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Abstract
Yeast Saccharomyces cerevisiae is an ideal model organism for studying molecular mechanisms of the stress response pro-
voked by metals. In this work, yeast cells response to iron  (Fe3+) or lead  (Pb2+) exposure was tested and compared. Survival 
test was used to determine testing doses of metal ions—for  Fe3+ it was 4 mM and for  Pb2+ 8 mM. These (high, over-loaded) 
doses provoked comparable values of growth inhibition, but different values in vitality measurement. The percentage of meta-
bolically active cells, determined by fluorescent FUN-1 dye, was lower in  Pb2+ than in  Fe3+ treated cells. Besides, endogenous 
antioxidant defence systems in the cells treated with  Pb2+ were less efficient compared to  Fe3+. At the mitochondrial level, 
the effects of metal ions were in correlation with the results of cell metabolic activity. The mitochondrial proteome of  Pb2+ 
treated cells showed the domination of protein downregulation. Yeast cells treated either with  Fe3+ or  Pb2+ shared 19 common 
significantly changed proteins. The affected proteins were involved in different cellular process and amongst them only five 
proteins belong to energy and carbohydrate metabolism, and protein biosynthesis. Based on all obtained results, it is pos-
sible to conclude that the effects of  Fe3+ and  Pb2+ on yeast cells show rather specific patterns of toxicity and stress response.

Introduction

Numerous metals are used in industrial production and as a 
consequence, they often end up in the environment, result-
ing in water and soil contamination [1]. Through the water 
and soil, metals affect ecosystems and accumulate in the 
human body damaging different organs, most often respira-
tory, alimentary, and nervous systems [2]. The mechanisms 
that cause the damage are diverse and may be direct towards 
enzyme and protein function, cell cycle and differentiation 
or DNA repair [3]. One of the common mechanisms is 

oxidative stress triggered by high levels of reactive oxygen 
species (ROS) [4]. It is not yet clear how metals promote 
oxidative stress. One of their possible targets is mitochondria 
since they are a major source of endogenous ROS through 
the electrons leaking from the mitochondrial respiratory 
chain [5]. Although mitochondria have protective mecha-
nisms for ROS detoxification, if the production of ROS is 
too high, these mechanisms are not sufficient and result in 
oxidative stress [6].

Harmful effects of metals arise from the fact that they 
cannot be degraded in the organism and therefore interfere 
with different cellular processes important for maintaining 
cellular homeostasis [7]. Based on their toxicity, we can dis-
tinguish two groups of metals: essential and non-essential 
[8]. Essential metals (like iron (Fe), copper (Cu), and zinc 
(Zn)) participate as cofactors in essential cellular functions 
in trace amounts [9]. When their concentrations rise above 
the threshold, they become toxic. Therefore, the metal levels 
are monitored and regulated by different proteins engaged 
in metal trafficking inside the organism [10]. Furthermore, 
metal toxicity also depends on its uptake mechanisms, 
intracellular distribution and possible interactions, oxida-
tion state, physicochemical properties, and affinity towards 
different ligands [3].
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Fe is an essential micronutrient for all eukaryotes, par-
ticularly for humans. It is involved in some of the most 
important processes in the organism, such as oxygen trans-
port, electron transfer, erythropoiesis, oxidative metabolism 
and immune responses [11]. Despite its essential role in 
the human body, there are no effective means of excreting 
Fe [12]. Therefore, any disturbance in Fe homeostasis can 
result in Fe deficiency or Fe excess, which generates oxida-
tive stress [13]. In the biological systems, Fe can be in +2 
or +3 oxidation states. Hence, it is converted by oxidation 
from  Fe2+ to  Fe3+ and by reduction back to  Fe2+. This reac-
tion presents the basis of the oxidative metabolism [14]. At 
the same time, the redox abilities of Fe are responsible for 
its participation in potentially harmful reactions. Namely, 
through the Fenton reaction,  Fe2+ induces the formation of 
hydroxyl radical (OH·) from  H2O2. This is the beginning of 
the vicious circle where  Fe3+ reacts with OH· and reduces 
to  Fe2+;  Fe2+ mediates decomposition of  H2O2, especially 
when the environment inside the cell has pro-oxidant prop-
erties (particularly in mitochondria), and more OH· is pro-
duced [15].

Non-essential metals (such as lead (Pb), mercury (Hg), 
and silver (Ag)) are not necessary for the normal function of 
the human organism; in contrast, they are toxic even at low 
concentration [16].

Amongst non-essential metals, Pb exposure is one of the 
most common [17]. Even though Pb is non-redox metal, it 
can also induce oxidative stress through the accumulation of 
ROS or depletion of the antioxidants [18]. Pb realizes its tox-
icity through the ionic mechanism by replacing monovalent 
or bivalent cations and thus affects cell metabolism. This 
mechanism results mainly in the development of neurologi-
cal deficits. Namely, Pb replaces Ca ions and thus gains the 
ability to cross the blood–brain barrier. Consequently, Pb 
affects neurotransmitters [18] and causes some changes in 
the aging brain, which can contribute to the development of 
neurodegenerative diseases, such as Alzheimer’s and Par-
kinson’s disease [19].

Over time, many organisms developed protective mecha-
nisms against environmental metals toxicity [20]. Amongst 
them is the yeast, Saccharomyces cerevisiae, able to neu-
tralise metal toxicity and survive in different forms of 
toxic stress [21]. Therefore, yeast is considered an ideal 
model organism for studying the molecular mechanisms of 
response to metal-induced stress [20]. Furthermore, since 
many eukaryotic organisms conserved the mechanisms 
responsible for protection against metal toxicity, studies on 
yeast could contribute to elucidate molecular mechanisms 
in higher eukaryotes [3].

To evaluate the toxic effects of various types of environ-
mental stressors, cell viability testing has been largely used 
method. Environmental factors exert toxic effects through 
different cellular mechanisms, which may affect the dividing 

ability of the cell, but this process doesn’t need to end with 
cell death. Cells can redirect their metabolic processes to 
set up appropriate defence mechanisms. After a successful 
recovery, they can continue to divide [22]. For this reason, 
cell viability data can lead to misunderstanding of the stress-
ors toxicity, and vitality (cell metabolic activity) determina-
tion is a better option.

The effect of environmental changes on an organism can 
be followed at different levels – at the molecular and cel-
lular level, and at the level of organs and organic systems. 
Amongst the first detected responses to the environmental 
changes are those that happened at the level of molecules 
including change of protein profile. Therefore, changed pro-
tein profile can serve as an early biomarker of cell stress 
exposure before its effect is shown on a higher level. Namely, 
proteins are key factors of function in the living cells [23].

Yeast cell response to metal exposure was reported as 
arresting cell cycle progression and adapting the transcrip-
tome, proteome, and metabolome [3]. Less is known how 
metal ions affect the mitochondrial proteome. Namely, 
mitochondria represent the metabolic dynamism of the cell 
and with the proteomic approach a global view of mito-
chondria in one, single experiment is provided [24]. The 
high-confidence mitochondrial yeast proteome with absolute 
quantification and topology, defined by integrative organelle 
proteomics, consists of 901 proteins whilst in mitochondria 
and mitochondria- associated fractions there are > 3300 of 
proteins [25]. Since mitochondria play roles in many cellular 
processes and diseases [23, 26, 27], investigation at the level 
of proteins, the key players in that processes, is invaluable.

In this study, in an attempt to further characterize the 
molecular mechanisms of  Fe3+ and  Pb2+ ions toxicity to the 
yeast S. cerevisiae in over-loaded conditions, cell viability 
and vitality were analysed and intracellular oxidation level 
was measured. Since mitochondrial proteins are the key 
players of cell physiology, changes at the mitochondrial 
proteome level were also investigated.

Material and Methods

Cultivation of Yeast

In this study, S. cerevisiae strain (W303a – MATa {his3-
11,15 leu2-3,112 ura3-1 trp1-1, ade2-1}), kindly provided 
from the Collection of Microorganisms of the Institute 
of Molecular Biotechnology, University of Technology, 
Graz, was used. Yeast was precultured at 30 °C for 24 h 
in YPD medium (2% w/v glucose (Fluka, Germany), 2% 
w/v peptone (Sigma, USA), 1% w/v yeast extract (Sigma, 
USA)) and then batch cultured for 20 h in YPD medium 
inoculated at a starting  OD600 of 0.2 (cca 5 ×  106 cells). 
A control sample of yeast represents non-treated yeast 
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cells. Besides, in the research yeast cultivated in a media 
with metal ions  (Fe3+ or  Pb2+) was also used. S. cerevi-
siae W303, the strain used in this study is his mutant, and 
more sensitive to metal stress. According to Pearce and 
Sherman [28] each of his1-his7 mutant strains is unable 
to grow in the presence of elevated levels of metal ions at 
nearly neutral pH and growth inhibition by metal salts is 
pH-dependent. For  Fe3+ growth is inhibited below pH 4.0, 
and for  Pb2+ no there is growth below pH 5.5 and above 
pH 6.0. For that reason, experimental media pH was care-
fully set to pH 5.5, using 2 M NaOH. The procedure is 
very delicate because of possible precipitation and needs 
to be performed very carefully. Culture growth in liquid 
media was determined by counting the yeast cell number 
in Bürker-Türk counting chamber (Brand™, Germany).

Determination of Testing Dose (Survival Test)

Over-night cultures of yeast were diluted in liquid YPD to 
 OD600 0.8 (cca 3 ×  107 cells) at 30 °C. The exponentially 
growing yeast cells were then spotted in tenfold dilutions 
onto solid YPD containing increasing concentration of 
 Fe3+ (added in a form of 1 M  FeCl3 solution) or  Pb2+ 
(added in a form of 1 M Pb(NO3)2 solution), as well as 
on YPD control plates (with no metals added). The con-
centrations of metal ions used in this test were in a range 
of 0.1–32 mM (0.10; 0.56; 1.00, 1.78; 3.00; 4.00; 5.00, 
5.62; 8.00; 10.00; 16.00 and 32.00 mM). All plates were 
incubated for 48 h, and then the spots of yeast were scored 
visually to determine growth restriction.

Determination of Yeast Cell Viability

The concentrations of metal-ion determined in survival 
test (for  Fe3+ 4 mM and for  Pb2+ 8 mM) were used in 
further analysis as a testing dose. In all experiments cells 
were cultured in 500-ml Erlenmeyer conical flasks and 
total working volume was 200 ml. The initial pH value of 
the medium was adjusted and then inoculated. The cultures 
were cultured in a rotary shaker at 160 rpm and 28 °C. Cell 
viability was measured by counting the yeast cell num-
ber in Bürker-Türk counting chamber, at the beginning 
of batch culturing, and at the end (early stationary phase, 
after 20 h for the cells treated with metals, and 9 h for non-
treated cells). At first, each experiment was performed by 
counting the cells in the chamber and by determining the 
number of colony-forming units after appropriate dilution 
of the culture. Good correlation of results between the two 
methods was obtained and afterwards only counting the 
cells in the chamber was performed.

Determination of Yeast Cell Vitality

Metabolic activity was measured by two-color fluorescence 
dye FUN-1 [2-chloro-4-(2,3-dihydro-3-methyl-(benzo-
1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium iodide] 
by two methods: a fluorescence microscopy and a fluores-
cence plate reader, using Live/Dead Yeast Viability Kit 
(Thermo Fisher Scientific, USA). Test was performed after 
batch culturing, on cells with and without metal-ion addi-
tion. Both methods were assessed following manufacturer’s 
protocols.

For the fluorescence microscopy, Calcofluor White M2R 
dye was used to stain cell-wall chitin with blue-fluorescence 
regardless of metabolic state. Metabolically active cells, con-
verted FUN-1 dye from diffusely distributed cytoplasmic 
dim green stain to red Cylindrical Intra Vacuolar Structures 
(CIVS). Only metabolically active cells, with intact plasma 
membrane and preserved metabolic capability, form CIVS 
whilst dead cells exhibit extremely bright green fluores-
cence [22]. Cells with intact membranes but with little or 
no metabolism activity have a red diffuse cytoplasmic fluo-
rescence different from the granular fluorescence of CIVS. 
In this part, the interpretation of the results differs from the 
manufacturers and represents an improvement in the inter-
pretation of the results.

Within a tested culture we counted the number of fluores-
cent cells stained blue, blue with red CIVS, green and red 
and determined a percent of dead and living cells in total 
cell number. Metabolically active and inactive cells were 
examined from at least 400 cells in one biological replicate.

The proportion of dead and living cells was also deter-
mined using a fluorescence plate reader by measuring green 
and red mean fluorescence. The greatest change in the red/
green fluorescence ratio indicates the most efficient conver-
sion of dye from green uniform stain to red CIVS structures. 
The result of this analysis was normalized to optical density 
of used yeast culture at 600 nm  (OD600).

The excitation wavelength of FUN-1 was 488 nm whilst 
emission wavelengths were 530 nm (green) and 620 nm 
(red). The excitation and emission wavelengths for Cal-
cofluor White were 385 and 475 nm. Tecan F200 Infinite 
multiplate reader (Tecan Austria GmbH, Austria) and a fluo-
rescence microscope Olympus BX51 microscope (Olympus, 
Tokyo, Japan) were used for these analyses.

Determination of Intracellular Oxidation

Intracellular oxidation was estimated by using 2′,7′-dichlor-
ofluorescein  (H2DCF) according to the procedure well 
explained in Zakrajšek et  al. [29]. Non-fluorescent 
 H2DCF is given as 2′,7′-dichlorofluorescein diacetate 
 (H2DCFDA), which easily penetrates the plasma mem-
brane and is esterified inside the cells. Finally, fluorescent 
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2′,7′-dichlorofluorescein (DCF) is produced and determined 
fluorometrically [30].

The cells from 2-mL cell cultures (metal treated and 
non-treated) were sedimented by centrifugation (14,000 × g, 
5 min), washed with 50 mM K-phosphate buffer (pH 7.8) 
and resuspended in the 50 mM K-phosphate buffer at 10% 
(v/v). The ROS-sensing dye  H2DCFDA (Sigma, USA) was 
added to a final concentration of 10 μM. After incubation 
(28 °C, 30 min), the fluorescence of the cell suspensions 
was measured using the Safire II microplate reader (Tecan 
Austria GmbH, Austria). The excitation and emission wave-
lengths of DCF were 488 nm and 520 nm, and the data are 
expressed as relative fluorescence unit (RFU), normalized 
to the number of yeast cells. The number of cells was deter-
mined by counting the cells in the in Bürker-Türk chamber.

Isolation of Mitochondria

Mitochondria were isolated according to the method of Zin-
ser and Daum [31]. The isolation starts with the spheroplasts 
preparation from the cells grown in YPD media with and 
without metal ion added, at the end of batch culturing. For 
this preparation modified method, well explained in Čanadi 
Jurešić et al. [32] was used. In brief, prepared spheroplasts 
were homogenized using Dounce tissue grinder (S–pes-
tle) and an ice-cold breakage buffer (0.6 mol/L mannitol, 
0.01 mol/L Tris/Cl pH 7.4 and 0.001 mol/L phenyl methane 
sulphonyl fluoride). After centrifugation (3600 × g, 5 min) 
the resulting pellet was resuspended in breakage buffer and 
homogenized. With repeated action the combined super-
natants were obtained. After centrifugation (14,000 × g, 
10  min) the pellet containing crude mitochondria was 
obtained. The pellet was resuspended in breakage buffer and 
centrifuged (3000 × g, 5 min). Mitochondria were isolated 
from the supernatant by centrifugation (14,000 × g, 10 min) 
and washed twice with breakage buffer. Pellet was dissolved 
in a small amount of buffer and stored at − 80 °C.

Preparation of Samples for 2‑D Electrophoresis

In isolated mitochondria, after centrifugation (9000 × g, 
20  min) and precipitation, Lysis buffer (7  mol/L urea, 
2 mol/L thiourea, 4% w/v CHAPS) and protease inhibitors 
(1% of Lysis buffer amount) were added and incubated for 
1 h on ice and occasionally shaken. Samples were centri-
fuged (14 600 × g, 1 h) and supernatants (protein extracts) 
used for further analysis.

Determination of Protein Concentration

The mitochondrial protein concentrations were determined 
by the method of Bradford [33] using bovine serum albumin 
(Sigma, USA) as standard.

Two‑Dimensional Electrophoresis (2‑D 
Electrophoresis)

The 2-D electrophoresis was performed according to 
Görg [34], with minor modifications well explained in the 
Zakrajšek et al. [29]. Briefly, 100 µg of protein samples 
were mixed with rehydration solution and applied to 13-cm 
pH 4 to 7 IPG strips (GE Healthcare, USA). After rehydra-
tion the isoelectric focusing was carried out at 20 °C on a 
Multiphore II system (GE Healthcare, USA). The second 
dimension (SDS polyacrylamide gel electrophoresis) was 
carried out with the 12% running gels on a vertical SE 600 
discontinuous electrophoretic system (Hoefer Inc, Aus-
tria). The 2-D gels were stained with SYPRO Ruby (Inv-
itrogen, Thermo Fisher Scientific, USA). For each sample, 
three 2-D gels were run under the same conditions.

Protein Visualisation and Image Analysis

2-D gels were documented using a CAM-GX-CHEMI HR 
system (Syngene, India). 2-D Dymension software, ver-
sion 2.02 (Syngene, India) was used for gel image analysis. 
Three gels for each sample were matched to provide an 
average gel sample. The spots were revealed and quan-
tified based on their normalised volumes. Expression 
changes (fold changes) were considered as significant if 
the intensity of the corresponding spot reproducibly dif-
fered by more than 1.5-fold in a normalised volume as a 
comparison between the control and treated samples, and 
if this was statistically significant (One-Way ANOVA test, 
P < 0.05).

Protein Identification

Spots of interests were cut from the 2-D gel and uncol-
oured overnight at 25 °C using a destained solution (gla-
cial acetic acid: methanol: dd  H2O = 10%:40%:50%, v:v:v). 
It was followed by trypsin digestion (10 µg/mL of Trypsin, 
Merck, Germany, for 18 h), extraction of digested proteins 
from gels (with 5% trifluoroacetic acid: acetonitrile = 1:1, 
v:v) and their purification (using Assay MAP cartridges 
 C18 and Assay MAP BRAVO, Agilent Technologies, 
USA). In the next steps, the derivatization with α-cyano-
4-hydroxycinnamic acid (5  mg/mL in water: acetoni-
trile = 1:1, v:v) and their spotting onto the MALDI plate 
were performed. In the last step, peptides were analysed 
by 4800 Plus MALDI TOF/TOF Analyser (Applied Bio-
systems, USA). For identification of the peptides, software 
ProteinPilot v4.5 (Sciex, USA) was used. The software 
results were combined/compared with Saccharomyces 
cerevisiae NCBInr database using Mascot Server [35]. 
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Various protein modifications (deamination, oxidation, 
and phosphorylation) were also considered.

Statistical Analysis

The data were statistically evaluated using the data analysis 
software system Statistica, version 13.4.04 (Tibco Software 
Inc., 2018). The results are shown as mean ± standard devi-
ation. Differences amongst groups were tested by a non-
parametric tests: Mann–Whitney U test or Kruskal–Wallis 
and post hoc Tukey HSD-test, and the level of significance 
was set at P < 0.05. In the case of identified proteins and 
fold changes of their expression relative to control (results 
presented in Table 1; Fig. 5, and S5) the test is One-Way 
ANOVA, P < 0.05, made by 2-D Dymension software, ver-
sion 2.02 (Syngene, India).

Results

Determination of Testing Dose

Testing doses of metal ions were determined using Survival 
test. The growth restriction due to the increase of concen-
tration of added metal ion for both tested ions is presented 
in Fig. 1. The inhibitive effect of  Fe3+ on biomass growth 
was dependent on  Fe3+ concentrations.  Fe3+ at a concentra-
tion of ≥ 5.6 mM inhibited the microbial growth by approxi-
mately 100% compared to control. Therefore, the concen-
tration of  Fe3+ at 4 mM was chosen as a sublethal dose. 
The inhibitive effect of  Pb2+ on the biomass growth was 
not so linearly dependent on the  Pb2+ concentrations as for 
 Fe3+ (Fig. 1). On the contrary, similar growth restriction was 
noticed in all tested concentrations until the 8 mM of  Pb2+ 
concentration. Moreover, at 8 mM colony growth was slow 
and prolonged (the author’s observations). At the concentra-
tion of ≥ 10 mM, there was no growth at all. Based on that, 
the concentration of 8 mM was chosen as a sublethal dose 
for  Pb2+.

Determination of Vitality and Viability

According to viability test measured by counting yeast cells 
at the beginning and at the end of batch culturing (until the 
cells reach early stationary phase), differently treated yeast 
cells had comparable values of growth inhibition. It was 96% 
for  Fe3+ treated and 94% for  Pb2+ treated yeast cells, respec-
tively (Fig S1).

Although a similar effect of both metal ions on yeast via-
bility was observed, differences in vitality were obtained. 
Percent of metabolically active cells (that form CIVS) with 
the intact plasma membrane and preserved metabolic capa-
bility in relation to the total cell number was lower in  Pb2+ 

treated cells compared to  Fe3+ indicating the stronger toxic 
effect of  Pb2+ on yeast cells (Fig. 2a and b). The results 
obtained by fluorescent microscopy were confirmed measur-
ing FUN 1 red/green fluorescence ratio in yeast suspension 
using a microplate reader (Fig. 2c). FUN 1 red/green ratio 
was significantly lower in both treated samples compared 
to control.  Pb2+ treated cells had a significantly lower ratio 
in comparison to  Fe3+ treated cells, which was shown as a 
less efficient dye conversion. Both measuring approaches 
(microscopic and by microplate reader) correlate well and 
show a similar pattern.

Determination of Intracellular Oxidation

Since metabolic activity is related to reactive oxygen species 
(ROS) production [15] we additionally measured intracellu-
lar oxidation. Usually, intracellular oxidation is measured at 
the end of stressor exposure. In this research measurements 
were taken at 0, 2, 4 and 20 h from metal ions addition, 
since cellular redox status is a dynamic process dependent 
on endogenous antioxidant defence systems. The highest 
intracellular oxidation was observed at t = 0 values. At later 
time points of cultivation intracellular oxidation decreased 
for  Pb2+ as well as for  Fe3+ treated cells, but they were still 
significantly higher compared to the control. At 4 and 20 h, 
the difference in intracellular oxidation level between  Pb2+ 
and  Fe3+ treated cells was observed with higher values for 
 Pb2+ treated cells (Fig. 3). This indicates that endogenous 
antioxidant defence systems in the cells treated with  Pb2+ are 
less efficient leading to oxidative damage of cellular compo-
nents. Results of intracellular oxidation correspond to results 
of vitality obtained by fluorescent microscopy or by measur-
ing FUN1 red/green ratio. In both cases, cellular metabolic 
activity at all time points was lower in  Pb2+ treated cells 
compared to  Fe3+ treatment.

Mitochondrial Proteomic Analysis

Mitochondrial proteome of the cells grown in YPD media 
with  Pb2+ or  Fe3+ and without metal ion added, at the end 
of batch culturing was detected by 2-D electrophoresis 
(Table 1; Figs. 4, 5, and S2–S4).

A total of 327 proteins were identified in isolated mito-
chondria in the control sample, 243 proteins in the mito-
chondria of yeast treated with  Fe3+, whilst the highest con-
tent (586 proteins) was found in the mitochondria of yeast 
treated with  Pb2+ (Fig. 5).

Correlation of protein expression in both groups of 
treated cells and in control sample is low (r2 = 0.26) (Fig. 5). 
In the case of  Pb2+ a downregulation of 15 different proteins 
(18 is actual total number, but protein isomers were also pre-
sent, A/N) compared to the control was observed. Amongst 
those 15, 3 proteins were also downregulated in  Fe3+ treated 
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Table 1  Identified proteins and fold changes of their expression in treated yeast cells  (Fe3+ or  Pb2+) relative to control (untreated cells)

*In table was shown only statistically significantly different (by One-Way ANOVA test) fold changes of particular proteins (P < 0.05) between 
treated samples (either  Fe3+ or  Pb2+) and control (untreated yeast)
**Protein expression change (fold change up [+] or down [−])
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cells, whilst for the remaining 12 proteins a fold change in 
the context of down- or upregulation was < 1.5 and thus, 
non-significant.

These common three proteins are: E1 α subunit of the 
pyruvate dehydrogenase (PDH) complex (Pda1_α), alde-
hyde dehydrogenase (Ald4) and copper metallochaperone 
essential for the synthesis and maturation of cyt c oxidase 
subunit II (Sco2). Pda1_α and Ald 4 are related to energy 
and carbohydrate metabolism, whilst Sco2, a protein simi-
lar to Sco1p may have a redundant function with Sco1p in 
delivery of copper to cytochrome c oxidase ([36], Fig S5). 
If we compare their downregulation between both treated 
cells, it is more intense in the case of  Pb2+, which indicates 
less efficient processes in  Pb2+ treated cells. (Table 1; Fig 
S5). Additionally, Sco2 appeared on 2-D gel in two spots 
for both metal treatments, which could indicate posttransla-
tional modifications due to treatment. Other proteins, which 
were downregulated in  Pb2+ treated cells, belong to different 
cellular processes such as energy and carbohydrate metabo-
lism (Dld1, Cor1, Qcr7, Cox 6, Atp2, Cit1, Qcr2), transport 
(Tom40), genetic information processing (Rim1) and oxida-
tive stress response (Tsa2).

Discussion

In this work, yeast cells response to the exposure to one 
essential metal (Fe) and one toxic metal (Pb) was tested and 
compared. The inhibitive effect of  Fe3+ on biomass growth 
was dependent upon the  Fe3+ concentrations. The concentra-
tion of  Fe3+ at 4 mM was chosen as a sublethal dose. Accord-
ing to Holmes-Hampton et al. [37] Fe-overload growth con-
ditions are defined to be > 40 μM  (Femed). Although little is 

known about the Fe content and distribution in cells grown 
under these overload conditions, wild type S. cerevisiae 
cells grow reasonably well in medium containing as much 
as 5 − 10 mM  Fe2+ and 20 mM  Fe3+. The concentration of 
 Pb2+ at 8 mM, determined to be a testing dose, is very high 
and is surprizing given data of literature. According to Chen 
and Wang [38] the  Pb2+ at a concentration of 5 µM inhibited 
the microbial growth by approximately 30% compared to 
control. Sousa and Soares [39] were used  Pb2+ concentra-
tions up to 1 mM in their experiments with end-point study 
at 3 h, whilst Yuan and Tang [40] cultured yeast cells for 
72 h at the concentrations of Pb at 1 (11.6 μg/dl) and 8 ppm 
(92.6 μg/dl). Both tested doses significantly damaged DNA 
structure of the yeast cells.

According to viability test (Fig S1) differently treated 
yeast cells had comparable values of growth inhibition (96% 
for  Fe3+ and 94% for  Pb2+, respectively). Kwolek-Mirek and 
Zadrag-Tecza [22] explained in detail different methods for 
viability testing. They accentuated the purpose of viability 
testing only in the estimation of the degree of growth inhi-
bition, without distinguishing live cells and cells unable to 
reproduce. Many toxic effects of chemical or physical factors 
do not lead directly to cell death. Instead, they may cause 
a numerous physiological (morphological, intracellular, or 
metabolic) changes resulting in the dividing inability, yet the 
cell itself may still be alive. For this aspect cell vitality has to 
be measured. Metabolic activity, as one of the vitality meth-
ods, includes the yeast-specific dye FUN-1 [22]. The dye 
makes it possible to distinguish live (metabolically active), 
metabolically weakened, and dead cells using fluorescence 
microscopy and spectrometry. Although a similar effect of 
both metal ions on yeast viability was observed, differences 
in vitality were obtained. Percent of metabolically active 

Fig. 1  Determination of test-
ing dose of metal ions to the 
Saccharomyces cerevisiae cells 
performed by Survival test: 
serial dilution-spotting assay to 
assess the growth of S. cerevi-
siae W303a on YPD medium 
(set to final pH 5.5) containing 
either different concentration of 
 FeCl3 or Pb(NO3)2 (0.10; 0.56; 
1.00., 1.78; 3.00; 3.16; 4.00; 
5.00, 5.62; 8.00; 10.00). Plates 
were incubated at 30 °C for 
2 days. Mean values of at least 
three independent experiments 
are presented
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cells in relation to the total cell number was lower in  Pb2+ 
treated cells compared to  Fe3+ indicating the stronger toxic 
effect of  Pb2+ on yeast cells (Fig S1). Millard et al. [41] 
explained that during FUN-1 processing a cytosolic reaction 
with reduced glutathione (GSH) proceeds and glutathione 
conjugates are formed. Further biochemical modification is 
necessary, then dye is transported and sequestered in the 
vacuole, and CIVS are formed. Besides, in the detoxifica-
tion of several metals the involvement of GSH and vacu-
ole is described (explained in [42]). GSH form complexes 
with metals (less metal is available for toxic interaction) 
whilst vacuoles are place for metal sequestration or metal 
compartmentalization (less metal is present in the cytosol). 
Considering results obtained in this work, the inhibition 
of CIVS formation in both treatments may suggests that 

in detoxification of both metals, both of above mentioned 
mechanisms could be involved. Similar implications are 
found for Pb in the research of Van der Heggen et al. [42] at 
even lower applied toxic concentrations.

According to obtained results of mitochondrial proteome 
of the cells grown in YPD media with and without  Pb2+ or 
 Fe3+ addition (Table 1; Figs. 4 and 5) the highest content of 
proteins was found in the mitochondria of yeast treated with 
 Pb2+. Mitochondria have a major role in controlling  H2O2 
and consequently in redox regulation. They export metabolic 
components which provide signalling for metabolites which 
support switching mechanisms to control the structural and 
functional organization of proteins and dictate the control 
of gene expression [43]. According to Hosiner et al. [21] 
a part of general detoxification mechanisms to acute metal 

Fig. 2  Assessment of the metabolic activity of the S. cerevisiae. 
(a) Representative fluorescence micrographs of control (i, ii, iii, iv) 
and metal-treated yeast cells (v, vi, vii, viii) stained with combina-
tion of FUN-1 dyes (i, ii, v, vi) or Calcofluor white M2R (iii, vii), 
and overlayed images (iv, viii). Metabolically active cells form red 
fluorescent cylindrical intravacuolar structures (CIVS) (a). Cells 
with intact membranes but with little or no metabolic activity have 
diffuse red cytoplasmic fluorescence and no CIVS (b). Dead cells 
show extremely bright, diffuse green fluorescence (c) (magnifica-
tion 1000×). (b) Metabolic activity determined using Live/Dead 
Yeast Viability Kit by a microscopy. FUN-1 and Calcofluor white 
M2R fluorescence was examined under the fluorescence microscope 
using at least 400 cells in each experiment. The result is expressed 
as relative ratio (%) of blue cells with red CIVS, red and green cells 
in total cells. Bars indicate SD, P < 0.05, Mann–Whitney U test. 
Symbol • indicates significant differences between control vs. metal-

ions treated cells, whilst Δ indicates significant difference between 
 Fe3+-treated cells vs.  Pb2+-treated cells. (c) Metabolic activity deter-
mined using Live/Dead Yeast Viability Kit by a microplate reader. 
The proportion of living and dead cells was measured, expressed 
as ratio of red and green absorbance, normalized to the  OD600. Test 
was performed in metal-treated cells and control cells in four time 
intervals (at the begging of the experiment-time 0, after 2 and 4 h of 
exposure to metal-ions and at the end of the experiment. Bars indi-
cate SD, P < 0.05, Kruskal–Wallis and Post Hoc-Tukey HSD test. 
Symbol • indicates significant differences between control vs. metal-
ions treated cells, whilst Δ indicates significant difference between 
 Fe3+-treated cells vs.  Pb2+-treated cells. Letters d, e and f indicate dif-
ference between time intervals in the same treatment: d-significantly 
different comparing time 0 h, e-significantly different comparing time 
2 h and f-significantly different comparing time 4 h
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toxicity in yeast is the induction of genes coding for chaper-
ones and those for chelation of metal ions via siderophores 
and amino acids. It was shown that yeast cells adapt to oxi-
dative stress by altering global transcription [44]. This can 
result in increased protein synthesis because of the need for 
antioxidant enzymes and free radical scavengers [45]. On 
the other hand, it can also lead to the inhibition of protein 
synthesis [46]. Experimental data show that high  H2O2 treat-
ment causes a slower rate of ribosomal runoff, increases the 
average mRNA transit time, and inhibiting the protein syn-
thesis [44].

More intense response in  Pb2+ treated cells is also vis-
ible in greater number of significantly downregulated pro-
teins, comparing  Fe3+ treated cells. A reduced abundance 
of proteins in  Pb2+ treated cells could be due to decreased 
import of proteins into mitochondria. One of these down-
regulated proteins is Tom40, the central component of 
the translocase of the outer mitochondrial membrane 
(TOM complex) providing the central protein entry gate 

for virtually all precursor proteins. Though mitochondria 
possess their own genome and translation machinery, only 
a small number of mitochondrial proteins are encoded 
by mtDNA and synthetized within the organelle [43]. 
The coding capacity of the S. cerevisiae mitochondrial 
genome is typical of most modern eukaryotes. It encodes 
only seven essential components of three respiratory 
chain complexes: complex III, complex IV and complex 
V, the complete set of 24 tRNAs required for translation, 
both ribosomal RNAs—and the 9S RNA component of 
RNase P. Thus, most proteins is nuclear-encoded and have 
to be imported into mitochondria through Tom complex 
[25, 43, 47]. According to results presented in Table 1, 
Tom40 shows a 3.3-fold reduced amount in  Pb2+ treated 
cells compared to the control, whilst in  Fe3+ treated cells 
a fold change is not significant. Thus, import of precur-
sor proteins into mitochondria is limited in  Pb2+ treated 
cells indicating less efficient processes such as the activity 
of the mitochondrial electron transport chain complexes, 

Fig. 3  Intracellular oxidation of Saccharomyces cerevisiae yeast 
cells treated either with  Fe3+ or  Pb2+ ions and compared to the con-
trol sample, expressed as relative fluorescence unit (RFU)/number of 
cells ×  105. Measurements were obtained immediately after metal ions 
addition (time zero) and 2, 4 and 20 h after metal ions addition. In the 

right part of picture relative values of ratios  (Fe3+/control and  Pb2+/
control) are presented. Quantities indicate the average of at least three 
independent experiments. Error Bars indicate SD, P < 0.05, Kruskal–
Wallis and Post Hoc-Tukey HSD test
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substrate oxidation through the tricarboxylic acid cycle 
and ATP synthesis. This is sustained by the downregu-
lation of proteins involved in ATP metabolic processes 
(such as Atp2, Cor1, Qcr2, Qcr7 and Pdh7, Table 1) in 
 Pb2+ treated cells. Thus, proteomic results show a similar 
pattern to the results of vitality and intracellular oxida-
tion (Figs. 2, 3, and S1). Additionally, the mitochondrial 
genome is also affected, since Rim1—a single-stranded 
DNA-binding protein, which is essential for mitochondrial 
genome maintenance and involved in mitochondrial DNA 
replication [36] is downregulated by 5.7-fold compared to 
the control. Additionally, downregulation of thioredoxin 
peroxidase (Tsa2) related to cellular antioxidant defence 

system indicates less efficient oxidative stress response in 
 Pb2+ treated cells and consequently higher oxidation level, 
compared to  Fe3+.

Downregulation of energy and carbohydrate metabolism-
related enzymes in treated cells is consistent with the results 
obtained in Justinić et al. [48] and in Shi et al. [49], resulted 
in lipid accumulation and is one of the yeast response to 
stress. In order to ensure enough acetyl-CoA, which is the 
precursor for fatty acids, yeast ensures downregulation of 
the majority of glycolytic, gluconeogenesis and TCA cycle 
enzymes.

Besides, in this research, in both treated yeasts, mitochon-
drial polar lipids significantly increased comparing control 

Fig. 4  Representative overlapped 2D-gel. The horizontal axis is the isoelectric focusing dimension, which stretches from pH 4 (left) to pH 7 
(right). The vertical axis is the PAGE dimension, which stretches from about 15 kDa (bottom) to at least 120 kDa (top)
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sample (data not shown), emphasizing the necessity of lipids 
crosstalk and rearrangement. Sufficient energy supply and 
suitable protein-lipid construction are necessary for optimal 
mitochondrial work [50].

Recent studies revealed that mitochondrial homeostasis 
and function are substantially dependent on a direct adjust-
ment of the activity of the mitochondrial protein import 
machinery [43, 47]. Decreased import of precursor proteins 
into mitochondria could be one reason for the downregula-
tion of the aforementioned proteins. Since higher intracel-
lular oxidation was observed in  Pb2+ treated cells compared 
to  Fe3+, decreased protein expression may be a result of ROS 
induced oxidative damages of proteins, including Tom40. 
Based on metabolic activity in  Pb2+ treated cells, it is evi-
dent that antioxidant defence systems are less efficient in 
 Pb2+ compared to  Fe3+ treated cells. Damages of proteins 
involved in the respiratory chain alter its activity resulting 
in unregulated production of ROS [51].

On the other hand, expression of 4 proteins (amongst 
them also cytosolic proteins) was increased in cells exposed 
to  Pb2+. These were elongation factor 2 (Eft1α and Eft1β), 
triose phosphate isomerase (Tpi1) and homo-isocitrate dehy-
drogenase (Lys12). Lys12 were overexpressed also in  Fe3+ 
treated cells, even more than in  Pb2+ treated cells whilst 
Eft1β wasn’t expressed in  Fe3+ treated cells.

An association of cytosolic glycolytic enzymes with mito-
chondria in yeast is reported, but their presence is consid-
ered to be cytosolic contamination [27, 52]. Nowadays is 
proposed that such association of proteins may play a func-
tional role in metabolite channelling [25]. Since the cells in 
both types of treatments faced the oxidative stress, increased 

expression of proteins Lys12, Eft1α and Eft1β related to pro-
viding amino acids and protein biosynthesis was expected. 
Regarding lysine, it is well known that the genus Saccha-
romyces exhibit an upregulation of the lysine synthesis in 
response to the oxidative stress [53]. S. cerevisiae synthe-
sizes the essential amino acid L-lysine via the L-alpha-
aminoadipic acid pathway [54] and one of the enzymes of 
that metabolic pathway (Lys12) is significantly upregulated. 
Surprisingly, in our research fold changes of upregulation 
was greater in  Fe3+ treated cells than in  Pb2+ treated cells 
(Table 1). Lys 12 (homoisocitrate dehydrogenase) oxidises 
homoisocitrate to 2-oxoadipate, a compound that can be eas-
ily transferred to 2-aminoadipate [54]. Still remains an open 
question if the cell, whilst combating the stress, synthetize 
Lys precisely or some other by-product of that metabolic 
pathway. It is known that these yeast cells during exposure 
to the toxic level of  Fe3+ and/or  Pb2+ respond to the stress by 
dynamic changes in metabolism. The transition from the gly-
colysis to the pentose phosphate pathway is assumed. Beside 
glycolysis, in  Pb2+ treated cells precisely, all further steps of 
energy gaining processes were repressed, such as oxidative 
decarboxylation of pyruvate (decreased Pda1_α), TCA cycle 
(decreased Cit1), pyruvate-acetaldehyde-acetate pathway 
(decreased Ald4) and oxidative phosphorylation (decreased 
Cor1, Cox6, Qcr2, Qcr7, Atp2) and even pyruvate—lactate 
conversion (decreased Dld1). Only for Tpi1 (triose phos-
phate isomerase), the enzyme responsible for reversible 
interconversion of the triose phosphate isomers: dihydroxy-
acetone phosphate and D-glyceraldehyde 3-phosphate, the 
expression increased, indicating possible gate to the pen-
tose phosphate pathway and NADPH production. NADPH 

Fig. 5  a Schematic diagram of detected proteins in the control and 
treated yeast cells (One-way ANOVA, P < 0.05). Number of over-
lapped proteins, showing significant difference is indicated with 
dashed line. b Correlation (One-Way ANOVA, P < 0.05) between 

protein expression in: 1. control cell vs. cells treated with  Fe3+ ions. 
2. control cell vs. cells treated with  Pb2+ ions. 3. cells treated with 
 Fe3+ ions vs. cells treated with  Pb2+ ions
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is particularly important since it provides reducing power for 
most antioxidants and redox regulatory enzymes. Beside in 
combating oxidative stress, NADPH is sometimes required 
for rapid cell growth. In growing cells, there might be less 
NADPH available for handling accumulated ROS than in 
non-growing cells. Nielsen [55], based on the research of 
Olin-Sandoval et al. [53] explained one of the possible ways 
of handling oxidative stress, using lysine. In the presence of 
the lysine, yeast cells can allocate more NADPH for deal-
ing with accumulated ROS. Moreover, a possible connec-
tion with lysine decarboxylation product, cadaverine and 
autophagy, and consequent stress protection is found [55]. 
This is currently an open question and much remains to be 
discovered.

Conclusion

The results showed the importance of measuring cell vital-
ity and not only cell viability in determining the toxicity of 
environmental stressors. Although a similar effect of both 
(over-loaded) metal ions on yeast viability was observed, 
differences in vitality were obtained. The percentage of 
metabolically active cells with the intact plasma membrane 
and preserved metabolic capability according to the total 
cell number was lower in  Pb2+ treated cells compared to 
 Fe3+. Furthermore, results of cell metabolic activity were in 
good correlation with the results of mitochondrial proteome 
changes. In  Pb2+ treated cells downregulation of proteins 
dominated. The most affected proteins arisen from different 
cellular processes such as energy and carbohydrate metabo-
lism, transport, genetic information processing and oxidative 
stress response. Amongst all detected 19 proteins, whose 
expression was changed in the context of up- or downregu-
lation, yeast cells treated with  Fe3+ or  Pb2+ shared only five 
proteins with significant change belonging to energy and car-
bohydrate metabolism and protein biosynthesis. We found 
also that one of the targets with decreased expression in  Pb2+ 
treated cells is Tom40, which represents the central protein 
entry gate of precursor proteins into mitochondria. Based 
on our results providing information about the physiological 
state of the cells, it possible to conclude that  Fe3+ and  Pb2+ 
exert their toxicity through different molecular mechanisms, 
inducing different stress response with a less efficient anti-
oxidant defence systems in  Pb2+ treated yeast cells.
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