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Abstract

Ophiobolin A, a tetracyclic sesterpenoid produced by phytopathogenic fungi, is responsible for catastrophic losses in 
crop yield but its mechanism of action is not understood. The effects of ophiobolin A were therefore investigated on the 
growth and redox metabolism of Tobacco Bright Yellow-2 (TBY-2) cell cultures by applying concentrations of the toxin 
that did not promote cell death. At concentrations between 2–5 μM, ophiobolin A inhibited growth and proliferation of 
the TBY-2 cells, which remained viable. Microscopic and cytofluorimetric analyses showed that ophiobolin A treatment 
caused a rapid decrease in mitotic index, with a lower percentage of the cells at G1 and increased numbers of cells at 
the S/G2 phases. Cell size was not changed following treatment suggesting that the arrest of cell cycle progression was 
not the result of a block on cell growth. The characteristic glutathione redox state and the localization of glutathione in 
the nucleus during cell proliferation were not changed by ophiobolin A. However, subsequent decreases in glutathione 
and the re-distribution of glutathione between the cytoplasm and nuclei after mitosis occurring in control cells, as well 
as the profile of glutathionylated proteins, were changed in the presence of the toxin. The profile of poly ADP-ribosylated 
proteins were also modified by ophiobolin A. Taken together, these data provide evidence of the mechanism of ophiobo-
lin A action as a cell cycle inhibitor and further demonstrate the link between nuclear glutathione and the cell cycle regu-
lation, suggesting that glutathione-dependent redox controls in the nuclei prior to cell division are of pivotal importance.
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Introduction

Ophiobolins are sesterpenoids produced by phytopathogenic 
fungi, mostly of the Bipolaris, Aspergillus, and Drechslera 
genera. These fungi attack several monocot crops such as 

rice (Oryza sativa L.), maize (Zea mays L.), and sorghum 
(Sorghum ssp.) and have been the cause of catastrophic losses 
of cereal yield all over the world (Au et al., 2000). Currently, 
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25 biogenic analogues of ophiobolins have been identified. 
Ophiobolin A (see Supplementary Fig. S1 at JXB online) was 
the first member of the group to be isolated and characterized 
in the mid-1960s (Nozoe et al., 1965; Canonica et al., 1966). 
This toxin can adversely affect cell proliferation in mamma-
lian cells at very low concentrations, even in lines which are 
resistant to pro-apoptotic stimuli, an effect that is of increas-
ing interest particularly with regard to target pathways (Bury 
et al., 2013).

Although ophiobolins are considered to be responsible for 
the injuries caused by the fungi on susceptible plants (mainly 
monocotyledons), their mode of action is not understood 
(Au et al., 2000). An interaction between ophiobolin and a 
maize calmodulin in vitro has been reported (Leung et  al., 
1984, 1985). Ophiobolin A  also induces programmed cell 
death (PCD) in Tobacco Bright Yellow-2 (TBY2) cultured 
cells (Bury et al., 2013). Tobacco is able to activate defence 
responses against ophiobolin-producing fungi, consistent 
with the fact that these fungi are mainly pathogenic in mono-
cots and not in dicots (Au et al., 2000). Moreover, sub-lethal 
concentrations of ophiobolin A inhibit the growth of cell cul-
tures without affecting viability (Bury et al., 2013).

The regulation of the cellular redox state has been reported 
to be a crucial factor controlling cell growth in plants as it 
is in animal systems (Pellny et al., 2009; Foyer and Noctor, 
2009; Chiu and Dawes, 2012; de Pinto et al., 2012). Cell cycle 
progression in eukaryotes is considered to be driven by an 
intrinsic redox cycle consisting of reductive and oxidative 
phases (Chiu and Dawes, 2012). In animals, a mild oxidative 
environment is able to activate a signalling pathway leading to 
cell proliferation (Menon et al., 2003; Menon and Goswami, 
2007). The interaction between growth factors, such as EGF 
and their specific receptors stimulate cell proliferation by the 
generation of low amounts of ROS (Menon and Goswami, 
2007). Sensing the redox environment is important so that cell 
cycle progression can occur under appropriate redox condi-
tions. Indeed, many regulatory proteins in the cell cycle have 
been found to be redox sensitive (Chiu and Dawes, 2012). 
Protein and non- protein thiols appear to undergo an oxida-
tive cycle during the G1 and S phases. The first evidence of 
this type of cell cycle regulation dates backs almost 50 years 
ago, when non protein-thiols were found to decrease during 
G1 and to increase again during S phase (Mauro et al., 1969).

Links between the cellular redox state and the cell cycle 
have been suggested by studies on the root quiescent cen-
tre, where stem cells reside in a largely oxidized environment 
(Jiang and Feldman, 2005; Jiang et al., 2006; Dinneny et al., 
2008). While the regulation of the cell cycle by fluctuations 
in the cellular redox state have not been described in plants, 
reduced glutathione (GSH), which is the most abundant cel-
lular non-protein thiol, is localized in the nucleus during the 
early stages of the cell cycle (Markovic et  al., 2009; Pellny 
et al., 2009; Vivancos et al., 2010). In the nucleus, GSH pro-
vides the reductive environment required to protect DNA 
against oxidation during replication (Garcia- Gimenez et al., 
2013). Depletion of the nuclear GSH pool disrupts cell pro-
liferation (Markovic et al., 2009). The following experiments 
were undertaken in order to determine whether sub-lethal 

ophiobolin A  concentrations altered the redox and glu-
tathione homeostasis of Tobacco Bright Yellow-2 (TBY-2) 
cells growing in culture, in relation to effects on the cell cycle. 
Microscopic analyses and cytofluorimetric assays show that 
ophiobolin A  leads to an arrest of the cell cycle, alters the 
partitioning of GSH between the nuclei and cytosol, and 
modifies redox-related protein modifications.

Materials and methods

Ophiobolin A production and purification
Ophiobolin A  was extracted from Drechslera gigantea (Heald & 
Wolf) culture filtrates and purified as previously described (Evidente 
et  al., 2006). The ophiobolin A  purity (>95%) was confirmed by 
RP-HPLC-UV. HPLC analyses were performed on an Agilent 1100 
series HPLC system (Agilent, Diegem, Belgium). The chromato-
graphic system was a C8 SunFire 150 × 4.6 mm I.D., 3.5 μm particle 
size (Waters, Milford, MA, USA). The solvents were CH3OH:TFA 
0.1 % in water (65:35 by vol.), with a flow rate of 0.75 ml min–1 and 
λ=240 nm. The purity was further confirmed by 1H NMR and ESI 
MS spectroscopic investigation carried out in CDCl3 at 400/100 
MHz in CDCl3 on Bruker spectrometers and Agilent Technologies 
6120 Quadrupole LC/MS instruments, respectively.

TBY-2 cell culture growth conditions and ophiobolin 
A treatments
The suspension of tobacco (Nicotiana tabacum L. cv. Bright-Yellow 
2) cells was routinely propagated and cultured at 27 °C according to 
Nagata et al. (1992). A stationary culture was diluted 4:100 (v/v) and 
cultured in a new medium (Nagata et al., 1992).

After 2 d of growth of the new established cell culture, ophiobolin 
A was re-suspended in ethanol and filtered into the cell suspension. 
The amount of ethanol never exceeded 0.2% of the total volume.

Cell culture growth was followed over time by measuring optical 
density at 600 nm (Pellny et al., 2009). Cell length was determined by 
white light microscopy using the Scion Image software.

Mitotic index
The mitotic index was calculated as the percentage of the ratio 
between dividing cells and the number of cells scored. For each time 
analysed, at least 300 cells were observed. The number of divid-
ing cells was determined by Hoechst 33258 staining as reported in 
Houot et al. (2001), and visualized using a fluorescence microscope 
(DMLS, Leica, Wetzlar, Germany) with an excitation filter of 340–
380 nm and a barrier filter of 410 nm.

Cell cycle analysis by flow cytofluorimetry
Cell cycle phases were determined by the estimation of the DNA 
content in TBY-2 cell nuclei using propidium iodide (50 μg ml–1; PI) 
staining and flow cytometry analysis (Fried et al., 1976).

In order to isolate TBY-2 cell nuclei, protoplasts have be obtained 
as mainly described in Locato et al. (2009). Briefly, 1 g of control 
and ophiobolin A-treated cells was re-suspended in 4 ml protoplast 
extraction buffer (0.4 M mannitol, 25 mM TRIS-MES, pH 5.5 with 
HCl, with 0.25% (w/v) cellulose (Sigma, C1794), 0.05% (w/v) pec-
tolyase (Sigma, P5936), 0.1% (v/v) pectinase (Sigma, P4716) added 
on the day). The cells were incubated in the dark with gentle agita-
tion for about 90 min to obtain protoplasts. Progress was monitored 
by observing sub-samples of the cells under the light microscope. 
Protoplasts were recovered by centrifugation at 200 g for 5 min at 
room temperature without using the brake. The pellet was washed 
twice with the protoplast washing buffer (0.4 M mannitol, 25 mM 
TRIS-MES, pH 6.5 with HCl) in the same centrifugation conditions. 
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Nuclei were isolated using the Cell-Lytic P Kit (Sigma-Aldrich, 
St Louis, MA, USA) following the manufacturer’s instruc-
tions. Protoplasts have been re-suspended in 2 ml NIBA (Nuclear 
Isolation Buffer with 1% (v/v) Protease Inhibitor Cocktail and 1 mM 
DTT). Following this step, every operation was performed on ice. 
Protoplasts were disrupted using a Dounce homogenizer, with six 
strokes with the loose followed by 6–9 strokes with the tight- fitting 
pestle. Progress was monitored using the light microscope. Aliquots 
of the lysate have been put through a vacuum filtration on four lay-
ers of Miracloth paper. Two millilitres of the filtrate were washed 
twice with TBS (20 mM TRIS, 137 mM NaCl, pH 7.6) by centrifuga-
tion at 1500 g for 10 min at 4 °C without using the brake. After the 
second washing step, the pellet was re-suspended in TBS in order to 
obtain a semi-purified suspension of nuclei.

DNA profiles were examined using a flow cytometry station 
(MACSQuant Analyzer, Miltenyi). Histogram or density plots were 
arranged using the MACSQuant Digital software. For each sam-
ple, a minimum of 5 000 and a maximum of 15 000 particles were 
examined. Analyses were performed on five replicates for each sam-
ple. The percentage of the nuclei containing 2C and 4C DNA was 
calculated.

Hydrogen peroxide measurements
Extracellular H2O2 was determined by measuring the absorbance 
at 560 nm of the Fe3+–xylenol orange complex according to Locato 
et  al. (2008). The intracellular accumulation of H2O2 was also 
observed by using dihydrorhodamine (DHR) 123 (Sigma-Aldrich 
Italia, Milan, Italy) as a fluorescent probe according to Locato et al. 
(2008).

Determination of the reduced and oxidized forms of glutathione 
and ascorbate and the distribution of GSH between the nucleus 
and cytoplasm
Glutathione pool determinations were conducted on deproteinized 
samples, obtained from 0.3 g of cells homogenized with cold 5% 
metaphosphoric acid at 4 °C in a 1:2 ratio (w/v). After centrifuga-
tion at 20 000 g for 15 min, the supernatants were collected and used 
for the analysis of glutathione and ascorbate levels and redox states 
(reduced/reduced plus oxidized forms) according to de Pinto et al. 
(1999).

Aliquots of 20  μl of  TBY-2 cells were stained with 5  μM 
CellTracker green 5-chloromethylfluorescein diacetate (CMFDA; 
Molecular Probes, Waltham, MA, USA) to detect GSH under a 
fluorescence microscope (DMLS, Leica, Wetzlar, Germany) with an 
excitation filter of 450–490 nm and a barrier filter of 510 nm as pre-
viously described by Markovic et al. (2007).

Enzyme assays
The cells were ground in liquid nitrogen and homogenized at 4 °C in 
extraction buffer [50 mm TRIS–HCl pH 7.8, 0.05% (w/v) cysteine, 
and 0.1% (w/v) BSA]. Homogenates were centrifuged at 20 000 g for 
15 min. The supernatants were used for spectrophotometric analy-
ses. The activities of ascorbate peroxidase (APX) (L-ASC: H2O2 
oxidoreductase, EC 1.11.1.11), monodehydroascorbate reductase 
(MDHAR) (NADH: ASC-free radical oxidoreductase, EC 1.6.5.4), 
dehydroascorbate reductase (DHAR) (GSH: dehydroascorbate oxi-
doreductase, EC 1.8.5.1), GSH reductase (GR) (NADPH: GSH 
disulphide oxidoreductase, EC 1.6.4.2), and catalase (CAT–H2O2: 
H2O2 oxidoreductase, EC 1.11.1.6) were tested according to Locato 
et  al. (2008). Protein measurement was performed according to 
Bradford (1976) using bovine serum albumin as a standard.

Confocal analysis
Cells were layered on glass-slides and quickly closed with cover slips. 
The slides were observed and images were obtained using a Nikon 

Eclipse TE2000-E inverted confocal microscope equipped with the 
EZ-C1 program (Nikon, Tokyo, Japan). Channel series acquisi-
tions and related background subtraction were provided. Images 
(size: 512 × 512) were obtained with a ×40 objective (0.45 Numerical 
Aperture; Nikon). Z-stacks (30 steps for a step size of 0.40 μm) were 
acquired and deconvoluted in three dimensions (3D renders). PSD 
or TIFF-converted pictures were assembled by Adobe Photoshop 
7.0 (Adobe Systems Inc., San Jose, CA), with no color/brightness 
adjustments.

Analysis of glutathionylated proteins
Western blot of total and nuclear proteins (50 and 35 μg per lane, 
respectively) extracted from TBY-2 cells was performed in non-
reducing conditions and in the resence of N-ethyl maleimide (NEM) 
as mainly described by Hill et al. (2010). Extraction buffer contained 
50 mM TRIS, 10 mM EDTA, 1 mM PMSF, 25 mM NEM pH 7.5 
with HCl. Nuclear proteins were extracted by shaking the nuclear 
suspension at a medium-high speed for 30 min at 4 °C in a vortex 
with a tube attachment in the presence of 1% SDS. It was then cen-
trifuged (10 min; 4 °C; 12 000 g), the supernatant was recovered, fro-
zen in liquid nitrogen, and stored at –80 °C.

The total concentration of the extracted proteins was determined 
using a standard Bradford assay (Bradford, 1976). Briefly, a block-
ing step was performed in TBS-Tween with 5% (w/v) non-fat dry 
milk and 2.5 mM NEM for 1 h at room temperature, and probed 
against the anti-glutathione antibody (Virogen, Grater Boston, MA, 
USA) at a dilution of 1:1000 in TBS-Tween overnight at 4 °C, and 
secondary antibody, goat anti-mouse IgG (Bio-Rad, Hercules, CA, 
USA) conjugated to horseradish peroxidase, at 1:15000 in TBS-
Tween for 1 h at room temperature. The detection procedure was 
performed using the Immuno-Star WesternC kit (Bio-Rad, Hercules, 
CA, USA). Image acquisition was made by ChemiDoc MP Imaging 
System (Bio-Rad, Hercules, CA, USA).

Determination of poly ADP-ribosylated proteins
The level of poly ADP-ribosylated proteins was measured by the 
immuno-detection of the poly ADP-ribose chains in protein extracts 
obtained from TBY-2 cells as fully described in Foyer et al. (2008). 
Equal amounts of cell proteins (0.5 mg) were spotted onto a Hybond 
C membrane which was pre-wetted with TBS buffer, and air-dried. 
The blocking step was performed in TBS with 5% (w/v) dried 
skimmed milk and 0.1% (v/v) Tween 20 with gentle agitation for 
1 h. The membrane was then incubated for 1 h with anti-poly(ADP)
ribose antibody (1:2500; Calbiochem, San Diego, CA, USA) and, 
after washing, detected with anti-rabbit IgG alkaline phosphate con-
jugate (Sigma-Aldrich, St Louis, MA, USA) as secondary antibody 
and alkaline phosphatase substrate BCIP-NBT (Sigma-Aldrich, St 
Louis, MA, USA) for 10–30 min until a clear signal was obtained. 
The reaction was stopped by washing the membrane repeatedly with 
ddH2O. Image acquisition and densitometric analysis was made by 
ChemiDoc MP Imaging System and Software (Biorad, Hercules, 
CA, USA).

Statistical analysis
All the results were the means of at least three independent experi-
ments. In each independent experiment, different cell cultures were 
used for ophiobolin A treatments and controls. The data were statis-
tically analysed via Student t test using the Sigma Plot software or 
via ANOVA (Systat Software Inc., San Jose, CA, USA).

Results

The addition of ophiobolin A  in the concentration range 
of 2–5  μM completely blocked the proliferation of TBY-2 
cells (Fig. 1). However, the viability of the TBY-2 cells was 
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unaffected by these concentrations of the toxin (data not 
shown; see also Bury et  al., 2013). The growth and prolif-
eration of TBY-2 had already ceased at 2  μM ophiobolin 
A (Fig. 1). Hence, this concentration was used to investigate 
the mechanism of ophiobolin A  action on cell growth and 
proliferation.

No differences in the sizes of the TBY-2 cells were found 
after treatment with 2  μM ophiobolin A  and the cells had 
similar elongation in the absence or presence of the inhibitor 
(see Supplementary Table S1 at JXB online). By contrast, the 
toxin decreased the mitotic index. The toxin-mediated inhibi-
tion of the mitotic index was evident after 4 h of treatment 
and progressively decreased over the following 24 h (Fig. 2). 
Cytofluorimetric analysis of nuclei isolated from ophiobolin 
A-treated tobacco cells at 24 h showed that fewer cells were 
undergoing mitosis. Moreover, there was a significantly larger 
number of cells at the S/G2 phases and a lower number in G1 
after the ophiobolin A treatment (Fig. 3).

The level of total glutathione (GSH+GSSG) in the TBY-2 
cells increased during proliferation, reaching a maximum 
level on the second day of culture (de Pinto et al., 1999). After 
this point, the glutathione contents of the cells expressed 
on a fresh weight basis progressively decreased in control 
cells (Fig. 4). There was no decrease in total glutathione in 
ophiobolin A-treated cells after the second day of culture, the 
content of which remained at the maximum level for 48 h fol-
lowing the start of the treatment with the toxin (Fig. 4). The 
redox state of the glutathione pool (GSH/GSH+GSSG) did 
not change significantly in either the control or the treated cells 
over the course of the treatment (Fig. 4C). Indeed, the abun-
dance of the oxidized form, glutathione disulphide (GSSG), 
relative to reduced glutathione (GSH) was unchanged and 
was maintained at very low levels following the application 
of the toxin. Therefore, the glutathione pool was higher in 
ophiobolin-treated cells compared with control cells (Fig. 4).

Total ascorbate (ASC+DHA) also increased during the 
TBY-2 cell culture, reaching maximum levels on the same day 

as the increase in the glutathione pool (data not shown, de 
Pinto et al., 1999). Similar to glutathione, the total ascorbate 
content progressively decreased after the second day of cul-
ture in control cells (Fig.4B). When TBY-2 cells were treated 
with ophiobolin on the second day of culture, the total ascor-
bate level decreased with time. However, ascorbate levels 
remained higher than those of control cells over the course of 
the treatment (Fig. 4B). Moreover, ophiobolin A  treatment 
led to an increase in the oxidized form of ascorbate (DHA). 
Therefore, after 120 h of ophiobolin treatment, the ascorbate 
redox state (ASC/ASC+DHA) had decreased (Fig. 4D).

In order to evaluate whether ophiobolin A  changes the 
redox defence mechanisms of the tobacco cells, the levels 
of hydrogen peroxide and the activities of the ASC–GSH 
cycle enzymes and catalase (CAT) were measured (Fig.  5). 
Ophiobolin A treatment did not induce marked increases in 

Fig. 1.  Effect of ophiobolin A treatments on TBY-2 cell growth. Two 
days after the inoculation of TBY-2 cells in new culture medium (see 
the Materials and methods for details) the cells were treated with 
different concentrations of ophiobolin A. The growth of the cell culture 
was monitored measuring optical density (OD) at 600 nm over time. 
The reported values are the means of three independent experiments 
±standard deviation. Asterisks indicate the values that are statistically 
different from the relative controls (Student’s t test, P <0.05).

Fig. 2.  Effect of ophiobolin A on mitotic index. The percentage of 
TBY-2 cells undergoing mitosis was evaluated at different time from 
inoculation day (day 0) to stationary phase (day 8). After 2 d of culture, 
cells were treated with 2 μM ophiobolin A. The first analysis of mitotic 
index was evaluated after 4 h (see the Materials and methods for details). 
The reported values are the means of three independent experiments 
±standard deviation. Asterisks indicate the values that are statistically 
different from the relative controls (Student’s t test, P <0.05).

Fig. 3.  Effect of ophiobolin A on the TBY-2 cell cycle. Nuclei were isolated 
from control and treated TBY-2 cells after 24 h of ophiobolin A treatment. 
The percentages of nuclear population in G1 versus G2/S 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 relative controls (Student’s t 
test, P <0.05).
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the cellular hydrogen peroxide content (data not shown, see 
also Bury et. al., 2013). The activity of ascorbate peroxidase 
(APX), an important plant enzyme involved in hydrogen 
peroxide scavenging, was decreased in ophiobolin A-treated 
cells 24 h after the start of the treatment (Fig.  5A). At the 
same time CAT activity had also decreased in the treated cells 
(Fig.5B). No changes in the activities of mono-dehydroascor-
bate reductase (MDHAR) and dehydroascorbate reductase 

(DHAR), the enzymes responsible for reducing to ASC the 
oxidized forms monodehydroascorbate and dehydroascor-
bate, respectively, were observed in cells treated with ophiobo-
lin A  (Fig. 5C, D). However, the toxin induced an increase 
in the activity of glutathione reductase (GR), the enzyme 
involved in the reduction of GSSG to GSH (Fig. 5D).

Early in the cell proliferation cycle, an increase in the pro-
portion of GSH in the nucleus relative to the cytosol has been 

Fig. 4.  Effect of ophiobolin A on the glutathione and ascorbate pools. Total glutathione (A) and total ascorbate (B) contents were quantified in control 
and ophiobolin A-treated cells. Cell glutathione and ascorbate redox state were determined as described in the Material and Methods and shown in (C) 
and (D), respectively. The reported values are the means of three independent experiments ±standard deviation. Asterisks indicate the values that are 
statistically different from the relative control (Student’s t test, P <0.05).

Fig. 5.  Redox enzyme activities. Ascorbate peroxidase (A), catalase (B), monodehydroascorbate reductase (C), dehydroascorbate reductase (D) and 
glutathione reductase (E) activities were quantified at 24 h from the treatment in control and ophiobolin-treated cells. The reported values are the means of three 
independent experiments ±standard deviation. Asterisks indicate the values that are statistically different from the relative control (Student’s t test, P <0.05).
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reported in animal and plant cells (Pellny et al., 2009; Vivancos 
et  al., 2010). GSH was found mainly in the nuclei of the 
TBY-2 cells during the first 2 d of cell culture growth, which 
corresponds to the period of maximum proliferative activity 
(Table 1; Fig. 6A). Thereafter, GSH was mainly detected in 
the cytoplasm of the TBY-2 cell, during the period when cells 
had stopped dividing (Fig. 6B, C; see Supplementary Fig. S2 
at JXB online). At the stationary phase (8 d after the start of 
culture growth; Table 1) GSH was again mainly localized in 
the nuclei of the TBY-2 cells. Following ophiobolin A treat-
ment, GSH was localized largely in the nuclei over the whole 
period of study (Fig. 6D, E, F). The intracellular distribution 
of GSH was clearly established by confocal studies (Fig. 7, 
see Supplementary Fig. S3 at JXB online).

Glutathione can interact with protein thiol groups in thiol–
disulphide exchange and glutathionylation reactions. Protein 
glutathionylation is a post-translational protein modification 
that may be involved in the regulation of enzyme activities 
and cell signalling (Zaffagnini et al., 2012). In order to deter-
mine whether ophiobolin A alters protein glutathionylation, 
the number and composition of the glutathionylated proteins 
were analysed in total cell and nuclear extracts of TBY-2 cells 
in the absence or presence of the toxin. A greater number of 
glutathionylated proteins were detected in the isolated nuclei 
than in the whole cell extracts (Fig. 8). More proteins were 
glutathionylated in ophiobolin A-treated cell extracts than 

in untreated controls. By contrast, the intensity of glutath-
ionylated nuclear proteins and also the number of glutath-
ionylated proteins was decreased as a result of ophiobolin 
treatment (Fig. 8).

The abundance of ADP-ribosylated proteins was also 
determined in the absence or presence of the toxin. The 
number of poly-ADP ribosylated proteins changed over 
the period of cell growth period with a maximum number 
observed at the beginning of the exponential phase (Fig. 9). 
The presence of ophiobolin A prevented this increase in the 
number of poly ADP-ribosylated proteins (Fig. 9).

Discussion

Cellular redox homeostasis is crucial to cell functions, partic-
ularly proliferation (de Pinto et al., 1999; Pellny et al., 2009; 
Vivancos et al., 2010; Chiu and Dawes, 2012). Low molecu-
lar weight antioxidants such as ascorbate and glutathione are 
key components of this regulation in plant and animal cells 
(de Pinto et al., 1999; Pellny et al., 2009; Vivancos et al., 2010; 
Chiu and Dawes, 2012). Ophiobolin A alters the metabolism 
of these two redox couples but in different ways. It appears 
that ophiobolin A does not increase ROS production or accu-
mulation because the measured hydrogen peroxide levels were 
similar in the cells and in the culture medium, in the pres-
ence or absence of the toxin (Bury et  al., 2013). While the 

Table 1.  Percentage of TBY-2 cells showing storage of GSH in nuclei

Cells in the second day of cell cultures were treated with 2 μM ophiobolin A. The percentage of cells showing the presence of GSH within the 
nuclei was measured over time. The values are the means of three independent experiments ±standard deviation. In each experiment at least 
500 cells were counted. Asterisks indicate the values that were statistically different form the relative control (Student’s t test, P <0.05).

Treatment time (h)

4 24 48 72 144

Number of cells with nuclear GSH localization (%)
Control 98 ± 3 4 ± 1 3 ± 1 6 ± 3 90 ± 7
Ophiobolin A 97 ± 3 95 ± 5* 80 ± 10* 85 ± 12* 92 ± 5

Fig. 6.  GSH portioning in TBY-2 cells in control and ophiobolin A-treated TBY-2 cells. Representative images of TBY-2 cells after 4 h of treatment (A, 
control cells; D, ophiobolin-treated cells), after 48 h of treatment (B, control cells; E, ophiobolin-treated cells), and after 72 h of treatment (C, control cells; 
F, ophiobolin-treated cells).
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possibility cannot be excluded that ROS production and/or 
levels might be changed at a sub-cellular level in specific local-
ized cellular compartments in response to the presence of 
the toxin, APX and CAT activities were decreased in treated 
cells, again suggesting that the toxin did not increase ROS 
production. Similarly, there were no changes in the activities 
of the ASC recycling enzymes MDHAR and DHAR and 
a decrease in the ASC redox state was only significant after 
120 h of treatment (Figs 4D, 5). However, in the presence of 
ophiobolin A, the cells increased their capacity to maintain 
the glutathione pool in the reduced state, since there was a 
significant increase in GR activity and the glutathione pool 
was largely present in the reduced form over the duration of 
the treatment and analysis (Figs 4C, 5). This observation sug-
gests that GSH may be the main factor in the responses acti-
vated by the toxin.

Glutathione accumulates in the nuclei early in the cell cycle, 
where it fulfils key protective roles (García-Giménez et  al., 
2013). Even in yeast, GSH protects the nucleus against oxida-
tive damage, maintains genome stability, and facilitates tran-
scriptional responses (Hatem et al., 2014). The data presented 
here demonstrate that the presence of the toxin ophiobolin 
A leads to arrest of the cell cycle at the S/G2 phases in TBY-2 
cell cultures and causes retention of GSH within the nucleus 
(Figs 3, 7; see Supplementary Fig. S3 at JXB online).

In an earlier study, it was demonstrated that the presence 
of ophiobolin A led to the programmed cell death (PCD) of 
TBY-2 cells when the toxin was added at concentrations of 
10 μM or higher (Bury et al., 2013). Ophiobolin A-triggered 
PCD was considered to be part of the overall defence response 

elicited by the presence of the toxin (Bury et al., 2013). While 
lower ophiobolin A concentrations did not cause PCD, they 
led to a growth arrest in the tobacco cell cultures without 
adversely affecting cell viability (Bury et al., 2013). The data 
presented here confirm that low concentrations of ophiobolin 
A block the cell cycle without affecting cell viability (Fig. 1). 
Moreover, ophiobolin A-triggered cell cycle arrest occurred 
before the cells enter mitosis, since mitotic index (i.e. the per-
centage of the dividing cells) was significantly decreased in 
the hours following the addition of ophiobolin A. The data 
presented here suggest that the toxin arrests the cell cycle at 
the S/G2 phases when the TBY-2 cells continue to grow and 
the nuclear chromosomes are duplicated before mitosis (Figs 
2, 3). This inhibition occurred even though a large proportion 
of the cellular glutathione pool was localized in the nucleus, 
suggesting that GSH could not protect the cell cycle against 
ophiobolin A-mediated inhibition.

The total amount of glutathione increased progressively in 
the TBY-2 cells during the lag phase and at the beginning 
of exponential phase of growth, when mitotic activity of the 
cells cultures is higher (de Pinto et al., 1999). The glutathione 
levels then decreased reaching the lowest values during the 
stationary phase of cell culture, in agreement with previous 
measurements made in Arabidopsis and tobacco (de Pinto 
et  al., 1999; Pellny et  al., 2009; Fig.  4A). The presence of 
ophiobolin A  led to a change in the pattern of glutathione 
accumulation during cell proliferation (Fig. 4A). While glu-
tathione levels increased in the TBY-2 cells during the lag 
phase and the exponential phase of growth, the toxin blocked 
the decrease in glutathione associated with the partitioning 

Fig. 7.  Nuclear GSH localization. Cells were harvested at different times and layered onto glass-slides for EZ-C1 acquisition. Images were collected at 
0.40 μm intervals with the 488 laser to create a z-stack. The z-stack render of an ophiobolin A-treated cell at 48 h from the treatment is displayed as a 
representative image. Note the specific fluorescence inside the nucleus as shown in the picture (magnification: ×400). (A representative gallery mode is 
shown in Supplementary Fig. S3 at JXB online).
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of the antioxidant between the daughter cells and also the 
re-distribution between nucleus and cytoplasm that is associ-
ated with the stationary phase. These data presented here not 
only confirm that GSH is localized in the nucleus during the 
early stages of cell proliferation in eukaryotic cells but they 
also provide further evidence that that nuclear localization of 
glutathione is determined by cell cycle progress because GSH 
is retained in the nucleus when the cell cycle is arrested at the 
S/G2 phases by ophiobolin A (Figs 6, 7; see Supplementary 
Fig. S3 at JXB online; Table  1). A  more in-depth study is 

required to characterize the sub-cellular localization of 
GSH in the different cytoplasmic compartments in more 
detail. Nevertheless, our data provide evidence that at least 
part of the glutathione pool is present in the vacuole (see 
Supplementary Fig. S2 at JXB online). The vacuolar pool of 
glutathione is known to be important in regulating the redox 
state of the cytosol (Noctor et  al., 2014). The presence of 
glutathione in the vacuole could also be related to increased 
glutathione turnover as well as to the role of GSH in glu-
tathione-S-transferase-dependent detoxification pathways. 
The vacuolar uptake of reactive and secondary metabolites 
that have been conjugated to GSH is important in degrada-
tion and detoxification reactions occurring in this cellular 
compartment (Foyer and Noctor, 2009; Noctor et al., 2014).

The data presented here show that ophiobolin A  leads 
to the arrest of the cell cycle at the S/G2 phases in TBY-2 
cells but does not lead to changes in the glutathione redox 
state (Figs 3, 4, 6; Table 1). These data also suggest that the 
mechanisms that facilitate GSH transport and sequestration 
in nuclei are activated and deactivated in response to cell 
cycle checkpoints, as has been suggested in mammalian cells 
(Pallardó et  al., 2009). Alterations in the redox control of 
these checkpoints in animals have been linked to the abnor-
mal proliferative activity of cancer cells, although the concept 
of a ‘constitutive’ decrease in cellular redox potential remains 
to be substantiated (Hoffman et al., 2008). The pore-form-
ing Bcl2 protein may be involved in GSH fluxes between the 
nucleus and cytoplasm in animals (Voehringer et al., 1998). 
While Bcl2 proteins do not exist in plant genomes, Bcl-2-
associated athanogenes such as BAG 6, which encodes for 
a calmodulin-dependent nuclear protein, might be involved 
in nuclear GSH transport (Vivancos et  al., 2010). While 
ophiobolin A is a calmodulin antagonist (Au et al., 2000), the 
toxin did not prevent GSH accumulation in the nuclei during 
proliferation.

The data presented here indicate that the patterns of pro-
tein glutathionylation, particularly in the nuclei, were modi-
fied in the presence of ophiobolin A, suggesting that the 
toxin may alter GSH functions in the nuclei and cytosol dur-
ing cell cycle progression (Fig. 8). The glutathionylation of 
nuclear proteins appears to be inhibited in the toxin-treated 
cells despite the presence of GSH in the nucleus (Fig. 8). The 
functions of glutathionylation are largely unknown (Klatt 
and Lamas, 2000) but this post-translational modification 
may protect proteins from oxidation or preserve the GSH 
pool in the presence of ophiobolin A. Glutathionylation of 
proteins may also be involved in the regulation of cell cycle 
progression. The glutathionylation of Jun, a component of 
the transcription factor AP-1 in mammalian cells, is involved 
in cell proliferation (Klatt et al., 1999). This process regulates 
the ability of these proteins to bind DNA leading to changes 
in gene expression of cyclin D1 (Klatt et  al., 1999). Site-
specific glutathionylation can also inhibit mitogen-activated 
protein kinases (Cross and Templeton, 2004). It has recently 
been demonstrated that histone H3 glutathionylation destabi-
lizes the nucleosomal structure of mammalian cells, impair-
ing cell cycle progression (García-Giménez et al., 2013). It is 
possible that the alterations in ophiobolin A-induced protein 

Fig. 9.  Effects of ophiobolin A on poly ADP-ribosylated proteins. The 
level of poly-ADP-ribosylated proteins was measured in control and 
ophiobolin A-treated cells over time. The reported values are the means 
of three independent experiments ±standard deviation. An ANOVA test 
was performed in order to identify differences both over time and between 
treatments. Different letters indicate the values that are statistically different 
(P <0.05).

Fig. 8.  Effects of ophiobolin A on glutathionylation of cellular and nuclear 
proteins. Representative Western blotting showing glutathionylated 
proteins extracted from whole cells (A) and nuclei (B) from control and 
2 μM ophiobolin A-treated cells after 24 h of treatment. The same 
behaviour has been observed in another two independent experiments. 
See the Materials and methods for details. C, Control; OPH, ophiobolin 
A treatment.
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glutathionylation reported here (Fig.  8) might be linked to 
the regulation of cell cycle progression in a similar manner. 
The observed alteration in the activity of PARPs, which are 
enzymes transferring ADP-ribose groups from NAD+ to 
nuclear proteins (Liang et al., 2013; Robu et al., 2013) might 
also suggest that nuclear metabolism is disrupted by sub-
lethal concentrations of ophiobolin A. It has previously been 
observed that PARP activity increased during the prolifera-
tion of Arabidopsis cells and that the increase in PARP activ-
ity correlates with the cellular GSH content (Pellny et  al., 
2009). PARP activity, measured by the abundance of poly-
ADP ribosylated proteins, was also increased at the begin-
ning of the exponential phase in the TBY-2 cells together 
with the increase in glutathione content. Ophiobolin A treat-
ment decreased the abundance of poly-ADP ribosylated pro-
teins in the TBY-2 cells (Fig. 9). PARPs are involved in DNA 
repair processes and their activation is required when cells 
are dividing (Pellny et  al., 2009). The observed decrease in 
the abundance of poly-ADP ribosylated proteins may, there-
fore, reflect the impaired replication of DNA in ophiobolin 
A-treated cells.

Taken together, the findings reported here not only dem-
onstrate that ophiobolin A  leads to cell cycle arrest at the 
S/G2 phases but they also provide further evidence of  the 
underpinning cross-talk between glutathione and associated 
redox regulation in the control of  cell cycle progression. The 
findings apply to the effects of  the toxin in plant cells but it is 
likely that ophiobolin A has a similar mechanism of action 
in animal cells. Moreover, the action of  the toxin provides 
further evidence linking nuclear glutathione to cell cycle 
control.

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Table S1. TBY-2 cell size was monitored 

during the culture period under control and ophiobolin 
A treatment conditions.

Supplementary Fig. S1. Ophiobolin A structure.
Supplementary Fig. S2. A representative confocal image of 

TBY-2 control cells at 48 h after treatment.
Supplementary Fig. S3. A confocal study of control and 

ophiobolin A-treated cells was performed and a representa-
tive gallery mode (all the images in a single display) is reported 
for an ophiobolin A-treated cell at 48 h after treatment.
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