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      Abstract
 The half-cell reduction potential of the glutathione disulphide (GSSG)/glutathione (GSH) redox couple appears to 
correlate with cell viability and has been proposed to be a marker of seed viability and ageing. This study investigated 
the relationship between seed viability and the individual half-cell reduction potentials ( E  i s) of four low-molecular-
weight (LMW) thiols in  Lathyrus pratensis  seeds subjected to artifi cial ageing: GSH, cysteine (Cys), cysteinyl-glycine 
(Cys-Gly) and   γ  -glutamyl-cysteine (  γ  -Glu-Cys). The standard redox potential of   γ  -Glu-Cys was previously unknown and 
was experimentally determined. The  E  i s were mathematically combined to defi ne a LMW thiol-disulphide based redox 
environment ( E  thiol-disulphide ). Loss of seed viability correlated with a shift in  E  thiol-disulphide  towards more positive values, 
with a LD 50  value of  � 0.90  �  0.093 mV M (mean  �  SD). The mathematical defi nition of  E  thiol-disulphide  is envisaged as a step 
towards the defi nition of the overall cellular redox environment, which will need to include all known redox-couples.   

Keywords:  Cysteine  ,   cysteinyl-glycine  ,    γ -glutamyl cysteine  ,   glutathione  ,   thiol-disulphide redox environment 

  Abbreviations:  AsA, ascorbic acid; bis-  γ  -Glu-Cys, bis-  γ  -glutamyl-cystine; Cys-bis-Gly, cystinyl-bis-glycine; Cys-Gly, 
cysteinyl-glycine; DHA, dehydroascorbic acid; DHDT, 4,5-dihydroxy-1,2-dithiane; DTT, dithiothreitol; DW, dry weight; 
E cystine/2 Cys , half-cell reduction potential of the cysteine/cystine redox couple;  E  Cys-bis-Gly/2 Cys-Gly , half-cell reduction potential 
of the cysteinyl-glycine/cystinyl-bis-glycine redox couple;  E  bis- γ -Glu-Cys/2  γ -Glu-Cys , half-cell reduction potential of the   γ  -glutamyl-
cysteine/bis-  γ  -glutamyl-cystine redox couple;  E  GSSG/2 GSH , half-cell reduction potential of the glutathione/glutathione disulphide 
redox couple;  E  i , half-cell reduction potential of an individual low-molecular-weight thiol/disulphide redox couple;  E  thiol-disulphide , 
the LMW thiol-disulphide redox environment, calculated by combining the  E  i s of the investigated four individual thiol-disulphide 
redox couples;   γ  -Glu-Cys,   γ  -glutamyl-cysteine; GSH, glutathione (  γ  -glutamyl-cysteinyl-glycine); GSSG, glutathione disulphide; 
LD 50 , value for an  E  i  that was lethal for half of the seed population; LMW, low-molecular-weight; NEM, N-ethylmaleimide; 
PCA, principal component analysis; PCD, programmed cell death; ROS, reactive oxygen species; TG, total germination; 
WC, water content       
  Introduction 

 The tripeptide   γ  -L-glutamyl-L-cysteinyl-glycine (glu-
tathione; GSH) is the most abundant low-molecular-
weight (LMW) thiol in cells and is con sidered to 
be a major cellular redox buffer [1]. Glutathione 
homologues are found in certain plant families, such as 
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homoglutathione (  γ  -L-glutamyl-L-cysteinyl-  β  -alanine) 
in the Leguminosae family [2], all of which share the 
common feature of a   γ  -glutamyl-cysteinyl moiety. 
Glutathione is an antioxidant that can directly scav-
enge reactive oxygen species (ROS), is involved in 
the reduction of lipid peroxides as a co-substrate 
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for glutathione peroxidase (EC 1.11.1.9; glutathione: 
hydrogen peroxide oxidoreductase) [3] and partici-
pates in redox signalling [4 – 7]. Glutathione can revers-
ibly form mixed protein disulphides with cysteine 
(Cys) residues of proteins, in a process known as 
glutathiony lation [8]. Under conditions of oxidative 
stress, glutathionylation prevents the irreversible for-
mation of inter- and intramolecular disulphide bridges 
which can disrupt protein structure and function [4]. 
Glutathionylation also occurs under non-stressful 
conditions and is likely to regulate protein function 
in cellular response pathways [9]. Other roles of GSH 
include the sequestration of heavy metals and xeno-
biotics. Many of its functions involve the oxidation of 
GSH to GSSG, which is reduced back to GSH by 
glutathione reductase (EC 1.8.1.7; glutathione: 
NADP+   oxidoreductase) using NADPH as a reduc-
tant [10]. 

 The GSH biosynthesis pathway appears to be the 
same in all organisms and occurs via two ATP-depen-
dent steps. The fi rst, catalysed by   γ  -glutamate-cysteine 
(  γ  -Glu-Cys)  ligase [formerly,   γ  -glutamyl-cysteine syn-
thetase; EC 6.3.2.2; L-glutamate: L-cysteine    γ  -ligase 
(ADP-forming)], forms   γ  -Glu-Cys and the second, 
catalysed by GSH synthase [EC 6.3.2.3;   γ  -L-glutamyl-
L-cysteine:glycine ligase (ADP-forming)], forms GSH 
[3,11]. The degradation pathway is less well-charac-
terized;   γ  -glutamyl transferases [formerly,   γ  -glutamyl 
transpeptidases; EC 2.3.2.2; (5-L-glutamyl)-peptide: 
amino-acid 5-glutamyltransferases] are the only 
enzymes capable of cleaving the unique   γ  -Glu-Cys 
peptide bond. In animal cells these enzymes are 
bound to the external cell membrane and GSH is 
exported from the cell and hydrolysed extracellu-
larly. The resulting cysteinyl-glycine (Cys-Gly) dipep-
tide is hydrolysed by extracellular Cys-Gly dipeptidases 
(EC 3.4.11.2) and the free amino acids are trans-
ported into the cell where they can be used in GSH 
synthesis. This set of reactions is known 
as the   γ  -glutamyl cycle [11 – 13]. Evidence for 
this pathway of GSH degradation exists in plants 
[11], but may be restricted to the apoplast or vacuole 
[14]. In the cytosol GSH catabolism occurs via a   
γ  -glutamyl transferase-independent pathway, initi-
ated by   γ  -glutamyl cyclotransferase [EC 2.3.2.4; 
(  γ  -L-glutamyl)-L-amino-acid   γ  -glutamyltransferase 
(cyclizing)] [14]. 

 The sensitivity of the thiol group to oxidation 
has led to the use of the GSH redox state as an indi-
cator of oxidative stress within cells [1]. Oxidative 
stress arises as a result of ROS accumulation due 
to increased ROS formation or decreased ROS 
scavenging capacity. The  ‘ Free Radical Theory of 
Ageing ’  states that the decline in function of an 
organism during ageing and the onset of age-related 
disorders is due to the accumulation of oxidative 
damage [15]. Ageing is often studied in humans and 
animals. However, plant seeds are equally good 
models in which to investigate the process of ageing. 
Seed can be artifi cially aged through exposure to 
elevated temperature and humidity [16] and the 
mechanisms of cell ageing, some of which may 
be similar in all aerobic organisms, can be studied 
without the need for animal experiments. 

 The majority of plant seeds, including those of the 
legume  Lathyrus pratensis , are desiccation tolerant 
(termed  ‘ orthodox ’ ) [17] and equilibrate with ambi-
ent humidity during  ‘ maturation drying ’ . Conse-
quently, the seed water content (WC) falls 
dramatically, which slows or stops metabolic activity 
within the seed and decreases the probability of 
metabolic ROS production. With decreasing water 
availability, the seed enters a state of suspended 
animation in which it can survive for long periods of 
time in the range from tens of years to decades. 
Nonetheless, seeds deteriorate over time and the 
products of ROS-induced damage such as oxidized 
proteins [18], inter-nucleosomal DNA fragmentation 
[19 – 22] and 4-hydroxynonenal formed through lipid 
peroxidation [23] are considered to be hallmarks of 
seed ageing and viability loss. Antioxidants such as 
GSH, ascorbate (AsA) and tocopherols scavenge 
ROS and protect against oxidative stress [3,6,7]. In 
desiccated orthodox seeds GSSG/2 GSH is the pre-
dominant antioxidant redox couple. In hydrated seeds 
and other hydrated plant tissues (such as leaves) 
AsA is present at high concentrations [3], whereas 
the dehydroascorbate (DHA)/AsA couple is appar-
ently degraded during seed maturation drying 
[24 – 27]. In dry biological systems such as orthodox 
seeds, the concentrations of GSSG rise with storage 
time [8], indicative of ROS scavenging by GSH 
and its oxidation to GSSG in conjunction with the 
failure to re-reduce GSH. The resulting increase 
in the GSSG/GSH ratio leads to a shift in the half-
cell reduction potential of the GSSG/2 GSH redox 
couple ( E  GSSG/2 GSH ) to more positive values. This 
shift has been associated with loss of seed viability 
[21,28,29]. 

 In addition to GSH, but usually at lower concen-
trations, most eukaryotic cells contain other LMW 
thiols such as Cys, Cys-Gly and   γ  -Glu-Cys [30]. 
Together with GSH these LMW thiols represent 
the major source of non-protein sulphur in cells and 
due to their nucleophilic thiol group all are highly 
reducing and readily participate in redox reactions. 
It is possible that the half-cell reduction potentials 
of these LMW thiol-disulphide redox couples also 
correlate with the physiological state of cells and 
tissues, but their contribution to the seed ageing pro-
cess has not been investigated hitherto. Changes in 
 E  GSSG/2 GSH  have been proposed to act as a signal for 
the initiation of programmed cell death (PCD), in 
which nanoswitches [1] between LMW thiols and 
protein thiols could activate (meta)caspases [21]. 
Other LMW thiols could act in the same way 
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and hence contribute to the induction of PCD 
responses. 

 In this paper, the concentrations of GSH, Cys, 
Cys-Gly and   γ  -Glu-Cys and their corresponding 
disulphides [i.e. GSSG, cystine, cystinyl-bis-glycine 
(Cys-bis-Gly) and bis-  γ  -glutamyl-cystine (bis-  γ  -
Glu-Cys)] were determined during ageing of  
Lathyrus pratensis  seeds and used along with standard 
reduction potentials to calculate the half-cell reduc-
tion potentials for each individual redox couple ( E  i ) 
according to the Nernst equation. The standard redox 
potentials of Cys, Cys-Gly and GSH have been 
previously reported, but that of   γ  -Glu-Cys was deter-
mined experimentally and reported for the fi rst time 
in this study. We present evidence that distinct  E  i  
zones specifi c to each redox couple can be defi ned 
at which half of the seed population was dead (LD 50 ). 
A zone of the mathematically determined  E  thiol-disulphide  
is also presented that correlates with LD 50 .   

 Materials and methods  

 Seed material, ageing treatment and 
sample preparation 

 Seeds of  L. pratensis  were purchased from B&T 
World Seeds (France). Physical dormancy was 
removed by chipping the seed coat. Seeds were equil-
ibrated to a WC of 12% over non-saturated lithium 
chloride in tightly sealed boxes (60% relative humid-
ity) at 20  �  1 ° C for  ∼ 5 weeks. Water contents were 
evaluated on a fresh weight (FW) basis. The dry 
weight (DW) was determined after heating at 103 ° C 
for 17 h and WC calculated using equation (1): 
 
WC
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 Following equilibration, seeds were aged in sealed 
bottles at 50 ° C for 0, 5 and 10 weeks. Seed viability 
was assessed by germination tests on agar (1% (w/v)) 
at 25 ° C with an 8 h day (warm, white fl uorescent 
light, 15  μ mol/m 2 /s)/16 h night cycle. Germination, 
defi ned as radical emergence of at least 2 mm, was 
scored until either all seeds had germinated or started 
to decompose. At intervals during ageing, seed sam-
ples were frozen in liquid nitrogen. The samples were 
then freeze-dried for at least 5 days in order to remove 
water through sublimation and thereby prevent 
unwanted redox reactions during storage (at  � 70 ° C 
prior to extraction) and during grinding. Throughout 
the study, analyses were conducted in parallel on (1) 
30  ‘ single seed ’  replicates and (2) four replicate  
‘ populations ’ , each consisting of pooled samples of 
15 seeds. This approach was taken to assess the level 
of seed-to-seed variation within pooled samples and 
to determine whether there are signifi cant differences 
between results obtained from analysis of single seeds 
compared to that of pooled samples [31,32]. Freeze-
dried samples for population studies were ground 
to a fi ne powder in a liquid-nitrogen cooled Tefl on 
container using a laboratory mill (Retsch MM200). 
The powder was stored at  � 70 ° C in humidity-proof 
vials until use. Dry seeds for single seed studies were 
ground in liquid nitrogen with mortar and pestle 
immediately prior to LMW thiol-disulphide extraction.   

 HPLC analysis of LMW thiols and disulphides 

 Cysteine, Cys-Gly,   γ  -Glu-Cys, GSH and their 
corresponding disulphides were extracted on ice in 
0.1 M HCl from freeze-dried, fi nely-ground seed 
material and separated by reversed-phase HPLC 
(Jasco) [33]. Briefl y, this assay uses fl uorescence 
labelling of thiols by monobromobimane.  ‘ Total ’  thiol 
and disulphide concentrations (e.g. GSH  �  GSSG) 
were determined after reduction of disulphides by 
dithiothreitol (DTT). For determination of disulphi-
des, thiol groups were blocked with  N -ethylmaleimide 
(NEM). Excess NEM was removed and the remain-
ing disulphides were reduced with DTT and analysed 
as above. The GSH homologue, homoglutathione 
(  γ  -glutamyl-cysteine-  β  -alanine), found in some Legu-
minosae [2], was not detected.   

 Half-cell reduction potentials of LMW thiols 
and E thiol-disulphide  

 Each redox couple forms an electrochemical half-cell, 
the reduction potential of which can be estimated. 
The half-cell reduction potential determines the volt-
age of the electrochemical cell using the concentra-
tions of thiols and disulphides, taking into account 
deviations from standard conditions in terms of pH 
and temperature. The Nernst equation modifi ed for 
Figure 1.     Accelerated ageing of  Lathyrus pratensis  seeds caused loss 
of viability, assessed by a drop in total germination (TG). Open 
symbols show TG of non-aged seeds (controls;  ‘ 0 weeks ’ ) over a 
time course of germination testing on 1% agar. Grey and black 
symbols represent seeds that had been aged for 5 and 10 weeks, 
respectively. Data represent means  �  SD ( n   �  4 replicates of 15 
seeds per ageing treatment).  
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determining the  E  i  of a LMW thiol redox couple is 
shown below (equation 2), along with the half-cell 
reaction (equation 3) [1]. 
 

E E
RT
ni

0
2

F
In

[LMW thiol]
[LMW disulphide]

� �
,

 
(2) 

 2LMW thiol → LMW disulphide � 2H� � 2e� (3) 
 Where  R  is the gas constant (8.314 J/K/mol);  T , 
temperature in K;  n , number of transferred electrons; 
F, Faraday constant (9.6485  �  10 4  C/mol);  E  0 ’  , 
standard half-cell reduction potential of a thiol-
disulphide redox couple at pH 7. Values used for 
 E  0 ’   GSSG/2 GSH ,  E  0 ’   Cys-bis-Gly/2 Cys-Gly  and  E  0 ’   cystine/2 Cys  
were  – 240 mV [34],  – 226 and  – 226 mV [35], respec-
tively. As the WC represents the mass of water as a 
  Figure 2.     Ageing of  Lathyrus pratensis  seeds correlated with a decrease in the concentrations of LMW thiols (white bars) and an increase 
in their corresponding LMW disulphides (black bars). On the abscissas,  ‘ 0 ’ ,  ‘ 5 ’  and  ‘ 10 ’  weeks relate to 93%, 23% and 8% germination, 
respectively. (A – D) seed populations (means  �  SD;  n   �  4 replicates of 15 seeds per ageing treatment); (E – H) single seeds (means  �  SD; 
 n   �  30 individual seeds per ageing treatment). (A and E) GSSG/2 GSH; (B and F)   γ   - Glu-Cys/2   γ  -Glu-Cys; (C and G) Cys-bis-Gly/2 
Cys-Gly; (D and H) cystine/2 Cys (left ordinates). Lines and open circles represent half-cell reduction potentials (right ordinates).  
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  E  thiol-disulphide   �   E  GSSG/2 GSH   �  [GSH]  
�  E  bis -  γ -Glu-Cys/2  γ -Glu-Cys   �  [  γ  -Glu-Cys] 
 �   E  Cys-bis-Gly/2 Cys-Gly   �  [Cys-Gly]
 �  E  cystine/2 Cys   �  [Cysteine]  (7)
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percentage of the seed FW, the density of water 
( ∼ 1 g/mL) and the seed FW can be used to calculate 
the volume of water in the seed that is available 
for dissolution. Hence, the molar concentrations 
of LMW thiols and disulphides can be estimated. 
Whilst freeze-drying removes almost all water, some 
water will remain tightly bound to macromolecules 
(water sorption zone 1). However, this tightly 
bound water is not available for dissolution of solutes 
such as LMW thiols and disulphides and was there-
fore disregarded for the estimation of the volume 
of water used for calculating molar concentrations. 

 The biological standard redox potential (pH 7) 
of the bis-  γ  -Glu-Cys /  2    γ  -Glu-Cys redox couple 
( E  bis- γ -Glu-Cys /  2   γ -Glu-Cys ) was determined in this study. 
Direct measurement of  E  i  by standard electrochemi-
cal methods is not possible due to formation of 
stable metal-thiolate complexes at electrode surfaces. 
Here, the  E  bis- γ -Glu-Cys /  2   γ -Glu-Cys  was determined 
indirectly as previously described for other redox 
couples [36] by measuring the equilibrium constants 
for the reaction between the cystine/2Cys and 
4,5-dihydroxy-1,2-dithiane (DHDT;  ‘ oxidized 
DTT ’ )/DTT redox couples, for which the  E  i s are 
known. Bis-  γ  -Glu-Cys (1  μ M) was incubated for 3 h 
at 30 ° C in CHES buffer, with 10  μ M cystine or DTT 
and different concentrations of Cys or DHDT 
(10  μ M – 500 mM). At the end of the reaction, the 
samples were treated with 0.1 M HCl to prevent any 
subsequent redox reactions. The analysis of thiols 
and their corresponding disulphides was performed 
as above. The equilibrium constant ( K  eq ) was calcu-
lated according to equation (4) [36]: 
  F  e   �  ([Cys] 2 /[cystine])/( K  eq   �  ([Cys] 2 /[cystine])) (4) 
 where  F  e  is the ratio of bis-  γ  -Glu-Cys to   γ  -Glu-Cys 
at equilibrium. The standard redox potential was 
calculated using equation (5) (shown here for the 
cystine/2 Cys couple only) using biological standard 
redox potentials (pH 7) of  – 226 mV and  – 327 mV 
for the cystine/2 Cys and DHDT/DTT redox 
couples, respectively [35,37]. 
  E  0 ’   bis- γ -Glu-Cys/2  γ -Glu-Cys   �   E  0 ’   cystine/2 Cys   –  ( RT /2F) ln  K  eq (5)
   The  E  thiol-disulphide  was calculated using equation 
(6) [1] by summing the products of the  E  i s and 
reducing capacities of the four couples, as shown in 
equation (7). 
 Ethiol-disulphide � 
i 1�

∑
n(couple)

Ei � [reduced speciesi]
 (6) 
 
 where  E  i  is the half-cell reduction potential for 
an individual redox couple and [reduced species] i  
is the concentration of the reduced species in that 
redox pair. 
    Statistical analysis 

 Data were analysed for signifi cance by one or two-
way ANOVA in combination with least signifi cant 
difference (LSD) post-hoc comparisons of means. 
Correlations were statistically assessed using Principal 
Component Analysis (PCA) based on the Pearson ’ s 
matrix of correlations. Probit analysis was used to 
determine LD 50  values for the  E  i s.    

 Results  

 The effect of ageing on LMW thiols and disulphides 

 Artifi cial ageing of  L. pratensis  seeds at 50 ° C and 12% 
WC, hereafter termed  ‘ ageing ’ , resulted in almost 
complete loss of viability within 10 weeks (Figure 1). 
Non-aged seeds were highly viable, showing a total 
germination (TG) of 93%. Ageing for 5 weeks caused 
a decline in viability to 23% TG, which fell further 
to 8% after 10 weeks of ageing. 

 Non-aged seeds contained 1.5  μ mol/g DW 
GSH  �  GSSG, 240 nmol/g DW   γ  -Glu-Cys  �  bis-  
γ  -Glu-Cys, 64 nmol/g DW Cys-Gly  �  Cys-bis-Gly 
and 107 nmol/g DW Cys  �  cystine (Figures 2A – D). 
Between 0 and 5 weeks of ageing, the GSH  �  GSSG 
content fell by 50% ( p   �  0.05) and   γ  -Glu-Cys  �  
bis-  γ  -Glu-Cys by 30% ( p   �  0.001), whereas Cys  �  
cystine and Cys-Gly  �  Cys-bis-Gly contents were 
unaltered. The concentrations of all LMW disulphi-
des increased, except for GSSG. The greatest change 
was observed for bis-  γ  -Glu-Cys ( p   �  0.001), which 
increased by 75%, followed by cystine ( p   �  0.01), 
which increased by 50% between 0 and 5 weeks 
of ageing. No signifi cant changes in LMW thiol 
and disulphide concentrations were found between 5 
and 10 weeks of ageing. 

 The concentrations of LMW thiols and disulphides 
were similar in both the bulk population study 
(Figures 2A – D) and the single seeds study (Figures 
2E – H), with the exceptions of Cys-bis-Gly and bis-  
γ  -Glu-Cys, which had higher ( p   �  0.001) and lower 
concentrations ( p   �  0.05), respectively, in the single 
seed analyses compared to those observed in the pop-
ulation analyses. However, the changes in LMW thi-
ols and disulphides concentrations on ageing followed 
the same pattern in both the population and single 
seed samples. In terms of intra-sample variation, the 
LMW thiol-disulphide concentrations varied more 
between individual seeds; for example, the GSH con-
centration ranged between 0.81 – 2.54  μ mol/g DW in 
non-aged single seeds, compared to a range of 1.02 –
 1.53  μ mol/g DW between the population samples. 
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The greatest difference between minimum and max-
imum concentration values was observed for   γ  -Glu-
Cys, which ranged from 0.04 – 343 nmol/g DW in 
single seeds aged for 5 weeks. Despite the observation 
of more extreme values in the single seed analyses, 
the standard deviations from the mean concentration 
values were only slightly greater than those obtained 
in the bulk population studies.   

 Effect of ageing on the E i s and E thiol-disulphide  

 The concentrations of LMW thiols and their 
corresponding disulphides were used to calculate the 
 E  i  values. The bis-  γ  -Glu-Cys/2   γ  -Glu-Cys standard 
reduction potential was experimentally determined 
(see Methods) to be  – 234 mV (Figure 3). The  E  i s of 
all LMW thiol-disulphide redox couples increased 
(shifted towards more positive values) during ageing 
( p   �  0.001). The increase was greatest for the redox 
couples with the highest reducing capacity (most 
negative standard redox potential), with  E  GSSG/2 GSH  
increasing by 68 mV;  E  bis- γ  - Glu-Cys/2  γ -Glu-Cys  by 60 mV; 
 E  Cys-bis-Gly/2 Cys-Gly  by 52 mV; and  E  cystine/2 Cys  increased 
by 39 mV (Figure 2). Probit analyses produced 
LD 50  values for  E  GSSG/2GSH ,  E  bis- γ  - Glu-Cys/2  γ -Glu-Cys , 
 E  Cys-bis-Gly/2 Cys-Gly  and  E  cystine/2 Cys  of –  190,  – 160,  – 121 
and  – 133 mV, respectively (Figure 4) and a value of 
 – 0.90  �  0.093 mV for the  E  thiol-disulphide  (Figure 5). 
The percentage of outliers (e.g. values for seeds with 
a TG below 25% and  E  thiol-disulphide  of  - 1.85 mV M) 
was 8.6% ( n   �  102). Again, redox potential and 
redox environment data did not differ signifi cantly 
between single seed (Figures 2E – H and 5) and popu-
lation studies (Figures 2A – D and 5). Glutathione 
concentrations signifi cantly correlated ( R  2   �  0.82, 
 p   �  0.05) with the concentrations of all other LMW 
thiols and showed an inverse correlation ( R  2   �   � 0.71, 
 p   �  0.05) with the LMW disulphides studied. No cor-
relation was found between GSH and GSSG, and 
GSSG was not correlated with any of the other LMW 
thiols or disulphides. The PCA plot (Figure 6) shows 
that the projection of the GSSG concentration cor-
responded to a vertical outlier as it had a small score 
distance (Factor 1) and a large orthogonal distance 
(Factor 2). On the other hand, the projections of 
the remaining concentrations of LMW thiols and 
their disulphides laid close to the PCA space where 
they were clearly separated into two groups. Disulphi-
des clustered on the left and thiols on the right 
side of the PCA plot (Figure 6). The Pearson ’ s cor-
relation matrix showed that LMW thiols and disul-
phides lying close to the PCA space all signifi cantly 
( p   �  0.05) correlated with each other with  R  2  values 
of at least 0.58. The  E  i  values all signifi cantly ( p   �  0.05) 
correlated with each other with  R  2   �  0.912.    
  Figure 3.     Standard reduction potentials of LMW thiols. 
The standard reduction potentials of GSSG/2 GSH, cystine/2 Cys 
and Cys-bis-Gly/2 Cys-Gly were known and that of bis-  γ  -Glu-Cys/
2   γ  -Glu-Cys ( E  0 ’   bis- γ -Glu-Cys/2  γ -Glu-Cys ), indicated in bold font, was 
determined using different concentrations of the bis-  γ  -Glu-Cys/
2   γ  -Glu-Cys and cystine/2 Cys redox couples at equilibrium 
and by calculating their equilibrium constant ( K  eq ); see Methods 
for details.  
Figure 4.     LMW disulphides (e.g. GSSG), expressed as a percentage 
of total corresponding LMW thiols  �  LMW disulphides (e.g. 
GSH  �  GSSG), plotted against the half-cell reduction potentials 
of (from the weakest to the strongest reductant)  E  GSSG/2 GSH  
(downwards triangles),  E  bis- γ -Glu-Cys/2  γ -Glu-Cys  (upwards triangles), 
 E  Cys-bis-Gly/2 Cys-Gly  (squares) and  E  cystine/2 Cys  (circles )  .  Concentrations 
of LMW thiols found in  Lathyrus pratensis  seeds were [GSH]  �  
0.12 – 15.3 mM; [  γ  -Glu-Cys]  �  0.12 – 3.7 mM; [Cys-Gly]  �  0.02 –
 0.18 mM; and [Cys]  �  0.09 – 0.9 mM. Regression curves follow 
the equation: 
with correlation coeffi cients of 0.99, 0.92, 0.91 and 0.80, 
respectively, for GSH/GSSG,   γ  -Glu-Cys/bis-  γ  -Glu-Cys, Cys-Gly/
Cys-bis-Gly and Cys/cystine. Grey bars defi ne the  E  i  values where 
half of the seeds had lost viability (LD 50  values  �  SD, assessed by 
probit analysis;  n   �  4 replicates of 15 seeds each per ageing 
treatment). These zones were  – 200 to  – 190,  – 164 to  – 154,  – 126 to 
 – 121 and  – 137 to  – 127 mV for  E  GSSG/2 GSH ,  E   γ -Glu-Cys/2  γ -Glu-Cys , 
 E  Cys-bis-Gly/2 Cys-Gly  and  E  cystine/2 Cys , respectively. White, grey and 
black symbols show data from seeds with high viability (75 – 100% 
TG), intermediate viability (25 – 75% TG) and low viability (0 – 25% 
TG), respectively.  
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 Discussion  

 Seed ageing resulted in a decline in GSH and 
 γ -Glu-Cys concentrations and oxidation of 
Cys and Cys-Gly 

 As seeds lost viability, GSH concentrations decreased 
(Figure 2), indicative of degradation. In viable cells 
and whole plants GSH degradation is likely to play a 
role in the transport and delivery of Cys to specifi c 
sites. A decrease in the GSH pool is also indicative of 
cellular deterioration and death [21,38]. If GSH had 
been degraded, an increase in the concentrations of 
the products of degradation would be expected. This 
was not observed in this study. The concentrations of 
Cys-Gly  �  Cys-bis-Gly and Cys  �  cystine remained 
constant during ageing, whilst bis-  γ  -Glu-Cys  �  
  γ  -Glu-Cys declined. It is possible that the products of 
degradation such as Cys are utilized in other path-
ways or participate in S-thiolation of proteins and, 
therefore, do not accumulate. Alternatively, the decline 
in GSH concentrations during ageing could be due 
to S-glutathionylation of Cys residues in proteins. 
S-glutathionylation involves the formation of mixed 
disulphides between protein thiol groups and GSH. 
It is a ubiquitous process in eukaryotes and also occurs 
in GSH-producing bacteria [8,39]. S-glutathionylation 
modulates the function and activity of regulatory, 
structural and metabolic proteins and the specifi city 
of the process may be enhanced by enzymes such as 
glutaredoxins [8,40,41]. Under conditions of oxida-
tive stress reversible protein S-glutathionylation 
occurs in order to protect protein thiols from irrevers-
ible oxidative damage [42,43]. Decline in GSH con-
centrations and formation of S-glutathionylated 
proteins have been reported to be early molecular 
events in the induction of cell death [44]. S-glutathi-
onylation also protects GSH from irreversible oxida-
tion (e.g. to sulphonic acid) and this may account for 
the observation that GSSG levels stayed constant 
during ageing. In contrast to GSSG, the concentra-
tions of other LMW disulphides increased during 
ageing, indicative of oxidation of the corresponding 
LMW thiols. Whilst there is evidence of protein thio-
lation by Cys [45,46], there are no reports of 
   γ  -Glu-Cys participating in protein thiolation, so the 
decline in   γ  -Glu-Cys  �  bis-  γ  -Glu-Cys concentrations 
observed in this study are more likely due to degrada-
tion, which could proceed via   γ  -glutamylcyclotrans-
ferase to yield Cys and 5-oxo-proline, which can be 
subsequently used for protein thiolation and be con-
verted to glutamate, respectively [14,47].   

 

  
 
 
 
 
 
  
 
 
 
 
 
 
 

  Figure 5.     (A) The  E  thiol-disulphide , defi ned by the mathematically
combined values (see Methods) of  E  GSSG/2GSH ,  E  bis- γ  - Glu-Cys/2

γ -Glu-Cys ,  E  Cys-bis-Gly/2 Cys-Gly  and  E  cystine/2 Cys  during ageing of  Lathyrus
pratensis  seeds. Triangles represent seed populations (means  �  SD;
 n   �  4 replicates of 15 seeds each per ageing treatment) and circles
represent individual seeds (means  �  SD;  n   �  30 seeds per ageing
treatment). (B) Data for the  E  thiol-disulphide  plotted against TG. The
grey bar between  � 1.025 and �  0.688 mV represents the LD 50
zone (means  �  SD;  n   �  30 single seeds) in which 50% of all seeds
had lost viability, assessed by probit analysis. Triangles show values
for seed populations ( n   �  4 replicates of 15 seeds per ageing
treatment) and circles represent individual seeds ( n   �  30 individual
seeds per ageing treatment). White, grey and black symbols
show data from seeds with high viability (75 – 100% TG),
intermediate viability (25 – 75% TG) and low viability (0 – 25% TG),
respectively.  
Figure 6.     Principal component analysis (PCA) of data in Figure 1, 
showing that decreasing concentrations of LMW thiols and 
increasing concentrations of LMW disulphides are inter-correlated 
(signifi cant at  p   �  0.05, using the Pearson ’ s matrix of correlations, 
for all redox couples except for GSH/GSSG). Open circles represent 
LMW thiols and closed circles their corresponding disulphides: 
(a) GSH/GSSG; (b)   γ  -Glu-Cys/bis-  γ  -Glu-Cys; (c) Cys-Gly/
Cys-bis-Gly; (d) Cys/cystine.  
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 Viability loss can be associated with E i  zones 
that are distinct for each LMW 
thiol-disulphide redox couple 

 It has previously been suggested that  E  GSSG/2 GSH  
can be used to predict the point at which seed 
viability is lost in 50% of a seed population [21]. This 
suggestion was made in agreement with that of 
Schafer and Buettner [1] who proposed that in 
human cells, changes in  E  GSSG/2 GSH  are representa-
tive of the intracellular redox environment and that 
a change in  E  GSSG/2 GSH  to a zone of �  180 to �160 
mV corresponds to a physiological state at which 
PCD is initiated. In the absence of the DHA/AsA 
redox couple in dry seeds [25,27] and due to the 
stability of the disulphide bridge in GSSG, the 
GSSG/2 GSH couple forms the major cellular redox 
buffer. For human cells,  E  GSSG/2 GSH  was considered 
an intracellular redox buffer [1]. However, in plants 
GSH is the major transport form of reduced sulphur 
and is transported in the vascular bundles. Hence, 
in plants GSH occurs extracellularly in high concen-
trations. Therefore, we suggest that the terms  ‘ redox 
buffer ’  and  ‘ redox environment ’  are used for plants 
rather than  ‘ intracellular redox buffer ’  and  ‘ intracel-
lular redox environment ’ . This study showed that not 
only  E  GSSG/2 GSH  but also  E  bis- γ -Glu-Cys/2  γ -Glu-Cys ,  
E  Cys-bis-Gly/2 Cys-Gly  and  E  cystine/2 Cys  shifted towards 
more positive values during seed ageing. The shift in 
 E  i  towards more positive values resulted from a decline 
in the GSH  �  GSSG and   γ  -Glu-Cys  �  bis-  γ  -Glu-Cys 
concentrations along with decreased thiol – disulphide 
ratios, whereas Cys-Gly  �  Cys-bis-Gly and Cys  �  
cystine concentrations were maintained during age-
ing, but there was a shift from the thiol to the disul-
phide forms. The increase of  E  GSSG/2 GSH  with loss 
of seed viability supported the observations of previ-
ous studies [1,21,28,29] and validated the use of 
 E  GSSG/2 GSH  as a viability marker. The LD 50  zone 
determined for  E  GSSG/2 GSH  was narrower and slightly 
more negative (by  ∼  10 mV) than that previously 
determined [21] in which a range of species undergo-
ing different stress treatments were used and a much 
larger sample size, which resulted in a broader 
LD 50  zone that was applicable to a greater number of 
species and treatments. The evaluation of an LD 50  
zone for a single plant species and a particular stress 
treatment may result in a narrower zone that is more 
specifi c. In this study individual LD 50  zones for  E  bis-

 γ -Glu-Cys/2  γ -Glu-Cys ,  E  Cys-bis-Gly/2 Cys-Gly  and  E  cystine/2 Cys  
were defi ned and this allowed these  E  i s to be used 
individually and together as indictors of seed viability.   

 Changes in E thiol-disulphide  during ageing of 
Lathyrus pratensis seeds 

 The  E  thiol-disulphide  was defi ned by summing the 
products of the  E  i s and the concentrations of the thiol 
species of each LMW thiol-disulphide redox couple. 
The  E  thiol-disulphide  became more positive during age-
ing and this correlated with viability loss. A LD 50  
zone for the  E  thiol-disulphide  could be defi ned as the 
point at which 50% of seeds had lost viability 
(0.90  �  0.093 mV; Figure 5). Due to the highest 
molar concentration of GSH,  E  GSSG/2 GSH  had the 
greatest effect on  E  thiol-disulphide . The contribution of 
the other  E  i s was calculated using equation (6) to 
estimate  E  thiol-disulphide  with and without GSSG/2 
GSH. Due to the lower concentrations of Cys and the 
dipeptide thiols, other  E  i s made a smaller contribu-
tion, which amounted to 15% in non-aged seeds and 
increased to 25% in seeds aged for 10 weeks. There-
fore, although their effect on  E  thiol-disulphide  is relatively 
small, they are worth taking into account, especially 
under conditions of oxidative stress, when other 
LMW thiols have a relatively greater impact as GSH 
declines. The  E  thiol-disulphide  could be useful as an 
indicator of viability, especially for organisms with 
altered GSH metabolism, for example GSH knock-
down mutants. Defi ning the redox environment in 
this way allows the combined effect of a number of 
redox couples to be quantifi ed. This study concen-
trated on LMW thiols, because in dry orthodox 
seeds these are likely to have the greatest effect, 
yet other redox couples such as NADP/NADPH 
and DHA/AsA could also be included mathemati-
cally (by extending equation 7), to build a greater 
overall picture of the cellular redox environment. 
This could be useful for comparative studies between 
cell types, organs and species, because the contri-
bution of individual redox couples to the cellular 
redox environment may vary on a cell-, organ- or 
species-specifi c basis.   

 Summary 

 Low-molecular-weight thiols play key roles in redox 
signalling and protect protein thiols from oxidative 
modifi cation. Changes in the redox environment may 
promote thiolation processes, which could regulate 
protein activity and signalling pathways in response 
to increased ROS concentrations. In ageing seeds, 
LMW thiols appear to signifi cantly contribute to the 
cellular redox environment and are key indicators of 
the redox changes taking place within cells during 
ageing. The  E  i s of each LMW thiol-dislphide redox 
couple defi ne thresholds (LD 50  value) at which half 
of the population has died, enabling the use of indi-
vidual  E  i s as seed viability markers and they can also 
be combined mathematically to defi ne  E  thiol-disulphide . 

 Declaration of interest  

 The authors report no confl icts of interest. The 
authors alone are responsible for the content and 
writing of the paper.



   Thiol-disulphide-based redox environment in ageing seeds    1101

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
           References 

  Schafer FQ, Buettner GR. Redox environment of the cell as [1] 
viewed through the redox state of the glutathione disulfi de/
glutathione couple. Free Radic Biol Med 2001;30:
1191 – 1212.  
  Klapheck S. Homoglutathione - isolation, quantifi cation [2] 
and occurrence in legumes. Physiol Plantarum 1988;74:
727 – 732.  
  Noctor G, Foyer CH. Ascorbate and glutathione: keeping [3] 
active oxygen under control. Annu Rev Plant Physiol Plant 
Mol Biol 1988;49:249 – 279.  
  Kranner I, Grill D. Signifi cance of thiol-disulfi de exchange [4] 
in resting stages of plant development. Bot Acta 1996;109:
8 – 14.  
  Noctor G. Metabolic signalling in defence and stress: the [5] 
central roles of soluble redox couples. Plant Cell Environ 
2006;29:409 – 425.  
  Foyer CH, Noctor G. Ascorbate and glutathione: the heart [6] 
of the redox hub. Plant Physiol 2011;155:2 – 18.  
  Szalai G, Kellos T, Galiba G, Kocsy G. Glutathione as an [7] 
antioxidant and regulatory molecule in plants under abiotic 
stress conditions. J Plant Growth Regul 2009;28:66 – 80.  
  Colville L, Kranner I. Desiccation tolerant plants as model [8] 
systems to study redox regulation. Plant Growth Regul 2010; 
62:241 – 255.  
  Dalle-Donne I, Rossi R, Giustarini D, Colombo R, [9] 
Milzani A. S-glutathionylation in protein redox regulation. 
Free Radic Biol Med 2007;43:883 – 898.  
  Foyer CH, Noctor G. Oxidant and antioxidant signalling [10] 
in plants: a re-evaluation of the concept of oxidative stress in 
a physiological context. Plant Cell Environ 2005;28:
1056 – 1071.  
  Cobbett CS, May MJ, Howden R, Rolls B. The glutathione-[11] 
defi cient, cadmium-sensitive mutant, cad2-1, of Arabidopsis 
thaliana is defi cient in γ-glutamyl-cysteine synthetase. Plant J 
1998;16:73 – 78.  
  Martin MN, Saladores PH, Lambert E, Hudson AO, [12] 
Leustek T. Localization of members of the gamma-glutamyl 
transpeptidase family identifi es sites of glutathione and glu-
tathione S-conjugate hydrolysis. Plant Physiol 2007;144:
1715 – 1732.  
  Meister A. Glutathione metabolism and its selective modifi ca-[13] 
tion. J Biol Chem 1988;263:17205 – 17208.  
  Ohkama-Ohtsu N, Oikawa A, Zhao P, Xiang C, Saito K, [14] 
Oliver DJ. A  γ -glutamyl transpeptidase-independent pathway 
of glutathione catabolism to glutamate via 5-oxoproline in 
Arabidopsis. Plant Physiol 2008;148:1603 – 1613.  
  Harman D. Aging: a theory based on free radical and radiation [15] 
chemistry. J Gerontol 1956;11:298 – 300.  
  Delouche JC, Baskin CC. Accelerated aging techniques [16] 
for predicting the relative storability of seed lots. Seed Sci 
Technol 1973;1:427 – 452.  
  Roberts EH. Predicting the viability of seeds. Seed Sci [17] 
Technol 1973;1:499 – 513.  
  Stadtman ER. Protein oxidation and aging. Science 1992; [18] 
257:1220 – 1224.  
  Osborne DJ. Hazards of a germinating seed: available water [19] 
and the maintenance of genomic integrity. Isr J Plant Sci 
2000;48:173 – 179.  
  Elbaz M, Avni A, Weil M. Constitutive caspase-like machinery [20] 
executes programmed cell death in plant cells. Cell Death 
Differ 2002;9:726 – 733.  
  Kranner I, Birtic S, Anderson KM, Pritchard HW. Glutathione [21] 
half-cell reduction potential: a universal stress marker and 
modulator of programmed cell death? Free Radic Biol Med 
2006;40:2155 – 2165.  
  Kranner I, Chen HY, Pritchard HW, Pearce SR, Birtic S. [22] 
Inter-nucleosomal DNA fragmentation and loss of RNA 
integrity during seed ageing. Plant Growth Regul 2011;63:
63 – 72.  
  Kibinza S, Vinel D, Come D, Bailly C, Corbineau F. [23] 
Sunfl ower seed deterioration as related to moisture content 
during ageing, energy metabolism and active oxygen species 
scavenging. Physiol Plantarum 2006;128:496 – 506.  
  Arrigoni O, De Gara L, Tommasi F, Liso R. Changes in [24] 
the ascorbate system during seed development of  Vicia faba  
L. Plant Physiol 1992;99:235 – 238.  
  Tommasi F, Paciolla C, Arrigoni O. The ascorbate system in [25] 
recalcitrant and orthodox seeds. Physiol Plantarum 1999; 
105:193 – 198.  
  De Gara L, de Pinto MC, Moliterni VMC, D ’ Egidio [26] 
MG. Redox regulation and storage processes during matura-
tion in kernels of Triticum durum. J Exp Bot 2003;54:
249 – 258.  
  De Tullio MC, Arrigoni O. The ascorbic acid system in [27] 
seeds: to protect and to serve. Seed Sci Res 2003;13:
249 – 260.  
  Seal CE, Zammit R, Scott P, Nyamongo DO, Daws MI, [28] 
Kranner I. Glutathione half-cell reduction potential as a 
seed viability marker of the potential oilseed crop Vernonia 
galamensis. Ind Crop Prod 2010;32:687 – 691.  
  Seal CE, Zammit R, Scott P, Flowers TJ, Kranner I. [29] 
Glutathione half-cell reduction potential and  α -tocopherol 
as viability markers during the prolonged storage of Suaeda 
maritima seeds. Seed Sci Res 2010;20:47 – 53.  
  Pauly N, Pucciariello C, Mandon K, Innocenti G, Jamet A, [30] 
Baudouin E, et al. Reactive oxygen and nitrogen species and 
glutathione: key players in the legume - Rhizobium symbiosis. 
J Exp Bot 2006;57:1769 – 1776.  
  Daws MI, Gamene CS, Glidewell SM, Pritchard HW. [31] 
Seed mass variation potentially masks a single critical water 
content in recalcitrant seeds. Seed Sci Res 2004;14:
185 – 195.  
  Still DW, Bradford KJ. Endo-beta-mannanase activity from [32] 
individual tomato endosperm caps and radicle tips in relation 
to germination rates. Plant Physiol 1997;113:21 – 29.  
  Kranner I, Grill D. Determination of glutathione and [33] 
glutathione disulphide in lichens: a comparison of frequently 
used methods. Phytochem Anal 1996;7:24 – 28.  
  Rost J, Rapoport S. Reduction-potential of glutathione. [34] 
Nature 1964;201:185.  
  Jones DP, Carlson JL, Mody VC, Cai J, Lynn MJ, Sternberg [35] 
P. Redox state of glutathione in human plasma. Free Radic 
Biol Med 2000;28:625 – 635.  
  Inaba K, Ito K. Paradoxical redox properties of DsbB and [36] 
DsbA in the protein disulfi de-introducing reaction cascade. 
Embo J 2002;21:2646 – 2654.  
  Lees WJ, Whitesides GM. Equilibrium-constants for thiol [37] 
disulfi de interchange reactions - a coherent, corrected set. 
J Org Chem 1993;58:642 – 647.  
  Kranner I, Beckett RP, Minibayeva FV, Seal CE. What is [38] 
stress? Concepts, defi nitions and applications in seed science. 
New Phytol 2010;188:655 – 673.  
  Hondorp ER, Matthews RG. Oxidative stress inactivates [39] 
cobalamin-independent methionine synthase (MetE) in 
Escherichia coli. PLoS Biol 2004;2:1738 – 1753.  
  Ito H, Iwabuchi M, Ogawa K. The sugar-metabolic [40] 
enzymes aldolase and triose-phosphate isomerase are targets 
of glutathionylation in Arabidopsis thaliana: detection using 
biotinylated glutathione. Plant Cell Physiol 2003;44:
655 – 660.  
  Meyer AJ, Brach T, Marty L, Kreye S, Rouhier N, Jacquot JP, [41] 
Hell R. Redox-sensitive GFP in Arabidopsis thaliana is a quan-
titative biosensor for the redox potential of the cellular glu-
tathione redox buffer. Plant J 2007;52:973 – 986.  
  Dalle-Donne I, Milzani A, Gagliano N, Colombo R, [42] 
Giustarini D, Rossi R. Molecular mechanisms and potential 



1102   S. Birti ć  et al.   
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