and subcellular
localization of GSH. Previous reports from our group [19] showed that
in pea leaves Trxo1 is constitutively located both in mitochondria and
the nucleus. Stress-induced accumulation of cytosolic Trxh isoforms in
the nucleus has been documented by different groups in other plants
[38,56]. Nuclear targets of these cytosolic/nuclear Trxh isoforms
include proteins with antioxidant functions, such as 1-Cys Prx1, or
those acting in meristematic activity gene repression, in development
or cell cycle checkpoints and DNA integrity such as cyclophilin, Ran
GTPase or nuclear 14.3.3 proteins [57]. On the other hand, PCNA has
also been reported as a candidate target protein of Trxh in Medicago
and in germinated barley seed embryos [58,59], although the interac-
tion has not been conclusively demonstrated.

In the present work, after sequencing of the pea leaf nuclear
proteins isolated by a proteomic affinity approach, PCNA was identified
as a putative PsTrxo1 target. There is much evidence to support the
conserved function and structural sequence homology of PCNA in
eukaryotic organisms [see 39]. As expected, the anti-hPCNA antibody
used in the in vitro dot blot assays was seen to recognize the pea PCNA
recombinant protein and the assay allowed us to corroborate that in the

samples containing PsTrxo1 and PsPCNA incubated proteins, the
protein–protein interaction was positive. Studies in yeast and animal
PCNAs resulted in the identification and characterization of about 50
PCNA-interacting proteins. However, the number of identified plant
PCNA-interacting proteins is very limited in comparison with human
and yeast [60], and, as far as we know, its interaction with Trxs has not
been previously demonstrated. It is known that biologically significant
protein-protein interactions are characterized by the involvement of
specific amino acid residues in the contact zones of both interaction
partners. In eukaryotes, PCNA forms a homo trimeric ring structure
with pseudo-6-fold symmetry, encircling the DNA helix [61,62]. The
best-characterized PCNA-binding motif present in PCNA-interacting
proteins is called PIP box [60]. This motif has the consensus sequence
Q-xx-(h)-x-x-(a)-(a), the h residues having moderate hydrophobicity

Fig. 9. Percentage of TBY-2 cells undergoing mitosis at different times during cells
growth. The reported values are the means of three independent experiments ± standard
deviation. Asterisks indicate the values that are statistically different from the respective
controls (Student's t-test, P < 0.05).

Fig. 10. PCNA protein levels by Western blot analysis in control and overexpressing (Oex1 and Oex2) PsTrxo1 TBY-2 cells at different days of the culture. A representative western is
presented and the Ponceau staining shows the protein loading.

Fig. 11. Effect of thioredoxin o1 overexpression on the reduced glutathione content at
different days of TBY-2 culture. GSH was quantified in control and two lines over-
expressing PsTrxo1 (Oex1 and Oex2). The reported values are the means of three
independent experiments ± standard deviation. Asterisks indicate the values that are
statistically different from the respective controls (Student's t-test, P < 0.05).

Fig. 12. Localization of GSH in control and two over-expressing PsTrxo1 TBY-2 cell
lines (Oex1 and Oex2). Representative images of TBY-2 cells after 1, 3 and 8 days of
growth. The fluorescence of GSH was determined with a confocal microscopy using
monochlorobimane (mCBM) stain in living TBY-2 cells.
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(e.g. M, L, I), the a residues having highly hydrophobic aromatic side
chains (e.g. F, Y) and x being any residue [63]. PsTrxo1 presents a
similar domain in its amino acid sequence (QDDSLHAIFY) [19]
suggesting a possible binding motif.

We then investigated the PsTrxo1-PCNA interaction in split-yellow
fluorescent protein (YFP) assays. BiFC assays significantly facilitate
visualization of the subcellular sites of protein interactions under
conditions that closely reflect the normal physiological environment
[47]. Localization results from a previous study using GFP coupled to
Trxo1 [19] and the results for the co-transformed proteins in the
present BiFC analysis point to identical compartments in the nucleus.
This confirmation underlines the significance of the results obtained by
BiFC interactions, and lends additional physiological support to the
PsTrxo1-PCNA interaction in the nucleus.

Recently, numerous studies have focused on PCNA post-transla-
tional modification and its implication for DNA replication and repair.
Such multiple post-translational modifications, including acetylation,
methylation, phosphorylation, sumoylation, ubiquitylation and S-ni-
trosylation, regulate the PCNA function [64,65]. As an example, a
recent study on the S-nitrosylation status of PCNA in SH-SY5Y cells
treated with rotenone, used as a model of neuronal death, identified the
two-cysteine residues, PCNA-Cys81 and Cys162, as candidate S-nitro-
sylated residues. The S-nitrosylation of PCNA-Cys81 affected the
interaction between PCNA and caspase-9, which may act as a mediator
in the apoptotic pathway [66]. However no redox modification on these
Cys residues by non-radical oxidants, including peroxides, was re-
ported. In photosynthetic eukaryotes, PCNA harbors five cysteines in
each monomer although one of these cysteines is not essentially
conserved in Arabidopsis [67]. Specifically in Pisum sativum and
Nicotiana tabacum, one and two PCNA proteins were described
respectively, with a high level of amino acid sequence identity (97%)
in the two tobacco proteins. In both isoforms, 5 conserved cysteine
residues have been described whereas human PCNA contains 6
cysteine residues [39].

We previously proposed that one of the PsTrxo1 functions in the
mitochondria and nucleus of pea and TBY-2 cells is to offer protection
against ROS, mainly H2O2. This antioxidant role would allow PsTrxo1
to control the redox status of mitochondrial and nuclear proteins in pea
leaves and tobacco cells [37,68]. Thus, in mitochondria, the Trxo1
function has been related with redox regulation of proteins, including
the respiratory alternative oxidase component (AOX, [19,69] and with
the detoxification of ROS via mitochondrial peroxiredoxin (PrxIIF))
[2].

In the nucleus, Trxo1 may also be acting as a component of ROS
scavenging systems, preventing deleterious effects of nuclear ROS
accumulation. Since our results confirmed that PCNA is one of the
PsTrxo1 nuclear target proteins, we next tested whether PsTrxo1 is
involved in the reduction of an oxidized PCNA upon H2O2 treatment.
In vitro classical disulfide reductase Trxo1 activity assays demon-
strated that the NAD(P)H/AtNTRA2/PsTrxo1 system efficiently re-
duced oxidized HsPCNA.

4.2. Effect of PsTrxo1 overexpression in TBY-2 cells

Another factor analyzed in this work is the effect of PsTrxo1
overexpression in TBY-2 cells on the dynamic of the growth of the
culture, as a process related to the cell cycle. Importantly, the
maintenance of a nuclear and mitochondrial PsTrxo1 localization in
overexpressing cells was confirmed, as previously reported by western-
blot analysis [37]. In the present study this is corroborated by transient
expression analysis of YFP fusions in agroinfiltrated TBY-2 cells. YFP-
fusion analysis found Trxo1 to be mainly located in the nucleoplasm,
which agrees with our previous findings in pea leaves [19]. Recently, we
reported that the over-expression of PsTrxo1 in TBY-2 cells increased
cell viability in an oxidative situation induced by H2O2 treatment. A
decreased content of endogenous H2O2 might be responsible, at least in

part, for the delayed cell death found in PsTrxo1 overexpressing cells,
in which changes in oxidative parameters and antioxidants were less
extensive after oxidative treatment.

Here, as a first step, we observed that in TBY-2 cells, endogenous
NtPCNA gene expression levels were very similar to the level of
endogenous NtTrxo1, both being high in the early stages of cell growth
(day 1), peaking at the beginning of the exponential growth phase (day
3), and decreasing during the advanced growth period (stationary
phase) (days 7, 8 and 9). PCNA is a well-known molecular marker for
cell proliferation because of its role in replication, and its expression
pattern in TBY-2 cells agrees with that role and with observations
reported in plants, where the PCNA genes were actively expressed
during intensive cell proliferation [55,70]. Moreover, in Catharanthus
roseus cells, PCNA expression was mainly confined to the S phase of
the cell cycle, providing direct proof that its expression correlates with
cell proliferation and DNA replication [71].

In this context, cellular DNA synthesis and cell growth depend on
the production of an adequate and balanced supply of deoxyribonu-
cleotides. In mammalian cells the activity of RNR, a key enzyme for
deoxyribonucleotide synthesis, is cell cycle-dependent and Trx and Grx
are well-known regulators of DNA replication through their involve-
ment in the catalytic mechanism of this enzyme [72]. Proliferating cells
require a large amount of deoxyribonucleotides during the S phase of
the cell cycle [73] and it has been reported that low cell-culture density,
which is associated with oxidation of thiols and increased cell
proliferation, affects the localization of Trx1 in animal cell cultures,
promoting its translocation to the nucleus [6]. On the other hand, Trx
has been involved in the regulation of the cell cycle in the G1 to S phase
and, in fact, the expression of human Trx is highest in the early S phase
[74]. Other evidence pointing to the involvement of Trx in cell cycle
progression was obtained in yeast, where the absence of Trx1 and Trx2
genes slowed down the rate of DNA replication and inhibited the
normal progress of cell reproduction [75]. Therefore, the correlation
found between endogenous Trxo1 and PCNA expression during TBY-2
cell culture seems to provide additional proof of the involvement of
both proteins in S-phase replication, in agreement with previous
reports, and suggests the existence of a common gene-regulatory
mechanism. Furthermore, the data presented also indicated that as
culture progressed, overexpressing Trxo1 lines maintained higher
PCNA protein amounts than non-overexpressing lines, the differences
depending on the time of the culture and interestingly when a higher
proliferation and/or mitotic index is occurring. This indicates a positive
effect of Trxo1 on PCNA which could be linked to PCNA activity.
Related with that, we have obtained preliminary results indicating a
possible PCNA redox change during the progression of the cell culture.
That is a new and interesting aspect that merits further investigation
and will be an object of a deeper study in our laboratory.

The data presented here show that the differences found in the
overexpressing cells closely resembled the changes in the glutathione
pool, which, in turn, were similar to those reported in mammalian and
plant cells [42,76] where the glutathione content gradually decreased
toward the end of the exponential growth phase, reaching the lowest
values during the stationary phase of cell culture. This glutathione
decrease was, in general, more intense in both PsTrxo1 overexpressing
lines, even in the advanced growth phases (days 7–9), when the
percentage of cells in the G2/M phase was higher than in non-
overexpressing cells; at the same time, nuclear chromatin is duplicated
and the cells enter into mitosis, as deduced from the observed higher
mitotic index. It has recently been reported that the levels of two
cytosolic h-type Trxs TH7 and TH8 mRNAs greatly increased in GSH
depleted rml1-1 Arabidopsis mutants [77]. The transcriptome profile
of these mutants showed an inverse relation between GSH availability
and Trx expression, which resembles our Trxo1 and glutathione results
in the overexpressing Trxo1 cell lines. It appears that thioredoxin
overexpression could be compensated by a decrease in GSH levels,
underscoring the importance of a balanced redox environment for cells
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to proliferate. Similarly, in yeast double mutants, the reduced cyto-
plasmic Trx1 and Trx2 was reported to produce an increase in the total
glutathione content by means of an unknown underlying mechanism
adjusting glutathione levels in response to thioredoxin deficiency [30].

Cellular redox homeostasis is crucial for cell proliferation and
glutathione is a key component of this regulation in plant and animal
cells [42,78]. Recent evidence has shown that GSH is sequestered in
the nucleus in the early stages of the cell cycle, a fact which appears to
have a critical regulatory role as the cell cycle progresses. However, no
GSH accumulation was found in the nucleus of cells in the quiescent
GO phase [80,81]. GSH was also observed in the nuclei of the dividing
pericycle cells following activation to form the lateral root meristem.
These results suggest a dynamic regulation of the nuclear GSH pool
during the cell cycle [79].

In the present work, data concerning the sub-cellular localization of
GSH suggest that in the early phases of cell growth, when cells are
entering the exponential phase (day 3), at least part of the glutathione
pool was located in the nucleus in its reduced form (GSH) and that a
similar proportion of the pool was thus located in non-overexpressing
and overexpressing lines, although GSH levels were lower and Trx
levels were higher in the nucleus in both Trxo1 overexpressing cells.
However, in non-overexpressing cells in an advanced growth phase
when cells reached the stationary phase (day 8), nuclear GSH was
practically undetectable, whereas such a decrease in nuclear GSH did
not occur with the same intensity in over-expressing Trxo1 lines, which
maintained similar levels to those at day 3. Clearly more information is
needed in order to explain the changes in nuclear GSH levels and the
potential compensatory role of Trx. These data on nuclear GSH agree
with previous reports in Arabidopsis, tobacco and fibroblast cell
cultures [79–81], indicating that the localization of glutathione is
determined by the stage of the cell cycle. Thus, in overexpressing
TBY-2 cells, the retained GSH level in the nucleus seems to be
necessary for the active division phases (G2/M) to occur, even in
advanced stages of growth in overexpressing cells. Interestingly, in
rml1-1 Arabidopsis mutants [77], transcript data also demonstrated
that redox regulation involving GSH is important for the genes
encoding CYCs, CDKs and PCNA that control the G2 to M transition.

5. Conclusions

As a summary, in the TBY-2 cell nucleus, Trxo1, besides its effect on
cell proliferation and cell cycle progression, may provide, together with
GSH, the reductive environment required to protect DNA against
oxidation during replication. However this suggestion needs to be
confirmed in future studies. As we have also previously described,
another Trxo1 function in the nucleus may be its involvement in DNA
synthesis and repair through its interaction with PCNA. Although there
is no evidence of a redox regulation of PCNA in vivo, our present data
point to a higher amount of PCNA protein in overexpressing Trxo1
lines in the growth phases when differences in the mitotic index and the
percentage of cells in S-G2/M phases were particularly evident. This
may be a reflection of a functional link between both proteins. In this
sense, further biochemical studies have being initiated in order to
clarify the possible in vivo PCNA redox regulation by Trxo1. Moreover
the relation between such possible redox PCNA regulation and nuclear
GSH levels need to be clarified. These investigations are necessary to
provide insight into the role of redox regulation in key aspects of cell
cycle plant biology.
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