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Abstract 
 
Programmed cell death (PCD) was induced by the Yariv reagent in Nicotiana tabacum cv. Bright Yellow-2 cell 
suspension. The analyses of proteins extracts by 2-D electrophoresis clearly show massive protein degradation which 
was mainly due to cysteine protease activity. In contrast, some proteins remained unchanged up to 72 h after PCD 
induction. Peptide mass fingerprints of these proteins, obtained by MALDI-TOF, identified calreticulin, heat shock 
protein (HSP) 60, HSP70, malate dehydrogenase and mitochondrial ATP synthase β-subunit.  
Additional key words: heat shock proteins, calreticulin, Nicotiana tabacum BY-2 suspension cells, Yariv reagent. 
 
⎯⎯⎯⎯ 
 
Programmed cell death (PCD), which occurs in animal 
and plant cells, is an active cellular suicide process 
involved in development and stress responses to both 
biotic and abiotic stimuli (Levine et al. 1996). In plants, 
PCD plays an essential role in senescence (Xie et al. 
2008), xylogenesis (Demura and Fukuda 1993, Fukuda 
1997), aerenchyma formation (Lenochova et al. 2009), 
flower (Sin and Chye 2004) and endosperm development 
(Young and Gallie 2000), hypersensitive reaction (Del 
Pozo and Lam 1998, Heath 2000) and heat shock (Fan 
and Xing 2004). The study of PCD in whole plants can be 
difficult because this process often occurs in a small 
group of cells buried in the non-affected tissues. Several 
plant cell suspensions, e.g., apple (Mizuno et al. 2005), 
Arabidopsis (Danon and Gallois 1998, Gao and 
Showalter 1999, Duval et al. 2005, Townley et al. 2005), 
petunia (Beers and Freeman 1997), potato (Mizuno et al. 
2005), tobacco (Koukalová et al. 1997, Chen et al. 2000, 
Herbert et al. 2001, Houot et al. 2001, Víteček et al. 
2007), tomato (De Jong et al. 2000, Hoeberichts et al.  
 

2001) and maize (Stein and Hansen 1999) have been used 
as model systems to study PCD induced by a wide range 
of treatments. Our pathogen-free experimental system for 
PCD induction in tobacco Bright Yellow-2 (BY-2) 
suspension cells makes use of the (β-D-galactosyl)3 Yariv 
reagent (Chaves et al. 2002).  
 The major systems responsible for proteolysis during 
animal apoptosis are the caspases, a family of cysteine 
proteases. Although caspase homologues have not been 
found in plants, a caspase-like activity was detected in 
association with the hypersensitive response (Del Pozo 
and Lam 1998). Also a caspase-related family of 
proteases, termed metacaspases, was found by plant 
genomic analysis (Uren et al. 2000) and more recently, 
functional homologues of animal caspases have been 
identified in plants (Hara-Nishimura et al. 2005).  
 In spite of efforts to elucidate the molecular 
mechanisms underlying PCD, many of the proteins 
involved in this process remain unknown. Furthermore, it 
is known that the information obtained using genomic  
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tools does not fully reflect the expression of genes at the 
protein level. In fact, of the eighty cDNAs and ten 
proteins identified in these studies, only three proteins 
matched the cDNAs and only the levels of one transcript 
and its protein varied in a similar way (Swidzinski et al. 
2002, 2004). These observations encouraged us to focus 
our attention on a proteomic analysis of PCD induced in 
tobacco BY-2 cells by the Yariv (1962) reagent [1,3,5-
tris(4-β-d-galactopyranosyloxyphenylazo)-2,4,6-trihydro-
xybenzene]. 
 The Nicotiana tabacum L. BY-2 suspension cells 
were cultured in Murashige and Skoog (MS) medium 
supplemented with 20 g dm-3 sucrose, 2 mg dm-3  
2,4-dichlorophenoxyacetic acid (2,4-D, Duchefa Biochemie, 
The Netherlands) and kept under weak irradiance of  
9 μmol(photon) m-2 s-1 at temperature of 24 ºC on a 
rotatory shaker. In flasks of 250 cm3, 30 cm3 of 4-d-old 
cultures, at a density of 2 × 106 cells cm-3, were sub-
cultured to fresh MS medium with or without  
β-D-galactosyl Yariv reagent (100 μM), at a final volume 
of 100 cm3 (Chaves et al. 2002). The (β-D-galactosyl)3 
Yariv reagent was synthesized as previously described 
(Yariv et al. 1962). Cells were collected after 30 min,  
1, 2, 4, 6, 12, 24, 48 and 72 h on a Whatman No. 1 filter 
paper, immediately frozen in liquid nitrogen and stored at 
-70 ºC until extraction. From each collected sample an 
aliquot was stained with either propidium iodide (PI) or 
Toluidine blue O and observed under the microscope in 
order to determine the percentage of dead cells, and to 
check the characteristic cell morphology of cells 
undergoing PCD. The cell death of about 40 %, was 
observed 72 h after the beginning of the treatment (Fig. 1) 
and it reached to 90 % 96 h after PCD induction.  
 The protein patterns of untreated and of 100 µM 
Yariv reagent treated cells were analysed by 2-DE. 
Sample preparation for 2-DE was based on the procedure 
described by Tsugita and Kamo (1999). Frozen BY-2  
 

cells (2 g) were ground in liquid nitrogen in a cooled  
mortar. The homogenate was suspended in 3 cm3 of 10 % 
trichloracetic acid (TCA), 0.07 % β-mercaptoethanol in 
acetone (-20 ºC), incubated for 2 h at -20 ºC and 
subsequently centrifuged at 22 000 g for 10 min at 4 ºC. 
The pellet was recovered and washed three times with a 
solution of 0.07 % β-mercaptoethanol. After centri-
fugation, the supernatant was discarded and the pellet 
dried under vacuum at 4 ºC. Proteins were solubilised in 
rehydration buffer (9 M urea, 4 % (m/v) 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate (CHAPS), 
0.5 % (v/v) Triton X-100, 3 mM tributyl phosphine (TBP) 
and 0.5 % (v/v) ampholyte-containing buffer (IPG 
buffer), pH 4 - 7, from Amersham Biosciences, Uppsala, 
Sweden) overnight at 25 ºC and quantified using the 
PlusOne 2-D Quant kit (Amersham Biosciences). 
Isoelectric focusing (IEF) was performed in 24 cm IPG 
strips (pH 3 - 7, nonlinear) using a IPGphor isoelectric 
focusing unit (Amersham Biosciences) at 20 ºC, with the 
current limited to 50 μA per strip, according to the 
following protocol: 9 h of rehydration, followed by  
10 h at 50 V, 30 min at 300 V, 3 h gradient 300 - 8 000 V, 
and 13 h at 80 000 V. Prior to the second dimension, the 
focused IPG strips were equilibrated for 20 min in 15 cm3 

of equilibration buffer [6 M urea, 30 % (v/v) glycerol,  
2 % (m/v) sodiumdodecyl sulphate (SDS), 300 mM Tris-
HCl pH 8.8, 2 mM TBP and a trace of Bromophenol 
blue]. SDS-PAGE was performed on 12 % polyacryl-
amide gels (255 × 205 × 1 mm) in the Ettan DALT large 
vertical system (Amersham Biosciences) at 15 mA per gel 
and 15 ºC. 
 2-DE gels were stained with colloidal Coomassie 
Blue according to (Neuhoff et al. 1988), scanned using 
the ImageScannerTM (Amersham Biosciences) and 
analysed by the Image Master-Platinum software v. 5.0 
(Amersham Biosciences). For each sample, four gels were 
run (two different protein extractions and two gel  
 

Fig. 1. 2-DE gels of BY-2 cells undergoing PCD induced by 100 μM Yariv reagent, for 24, 48 and 72 h. Total cellular proteins 
(750 μg) were loaded in 24 cm IPG strips, pH 3 - 7; NL - nonlinear. The second dimension was performed in 12 % SDS-PAGE gels 
and the gels were stained with Coomassie Blue. Molecular markers are indicated on the left side of the control gel (150, 100, 75, 50, 
35, 25 and 15 kDa). The spots excised for protein identification are numbered from 1 to 12. The average number of spots (± SD) 
present in each gel is indicated. The percentage of cell death over time was evaluated by PI-positive staining. 
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Fig. 2. In-gel protease activity assayed at pH 5.5, 7.2, 8.3 with azoalbumin as substrate in soluble protein fraction from control (C) 
and Yariv treated (Y) cells for 12, 24, 48 and 72 h. Different protease inhibitors were used to detect activities of specific protease 
classes (see text for details). The same amount of protein (20 μg) was loaded per lane.  
 
replicates) and only the spots present in every replicate 
were considered. 
 Changes in the protein patterns due to the Yariv 
reagent were only detected for treatments longer than  
12 h (Fig. 1). The observed changes consisted in a 
significant decrease in the total number of polypeptide 
spots, although many spots were maintained and 
differently affected by PCD. Surprisingly, no new spots 
were evident in the gels. Even if the synthesis of new 
proteins would not be expected during PCD (Elbaz et al. 
2002), the cleavage of proteins due to increased 
proteolytic activity could lead to the disappearance of 
some spots and appearance of new ones. Furthermore, 
several authors reported that caspase activation involves 
cleavage of procaspases, and consequently one spot 
should give rise to two new ones (Li et al. 1997, Susin  
et al. 1999, Sutton et al. 2003). It is well known that 

protein cleavage does not occur randomly during 
apoptosis. The selective resistance of some proteins to 
degradation during PCD can be indicative of their 
involvement in the process. Therefore, our approach was 
focused in the identification of proteins that remained in 
the gels during PCD induced in BY-2 suspension cells, 
since they may play a role in this process. After 
comparing the 2-DE protein patterns, 12 spots were 
considered relevant for analysis (Fig. 1), excised from the 
gel and subject to MALDI-TOF/MS identification. 
 Protein identification was performed by NCBInr data 
base searches, using MASCOT software (http://www. 
matrixscience.com). Accepted significant threshold was 
at the P < 0.05 level. Possible post-translational 
modifications, such as oxidation of methionine, 
acetylation of the N-terminal, and carbamidomethylation 
of cysteines were considered. Five proteins were 



I. CHAVES et al. 

156 

identified: calreticulin (spot 1), mitochondrial ATP 
synthase β-subunit (spot 2), malate dehydrogenase 
(MDH, spot 3), HSP70 (heat-shock protein) (spot 9) and 
HSP60 (spot 10). By measuring the volume relative 
percentage of these spots it was found that calreticulin, 
HSP60 and ATPase β-subunit did not change up to 72 h 
from PCD induction. HSP70 remained constant up to  
48 h, decreasing afterwards, and malate dehydrogenase 
remained constant up to 48 h, increasing afterwards. The 
connection between the identified proteins resistant to 
proteolysis and the PCD induced in BY-2 cells by the 
Yariv reagent is still fragmentary, but there appears to be 
a connection between the subcellular localization of these 
proteins either in mitochondria (for HSP60, ATPase  
β-subunit and MDH), or in ER (for calreticulin and 
HSP70) and the known involvement of these cellular 
compartments in PCD. Indeed, it is well known the 
involvement of mitochondria in PCD, and several studies 
emphasize the important role of ER as a subcellular 
compartment implicated in the apoptotic execution 
(Nakagawa et al. 2000, Nakamura et al. 2000, Rao et al. 
2004). Additionally, some of the identified proteins 
(calreticulin and probably MDH) are related to Ca2+ 
which is known to be involved in cell signalling and 
considered one of the main agents of the PCD process 
(Krebs 1998, Malhó 1999, Ferri and Kroemer 2001, 
Giorgi et al. 2008). 
 The decrease in HSP70, 48 h after PCD induction, 
and the maintenance of HSP60, up to 72 h after PCD 
induction, may be correlated with the observed 
acceleration of cell death 72 h after Yariv PCD induction. 
In animal cells, several studies strongly indicate that 
HSP70 delays the PCD progression, suggesting an anti-
apoptotic role for this protein (Sapozhnikov et al. 2002, 
Jaattela 2004, Sreedhar and Csermely 2004, Joo et al. 
2005, Stankiewicz et al. 2005, Chakraborty et al. 2008). 
Furthermore, in plants it has been reported that the 
increase in the expression of HSP70 in salicylic acid-
mediated apoptosis also correlates with reduced apoptosis 
(Cronjé et al. 2004). HSP60 has a complex role in 
apoptosis, either preventing or promoting it depending on 
their subcellular localization (Samali et al. 1999, Shan  
et al. 2003, Sreedhar and Csermely 2004). The fact that 
HSP60 did not change up to 72 h after PCD induction in 
BY-2 cells, suggests that in this system it may function as 
an inhibitor of PCD. Indeed, in animal cells cytoplasmic 
HSP60 was found to sequester several antiapoptotic 
molecules such as Bax and Bak (Kirchhoff et al. 2002). 
Taken together, these results suggest that the presence of 
HSP60 and HSP70 during the PCD progress can delay 
PCD execution in BY-2 cells induced by the Yariv 
reagent.  
 Considering the decrease in the number of 
polypeptide spots observed in the gels, we decided to 
analyze protein degradation in association with the Yariv 
treatment. We performed an assay of protease activity in 
gel at pH 5.5, 7.2 and 8.3, for 12, 24, 48 and 72 h, using 
azoalbumin as the protease substrate (Fig. 2).Two grams 
of frozen BY-2 cells were ground in liquid nitrogen using 

a mortar and pestle. The powder was suspended in 4 cm3 

100 mM Tris-HCl pH 7.2, 30 mM EDTA, 30 mM DTT 
and incubated for 4 h at 4 ºC and centrifuged at 14 000 g 
for 30 min at 4 ºC. The proteins from the supernatant, 
precipitated at -20 ºC by acetone in range of 20 - 80 %, 
were dried under vacuum at 4 ºC, resuspended in 0.8 cm3 
of 100 Tris-HCl (pH 7.2) buffer for 3 h at 4 ºC and 
quantified by the Bradford (1976) method using the 
BioRad (Hercules, USA) kit. 
 Extracts (20 μg of protein) were subjected to 
electrophoresis at 4 ºC in a 10 % SDS-PAGE gel (without 
reducing agents) copolymerized with 0.5 % (m/v) 
azoalbumin according Henssen and Dowdle (1980). SDS 
was removed from the gels by incubation the in 2 % 
Triton X-100, for 30 min at room temperature, followed 
by an overnight incubation at 37 ºC in either 50 mM Tris-
Mes (pH 5.5), 50 mM Tris-HCl (pH 7.2), or 50 mM Tris-
HCl (pH 8.3) supplemented with 1 mM CaCl2, 1 mM 
MgCl2, 0.5 mM DTT. Different cofactors and pH-values 
of the incubation buffer were used, to avoid 
underestimation of the protease activities, since each 
class of protease requires different cofactors and optimum 
pH. Since azoalbumin is copolymerised in the gel, bands 
corresponding to proteases appear unstained after gel 
staining with Coomassie blue, due to azoalbumin 
degradation (Fig. 2). In the absence of inhibitors we have 
observed a unique band of proteolytic activity. Although 
this band is present in every lane, it was more evident in 
the extracts of cells undergoing PCD, especially 48 h 
after induction and at pH 5.5. 
 To analyse the different classes of proteases the 
extracts were incubated prior to electrophoresis, for  
30 min at 4 ºC, in the presence of the class-specific 
inhibitors. After the  electrophoresis, and SDS/Triton  
X-100 exchange the gels were incubated as previously 
described but in the presence of class-specific inhibitors 
at the following concentrations: 0.1 mM 3,4-dichlo-
roisocumarin (DCI) for serine proteases, 0.03 mM trans-
epoxisuccinyl-L-leucilamid-(4-guanidin) butane (E-64) 
for cysteine proteases and 0.03 mM pepstatin A (PPS) for 
aspartic proteases (Domínguez and Cejudo 1995). Each 
gel had a combination of class-specific protease inhibitors 
in order to detect one class of protease activity at a time. 
So, for serine protease activity, E64 + PPS, for cysteine 
protease activity, DCI + PPS and for aspartic protease 
activity, DCI + E64, were used. When the inhibitor for 
cysteine proteases (E-64) was absent, a clear band of 
protease activity was detected, which is more intense in 
the gel lane of samples treated for 48 h with the Yariv 
reagent. In the presence of the inhibitors for cysteine and 
aspartic proteases (E-64 + PPS), as well as in the 
presence of inhibitors for serine and cysteine proteases 
(DCI + E-64), this clear band appeared to be located in 
the same position in all gels, but with lower intensity. The 
conjugation of these observations suggests that the band 
observed in the several gels corresponds to only one 
protease belonging to the specific class of the cysteine 
proteases, which reach the maximum at 48 h after the 
beginning of the PCD process. Since cysteine proteases 
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were the most significant protease activity in the PCD 
process, the band of activity was more intense at pH 5.5.  
 We conclude that cysteine proteases are the most 
active proteases for the protein degradation during the 
PCD, but this degradation is not random. Furthermore, to 

our knowledge this is the first work reporting the 
persistence of HSP60 and HSP70 during plant PCD. 
These results can be regarded as a starting point for 
further studies to evaluate the putative involvement of 
these and other proteins in plant PCD.  
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