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ABSTRACT 

In yeast, Pex6 (peroxisomal biogenesis factor 6) encoded by the PEX6 gene plays a crucial role in 
peroxisomal protein import, cell viability, and necrosis. Moreover, the activity of some key 
glycolytic enzymes is changed due to DNA damage or oxidative stress, leading to the diversion of 
metabolic flux into other biochemical pathways, such as the pentose phosphate pathway (PPP), 
hexosamine biosynthesis pathway (HBP), and glycogen and trehalose synthesis. 

Thus, the present study aims to examine the role of the PEX6 gene by using the BY4741 (wild 
type) and specific knock-out yeast strains (∆pex6). The activity of this gene in these biochemical 
pathways in response to DNA damage triggered by methyl methanesulfonate (MMS) treatment 
would be elucidated by using enzymatic, Gloxo, and OxoPlate® assays, flow cytometry, and 
chromatography. 

The findings obtained show that DNA damage significantly inhibited the activity of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PYK), 
mitochondrial respiration, cell growth, and ATP synthesis. However, DNA damage intensively 
promotes the activity of glucose-6-phosphate dehydrogenase (G6PDH) and the synthesis of 
uridine-diphosphoglucose-N-acetylglucosamine (UDP-NacGlu). Subsequently, the glucose flux 
was not diverted to the TCA cycle due to prohibited mitochondrial activity and oxygen 
consumption, but to the PPP as a result of increased G6PDH activity and to glycogen/trehalose 
accumulation because of enhanced UDP-NacGlu levels. The cells, especially the mutant ∆pex6, 
utilize glycogen/trehalose as major energy reserves to maintain their energy and survival, and 
induce necrosis as a cellular defense mechanism in response to DNA damage. These results 
suggest that a fully functional PEX6 plays a major role in cell proliferation, energy metabolism, 
and the cellular defense mechanism in response to DNA damage. 

Keywords: DNA damage, glycolytic enzyme, glycogen, mitochondria, necrosis, trehalose, 
PEX6. 
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INTRODUCTION 
In budding yeast Saccharomyces 

cerevisiae, Pex6 (peroxisomal biogenesis 
factor 6) is a peroxin encoded by PEX6 gene 
and a peroxisomal membrane protein involved 
in peroxisomal protein import (Ali et al., 2023; 
Rüttermann et al., 2023). Pex6 acts 
downstream of the receptor docking in the 
terminal steps of peroxisomal matrix protein 
import (Grimm et al., 2012). Also, Pex6 is 
supposed to control ROS accumulation (Min et 
al., 2012) and cell viability in the early 
stationary phase, and it does not depend on the 
apoptotic activators Yca1 (yeast caspase 1) and 
Aif1 (apoptosis inducing factor) in apoptosis, 
but triggers necrotic cell death (Jungwirth et 
al., 2008). Thus, deficiency in PEX6 should 
lead to loss of cell viability and cause necrosis. 
In humans, mutations in PEX6 can lead to 
severe peroxisomal disorders and early death 
(Ebberink et al., 2010; Lucaccioni et al., 2020; 
Renaud et al., 2016) and disruption of the 
PEX1-PEX6 interaction often causes the 
neurological disorders such asZellweger 
syndrome (Geisbrecht et al., 1998). 

In eukaryotic cells, many studies 
indicating the role of some key glycolytic 
enzymes in oxidative stress and apoptosis 
have been reported (Cerella et al., 2009; Matte 
et al., 2021; Muronetz et al., 2020; Wang et 
al., 2017). Those enzymes are including 
glucose 6-phosphate dehydrogenase (G6PDH) 
(Sousa et al., 2020; Ueda et al., 2018), 
glyceraldehyde-3-phosphate dehydro-genase 
(GAPDH) (Christodoulou et al., 2018; 
Hildebrandt et al., 2015), and pyruvate kinase 
(PYK) (Grüning et al., 2011; Shimizu & 
Matsuoka, 2019), whose activity is altered 
upon DNA damage or oxidative stress 
induced by exogenous or endogenous agents, 
leading to subsequent alterations of metabolic 
flux. However, to date, no study has examined 
the role of yeast G6PDH, GAPDH, and PYK 
in the oxidative defence systems or apoptosis 
and their role in the energy metabolism and 
metabolic alterations in response to oxidative 
stress/DNA damage. 

It is well known that S. cerevisiae has long 
been recognized as a versatile model system 

for drug discovery and studying of cellular 
defense in eukaryotic cells, since many of the 
basic cellular processes of both yeast and 
humans are also highly conserved. Thus, the 
purpose of this study is to investigate the role 
of PEX6 in glycolysis, energy metabolism, 
metabolic alterations, namely carbohydrate 
flux to the hexosamine and pentose phosphate 
pathways or glycogen and trehalose synthesis, 
and necrosis (apoptosis). The present study, 
therefore, uses the model yeast strain BY4741 
(wild type) and the mutant ∆pex6 that is 
defective in PEX6 gene deleted by the 
disruption of the respective gene to test these 
biochemical pathways. 
MATERIALS AND METHODS 
Strains, media and growth conditions 

Two yeast strains S. cerevisiae used in this 
study are the BY4741 wild type (Accession 
number: Y00000; Genotype: MATα; his3Δ1; 
leu2Δ0; lys2Δ0; ura3Δ0; Source: 
EUROSCARF) and the mutant ∆pex6 
(Accession number: Y01115; Genotype: 
MATα; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0; 
YNL329c:kanMX4; Source: EUROSCARF). 
Yeast cells were grown in rich medium (YPD, 
Yeast Peptone Dextrose) containing 10 g/L 
yeast extract, 20 g/L bacto peptone, and  
20 g/L glucose. Cell growth was followed by 
optical absorbance measurement at 600 nm 
(OD600). For treatment with DNA-damaging 
agents, e.g. methyl methanesulfonate (MMS), 
the medium was inoculated with an overnight 
preculture and grown at 30 ˚C to the mid-log 
phase (OD600 0.6–0.8). Then, cultures were 
either nontreated (control) or treated with 
different concentrations of MMS (Sigma-
Aldrich). Yeast cells were first inoculated in 
YPD medium, incubated at 30 ºC/250 
rpm/overnight (pre-culture), then pre-culture 
was transferred in fresh respective media YPD 
(main culture). 
Enzymatic Assay 

The Enzymatic Assay was used to 
determine the activity of glycolytic enzymes. 
In this research, it was applied to determine 
two Michaelis Menten constants, such as Vmax 
and Km of glycealdehyde-3-phosphate 
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dehydrogenase (GAPDH, EC 1.2.1.12), 
pyruvate kinase (PYK, EC 2.7.1.40), and 
glucose-6-phosphate dehydrogenase (G6PDH, 
EC 1.1.1.49). 

Protein isolation: The main culture was 
divided in two, one half culture as control 
(non-treated), another one was treated with 
0.03% MMS. Aliquots (ca 20 OD600 units of 
cells) were taken at 4 h and 24 h, centrifuged at 
7,000 rpm/4 ºC/3 min. Pellets were 
resuspended with 1 g glass beads and 500 µL 
of Extraction Buffer (20 mM Hepes pH 7.1, 
100 mM KCl, 5 mM EDTA pH 8, 1 mM DTT, 
and 0.1% Tween). Samples were vortexed 
twice for 5 mininutes, with cooling on ice in 
between, freezed at -20 ºC/overnight, and 1x5 
min in Mixer Mill MMS 300 (Retsch). Broken 
cell suspensions were centrifuged at 13,000 
rpm/4 ºC/20 min, supernatants (cell lysates) 
were immediately used for enzymatic assay to 
determine individual enzyme activity (Vmax) 
and Km, concomitantly used for determination 
of protein content by Bradford method. 

Assay execution: The method followed the 
protocol as described in our previous reports 
(Bonowski et al., 2010; Kitanovic et al., 
2009). Briefly, GAPDH activity was 
measured at 30 ºC by coupling the production 
of glycerate-1,3-diphosphate from 3-
phosphoglyceric acid to the consumption of 
NADH, using a spectrophotometric assay in a 
coupled 3-phosphoglyceric phosphokinase-
GAPDH system. PYK activity was measured 
at 30 ºC by coupling the production of 
pyruvate from phospho(enol)-pyruvate and 
ADP to the consumption of NADH, using a 
spectrophotometric assay in a coupled PYK-
lactic dehydrogenase system. The reactions 
were initiated by the addition of crude extract 
and were followed by a decrease in A340 nm. 

Data analysis: Vmax and Km were 
determined from enzyme activities at different 
substrate concentrations [S]. R function nls 
(nonlinear least squares) was used to perform 
a direct nonlinear regression of the Michaelis 
Menten formula to determine these constants 
(Bonowski et al., 2010). The data were then 
saved in RData files and analyzed by the R 
program. The final results were plotted in R 

graphs that represent the kinetic curves of 
Michaelis Menten constants performing the 
relationship between Vmax and Km values. 
Finally, Vmax and Km values were represented 
in bar diagrams. 
Detection of mitochondrial activity and 
apoptosis by flow cytometry 

Preparation: The main culture was split in 
two, one half culture as control (non-treated), 
another one was treated with 0.03% MMS. 
Aliquots (ca 50–100 µL) were taken at 3 hours 
(h), 6 h, 8 h and 24 h after MMS treatment and 
mixed with ca 900 µL PBS (ca 1 mL total). 
Aliquots were stained with 1 µM MitoTracker® 

Green FM (Molecular Probes - in f.c) plus 5 
µg/mL of propidium iodide (PI, Sigma-
Aldrich, in f.c) for mitochondrial activity 
detection. For apoptosis analysis, the annexin 
V/PI staining assay (BD Biosciences, 
Germany) was used to analyze cell apoptosis 
according to the protocol of manufacturer. 
Living cells were determined as cells negative 
for both V and PI (V−/PI−), early apoptosis as 
cells positive for annexin V but negative for PI 
(V+/PI−), late apoptosis as cells positive for 
both annexin V and PI (V+/PI+), and necrotic 
cells as cells negative for V but positive for PI 
(V−/PI+). An aliquote of the resuspended cells 
was used to determine the cell number after 
treatment, using a hemocytometer and trypan 
blue. The relative amount of cells was 
calculated as the number of trypan blue 
negative cells divided by the number in the 
mock treatment (Bui et al., 2024). 

Flow cytometry analysis (FACS): FACS® 
Calibur (Becton Dickinson) and CellQuest Pro 
analysis software were used to quantify and 
analyzed fluorescence intensity of DHE, PI-
DNA complex (excitation and emission 
settings were 488 and 564–606 nm, FL2 filter), 
and MitoTracker® (excitation and emission 
settings were 488 and 525–550 nm, FL1 filter). 
The analyzed fluorescence signal was given in 
the mean value of fluorescence intensity at the 
indicated time point (time course). 

OxoPlate® Assay 
OxoPlate® (PreSens, Germany) was used 

to monitor oxygen consumption of cell growth 
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in a medium. Yeast cells were first inoculated 
in YPD medium, incubated at 30 ºC/250 
rpm/overnight (pre-culture), then pre-culture 
was transferred in fresh respective media YPD 
(main culture). Oxygen consumption (%) and 
cell growth (OD600) were monitored in 96-well 
OxoPlate® with round bottom integrated optical 
oxygen sensors, in which each well contained 
75 µL of adjusted main culture (0.1 OD600) and 
75 µL of MMS with investigated concentration 
(i.e. 150 µL total). 

The OxoPlate® was sealed with a 
breathable membrane (Diversified Biotech, 
USA), then introduced to Tecan Safire2 
Reader (Tecan, Switzerland) to measure 
fluorescence intensity at 540/650 nm (for 
indicator dye, Iindicator) and 540/590 nm (for 
reference dye, Ireference), and at 600 nm (for 
optical density of culture, OD600). 
Measurement were carried out continuously 
over 18 h with a kinetic interval of 30 min at 
30 ºC. The calibration of the fluorescence 
reader was performed using a two-point 
calibration curve with oxygen free water (80 
mM Na2SO3, Cal 0) and air-saturated water 
(Cal 100). The partial pressure of oxygen was 
calculated from the calibration curve. 

Analysis of metabolite contents by high 
performance ion exchange chromatography 
(HPIC) 

Metabolite extraction and sample 
preparation: The sampling preparation was 
described previously (Loret et al., 2007). 
Briefly, 20 units OD600 of cell culture were 
withdrawn at the indicated time point, rapidly 
collected by vacuum filtration (Glass Filter, 
Millipore™) through a Sartolon polyamide 
membrane (Sartorius, Germany). The cell-
adherent membrane was quenched in 5 mL 
buffered ethanol (75% ethanol, 10 mM Hepes, 
pH 7.1) in a 50 mL-glass tube (Lenz, 
Laborglas- instruments, Germany), shortly 
vortexed, incubated at 85 ºC/4 min in water 
bath, and immediately put on ice. The 
membrane was then washed 2 × 0.5 mL with 
absolute ethanol to rinse the rest on the 
membrane in the solvent. The solvent 
containing cell extract suspension was 

evaporated to dryness at 35–40 ºC under a 
vacuum rotary around 35–50 mbar (Büchi, 
Rotavapor R, Switzerland). Cell extract was 
resuspended in 0.5 mL deionized water, 
centrifuged at 13000 rpm/4ºC/5 min. The 
supernatant was introduced to HPIC for 
analysis. 

Analysis of nucleotide content: 
Supernatants (ca 200 µL) were transferred 
into 1.5 mL-screw thread vials with glass 
inserts (VWR™) and analyzed by High 
Performance Ion Exchange Chromatography 
(HPIC, Dionex - ICS - 3000, USA) equipped 
with gradient pump and conductivity detector 
along with UV detector (wavelength was set 
either to 220 or 260 nm). For the 
chromatographic separation, an AG11 guard 
column (50 mm × 2 mm i.d.) and 2 AS11 
analytical columns (250 mm × 2 mm i.d.) 
(Dionex) in series were used. A flow of  
0.35 mL/min was maintained throughout all 
runs. The suppressor current was set to  
70 mA. The sample injection volume was  
5 µL. The data was analyzed by Chromeleon 
software (Dionex, ICS - U3000). The content 
of metabolites and nucleotides was then 
analyzed by Chromeleon software based on 
the calibration curve to quantify ATP and 
UDP-NAcGlu contents, and calculated in 
µmol/g DW (dry weight). The analytical 
protocol follows the method described by 
Ritter (2006) (Ritter et al., 2006). 

Gloxo Assay (glucose oxidase method) 
Gloxo Assay is used to monitor the 

glucose consumption of cells during 
cultivation. Yeast cells were inoculated in 
YPD medium, incubated at 30 ºC/250 
rpm/overnight (pre-culture), then the pre-
culture was transferred in fresh YPD medium, 
and incubated at 30 ºC/250 rpm until mid-log 
phase (main culture). The main culture was 
divided, one half of which was used as control 
(non-treated), and the other treated with 
0.03% MMS. After MMS treatment, aliquots 
(ca 20 units OD600 of cell culture) were 
withdrawn every hour till 48 h. Cell cultures 
were centrifuged at 3600 rpm/4 ºC/5 min. The 

20 



Mutation of yeast PEX6 gene inhibits glycolysis 

supernatants were introduced to Gloxo Assay 
to determine the glucose concentration in the 
medium, the pellets were used for quantitative 
analysis of glycogen and trehalose by 
Glycogen and Trehalose Assay. The principle 
of Gloxo Assay is that glucose oxidase 
enzyme (EC 1.1.3.4) catalyzes the oxidation 
of glucose in the medium into D-glucono-1,5-
lactone which then hydrolyzes to gluconic 
acid, simultaneously oxygen is reduced to 
hydrogen peroxide. The supernatants (culture 
media) in 1.5 mL Eppendorf tubes, Gloxo 
Reagent (Tris-Cl 250 mM pH 8, glucose 
oxidase 250 µg/mL, peroxidase 100 µg/mL, 
reduced-o-dianisidine 100 µg/ mL prepared in 
absolute ethanol), standard glucose solutions 
(0, 1, 2, 4 µg/mL), and deionized water were 
manually prepared. Quantitative analysis of 
glucose concentration in the medium based on 
the calibration curve. Glucose consumption at 
each time point was calculated in g/L 
medium. 

Glycogen and Trehalose Assay 
The pellets collected from Gloxo Assay 

were then resuspended in 250 µL of Na2CO3, 
incubated in water bath at 95 ºC/4 h, put on 
ice. The broken cell suspension was adjusted 
to pH 5.2 by adding 150 µL of 1M acetic acid 
and 600 µL of 0.2 M sodium acetate buffer 
and divided in two. One half (500 µL) was 
with 100 µg of α-amyloglucosidase from 
Aspergillus niger, incubated overnight at 57 
oC/in Thermomixer (Eppendorf, Germany) 
with continuous shaking ca 800 rpm. Another 
half was added with 3 mU trehalase, 
incubated overnight at 37 oC in Thermomixer 
with continuous shaking ca 800 rpm. 

The overnight incubated suspensions were 
centrifuged at 13,000 rpm/4 ºC/5 min, the 
supernatants containing released glucose 
molecules were introduced to Gloxo Assay as 
described above to determine glucose 
concentration. The data were analyzed, 
glycogen and trehalose contents were 
calculated in mg glucose/g DW (dry weight). 
The final results were performed in graphs 
that represented the correlation of the kinetics 

of glycogen and trehalose accumulation to 
glucose consumption in the medium. 

Statistical data analysis 
Values were taken as means of three 

determinations. The differences between the 
means were determined by Duncan’s Multiple 
Range Test (MRT) using SAS 9.0 software 
(SAS Institute, Cary, NC, USA) and means 
with the same letter were not significantly 
different (p > 0.05). Also, one-way ANOVA 
Kruskal–Wallis test was performed to 
determine differences in distributions between 
two or more independent groups using the 
kruskal.test function in R, p-values < 0.05 
were considered to be significantly different. 

RESULTS 

Changes in activity of glycolytic enzymes 
upon MMS treatment 

MMS treatment strongly decreased 
GAPDH activity of both strains from as early 
as 4 hours and up to 24 hours (h). Especially, 
GAPDH activity in all cells was suppressed 
after 24 hours of treatment (Figs. 1A–B). 
Similar to GAPDH, PYK activity of all strains 
was strongly inhibited from 4–24 hours upon 
MMS treatment and was not able to recover 
(Figs. 1C–D). The GAPDH and PYK activities 
of the mutant ∆pex6 cells were comparatively 
lower than those of the wild type BY4741 upon 
treatment with or without MMS (Figs. 1A–D). 

In contrast to GAPDH and PYK, G6PDH 
activity of all strains was not inhibited by 
MMS treatment at all. In fact, G6PDH activity 
was significantly increased over time and 
greater as compared with the controls. Thus, 
DNA damage blocked GAPDH and PYK 
activities, but strongly enhanced G6PDH 
activity. Moreover, MMS treatment did not 
seem to affect the affinity (Km) of GAPDH, 
PYK, and G6PDH for their specific substrates 
as compared with non-treatment (controls,  
Fig. 4). The affinity for specific substrate 
varied from this enzyme to others. In many 
cases, MMS reduced the affinity (increased 
Km), while they promoted affinity (decreased 
Km) in other cases (Fig. 1). 

21 



Van Ngoc Bui, Hoang Ha Chu 

 
Figure 1. Changes in activity of glycolytic enzymes of BY4741 and ∆pex6 in response to DNA 
damage. Protein isolation (cell lysate) was introduced to an enzymatic assay for determination 
of enzyme activity and Michaelis-Menten constants, Vmax and Km. Graphs represent activity of 

GAPDH (A, B), PYK (C, D) and G6PDH (E, F) expressed by Vmax in mU/mg protein and 
together with Km in mM. Results are given as mean values with standard deviations (SD). The 

differences between the means were analyzed by one-way ANOVA, p-value < 0.05 was 
considered to be significantly different and vice versa 

 
Inhibition of mitochondrial activity upon 
MMS treatment 

Also, MMS treatment caused gradually 
increasing repression of mitochondrial activity 
of all cultures over the cultivation period  
(Fig. 2). Additionally, the mitochondrial 
activity of the control cells was gradually 
decreased, but that of MMS-treated cells 
decreased faster than the controls (p < 0.05; 
Fig. 1C). Certainly, the mitochondrial activity 
of the wild type BY4741 cells was higher than 
that of the mutant cells in both control and 
MMS-treated conditions (p < 0.05; Fig. 1C). 
Thus, disruption of the PEX6 gene leads to the 
inhibition of mitochondrial activity upon 
either treatment or non-treatment with MMS. 
Changes in oxygen consumption and 
metabolite production upon MMS treatment 

Oxygen consumption and cell growth 
expressed in the percentage of oxygen 

saturation and OD600, respectively, were 
represented in Figure 3. The results show that 
MMS caused adverse impairment of 
mitochondrial respiration leading to a strong 
inhibition of oxygen consumption and cell 
growth at all MMS investigated 
concentrations, especially for the mutant 
∆pex6 cells. MMS treatment significantly 
diminished oxygen consumption and cell 
proliferation in a dose-dependent manner 
(Figs 3 A–B). Then, mitochondrial respiration 
was either recovered until oxygen in the 
medium became exhausted or remained 
inhibited, the lower the MMS concentrations 
treated, the faster the mitochondrial 
respiration recovered (Figs 3 A–B). The 
mutant ∆pex6 cells were much more sensitive 
to MMS treatment and demonstrated a 
stronger enhancement of mitochondrial 
respiratory block resulting in a more rapid 
decrease of oxygen consumption as compared 
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with the wild types (Fig. 3A). Consequently, 
the mutant cells were not able to recover cell 

proliferation when exposed to genotoxic 
chemical as the wild type could (Fig. 3B). 

 

 
Figure 2. Modulation of mitochondrial activity of BY4741 (A) and ∆pex6 (B) in response to 

DNA damage. Fluorescence intensity of MitoTracker® was quantified and analyzed by FACS 
for measuring mitochondrial activity. A and B are kinetic graphs displayed as overlapping 

histograms of fluorescence intensity against relative cell number. The dashed lines with 
quadratic equations represent the trends of mitochondrial activity during 24 hours of cultivation 
(C). Results are given as mean values with standard deviations (SD). The differences between 

the means were analyzed by one-way ANOVA, p-value < 0.05 was considered  
to be significantly different and vice versa 

 
Changes in ATP production and UDP-
NacGlu synthesis upon MMS treatment 

As shown in Figure 3, MMS treatment 
prohibited ATP synthesis of both the wild 
type and ∆pex6 already after 3 h of treatment 
resulting in reduction of ATP levels as 
compared with the controls (Fig. 3C). 
Moreover, the wild type BY4741 cells 
produced more ATP levels than the mutant 
∆yca1 cells in either control or MMS-treated 
condition. Generally, the ATP production was 
gradually decreased until the end of the 
cultivation period (Fig. 3C). 

In contrast to that, MMS treatment 
enhanced the synthesis of uridine-
diphosphoglucose-N-acetylglucosamine 
(UDP-NacGlu) in both BY4741 and 
particularly ∆pex6 cultures, i.e. the 
biosynthesis of UDP-NacGlu in the ∆pex6 

cells was much more increased than that in 
the BY4741 (Fig. 3D). Namely, UDP-
NacGlu level of both MMS-treated cultures 
tended to increase and reached the maximum 
level at 8 h, then UDP-NacGlu content 
remained at high level until 24 hours of 
cultivation, while that of the control cultures 
was slightly increased around 3 h, then 
started to decrease over time (Fig. 3D). 

Glycogen and trehalose accumulation upon 
MMS treatment 

The findings illustrated in Figure 4 reveal 
that all control cultures did not accumulate 
glycogen over time while consuming glucose 
in the medium (Figs. 4A–B). In opposition, all 
MMS-treated cultures started to accumulate 
glycogen already when the glucose still 
remained in the medium and promoted 
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glycogen accumulation intensively until 
glucose completely exhausted in the medium 
(Figs. 4A–B). Maximum glycogen 
accumulations were reached at around 6 h of 
cultivation in both the MMS-treated cultures. 
In addition, the maximum glycogen level of 
∆pex6 was significantly higher than that of the 
wild type, and composed of up to 9% of cell 
dry weight (DW) while that of the wild type 
constituted 4% of DW (Fig. 4A). 

Similar to glycogen, all MMS-treated 
cells accumulated trehalose even though the 
glucose remained in the medium  

(Figs. 4C–D). Also, maximum trehalose 
levels were reached at about 6 h in both the 
MMS-treated cells. However, all control 
cultures of BY4741 and ∆pex6 started to 
accumulate trehalose from the beginning of 
cultivation and kept accumulating until 
glucose was completely exhausted in the 
medium. And again, the trehalose level of 
∆pex6 was obviously greater and made up 
13% DW as compared with that of the 
BY4741 was 3% DW (Figs. 4C–D). 
Furthermore, the ∆pex6 cells accelerated 
trehalose accumulation over time and up to 
24 h of cultivation (Fig. 4C). 

 

 
Figure 3. Kinetics and changes in oxygen consumption (A), cell growth (B), ATP (C) and UDP-
NAcGlu (D) synthesis of the wild type BY4741 and mutant ∆pex6 in response to DNA damage. 
Oxygen consumption (% oxygen saturation) and cell growth (OD600) were monitored in 96-well 

OxoPlate®. The legends in OD600 (B) are also ones in % oxygen saturation (A). Intracellular 
metabolite extracts were analyzed by HPIC. The value of ATP and UDP-NAcGlu  

(uridine-diphosphoglucose-N-acetylglucosamine) contents was calculated  
in µmol/g DW (dry weight, panels C, D) 

 
Induction of necrosis upon MMS treatment 

Taking into account the principle, 
annexin V binds to phosphatidylserine that 
is translocated from the inner to the outer 
cell membrane layer during apoptosis and PI 
only enters cells with damaged membrane. 
Apoptosis stages and apoptotic cell ratios 
were determined by annexin V/PI double 
staining and represented in Figure 5. MMS 
treatment not only reduced the relative cell 

number, i.e. increased the percentage of 
apoptotic cells, but also caused an increase 
in the population of cells in early apoptosis 
(V+/PI–), late apoptosis (V+/PI+), and 
necrosis (V–/PI+) as compared with the 
controls (p < 0.05; Fig. 5). In general, the 
living cells were gradually decreased, 
whereas the early, late apoptotic, and 
necrotic cells were consistently increased. 
In addition, the relative cell number of the 
mutant ∆pex6 was significantly less than 
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that of the wild type BY4741, while the 
necrotic cells of the mutant were remarkably 

higher than those of the wild type (p < 0.05; 
Fig. 5). 

 

 
Figure 4. Modulation of glycogen and trehalose accumulation in response to DNA damage. 

Supernatants were used for monitoring glucose consumption by the Gloxo Assay. Pellets were 
used for quantifying glycogen and trehalose contents by the Glycogen and Trehalose Assay. 

The kinetics of glycogen and trehalose accumulation against time of cultivation was depicted in 
A and C, respectively, while glycogen and trehalose accumulation in mg glucose/g DW against 

glucose consumption in g/L medium were represented in B and D, respectively 
 

 
Figure 5. Induction of apoptosis and necrosis in BY4741 and ∆pex6 cells in response to DNA 

damage. Apoptosis stages and apoptotic cell ratios (%) were determined by FACS flow 
cytometry using annexin V/PI double staining and calculated by hemacytometer using trypan 

blue staining, respectively. All measurements were performed at least 3 times for reproducibility 
and values are means of 3 measurements. The differences between the means were analyzed by 

Duncan’s Multiple Range Test and one-way ANOVA, means with the same letter are not 
significantly different (p > 0.05) and vice versa 
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DISCUSSION 
Modulation of glycolytic enzymes in 
response to DNA damage 

As already mentioned, glycolytic enzymes 
play a crucial role in oxidative stress and 
apoptosis. The diversion of metabolic flux 
depends on their activity. Indeed, DNA 
damage strongly inhibited the activity of two 
key glycolytic enzymes, GAPDH and PYK, 
but enhanced that of G6PDH (Fig. 1). 

G6PDH (glucose-6-phosphate 
dehydrogenase) catalyzes the first step in the 
pentose phosphate pathway (PPP) that produces 
NADPH. This reductant and reduced 
glutathione (GSH) are essential in many 
biosynthetic pathways and protect the cell from 
endogenous oxidative damage like reactive 
oxygen species (ROS) or exogenous DNA 
damaging chemicals (Berg et al., 2002). 
Moreover, it was stated that G6PDH has a 
relevant role in the defense mechanism against 
oxidative stress in bacteria, yeast, and 
mammalian cells and also suggested that 
G6PDH as an antioxidative enzyme can be 
included in the group of catalase, superoxide 
dismutase, ascorbate peroxidase, and glutathione 
reductase/peroxidase (Lapshina et al., 2006; 
Valderrama et al., 2006). 

GAPDH (or triose phosphate 
dehydrogenase - TDH, in yeast) catalyzes the 
generation of 1,3-diphosphoglycerate from 
glyceraldehyde-3-phosphate in the sixth step of 
the glycolytic pathway. GAPDH acts as a 
reversible metabolic switch under cellular 
oxidative stress. When cells are exposed to the 
oxidants, they require excessive amounts of the 
antioxidant cofactor NADPH. Oxidant 
treatment causes an inactivation of GAPDH, 
but activation of G6PDH. This effect re-routes 
temporarily the metabolic flux from glycolysis 
to the PPP, allowing the cell to produce more 
NADPH for antioxidant systems (Hara et al., 
2006; Ralser et al., 2007). 

Regarding pyruvate kinase (PYK), to our 
knowledge, there has been no report of the 
role of yeast PYK in oxidative defence 
systems or apoptosis so far. However, many 
studies have been reported about the role of 

PYK in oxidative defence systems of 
mammalian cells and human tumors (Liang et 
al., 2017; Matte et al., 2021; Prakasam et al., 
2017; Wu et al., 2021), though our own 
previous research indicated that high ROS 
accumulation strongly inhibits the activity of 
GAPDH and PYK, but enhances that of 
G6PDH upon MMS treatment in S. cerevisiae 
(Kitanovic et al., 2009). 

Thus, DNA damage is responsible for the 
inhibition of GAPDH and PYK activities but 
enhancement of G6PDH activity that could 
lead to a subsequent repression of 
mitochondrial activity. 

Modulation of mitochondrial activity in 
response to DNA damage 

Because the later stage of glycolysis was 
suppressed as a result of inhibited GAPDH 
and PYK activities (Figs. 1A–D), this effect 
led to a reduced mitochondrial activity of all 
cells, especially the ∆pex6 cells in both 
conditions with or without MMS treatment 
(Fig. 2). 

Probably, the reduced mitochondrial 
activity results from mitochondrial DNA 
(mtDNA) damage triggered by MMS 
treatment that induces high ROS 
accumulation and further impairs 
mitochondrial activity. Since mtDNA might 
be more prone to oxidative damage and 
suffers 3–10 fold more damage than nuclear 
DNA (nDNA) in numerous cell types from 
yeast, mouse, rats, and humans (Chenna et al., 
2022; Van Houten et al., 2006). Moreover, 
ROS can be generated from both exogenous 
and endogenous pathways and even during 
normal metabolism, and pose a significant 
damage to DNA, lipids, and protein 
(Mendelow, 2009; Salmon et al., 2004). 
Recently, role of yeast HAP4 gene in 
mitochondrial function, oxidative 
phosphorylation, and apoptosis in response to 
DNA damage (Bui & Nguyen, 2025). Thus, it 
could be suggested that cells lacking Pex6 
(peroxisomal biogenesis factor 6) led to a 
reduced mitochondrial activity regardless of 
MMS treatment and subsequent inhibition of 
cell growth that shoud be discussed later. 
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Modulation of oxygen consumption and 
metabolite production in response to DNA 
damage 

The above results explain that DNA 
damage strongly inhibits the activity of 
GAPDH and PYK and mitochondrial activity 
that could lead to decreased oxygen 
consumption and cell growth, especially for the 
∆pex6 cells. Undoubtedly, cells defective in the 
PEX6 gene led to inhibited oxygen saturation 
and exponential growth rate as compared with 
the wild type (Figs. 3A–B). Whereas, as result 
from high mitochondrial activity, the wild type 
was able to recover mitochondrial respiration 
and oxygen consumption faster and increase 
cell survival better than the mutant (Fig. 2 & 
Figs. 3A–B). Possibly, the low mitochondrial 
activity together with oxygen consumption 
could result from mtDNA damage triggered by 
MMS treatment that induces high ROS 
accumulation as discussed above. 

Thus, low oxygen consumption and 
mitochondrial activity led to an impairment of 
ATP synthesis in MMS-treated and even MMS-
untreated ∆pex6 cells (Fig. 3C). Surprisingly, 
both UDP-NacGlu synthesis (Fig. 3D) and 
G6PDH activity (Figs. 1E–F) were more 
progressively enhanced in MMS-treated cells, 
especially for the MMS-treated ∆pex6 cells. It 
is documented that UDP-NacGlu produced in 
the hexosamine biosynthesis pathway (HBP) 
serves as a substrate for most glycosylation 
pathways, and is used to glycosylate proteins 
known as O-linked and N-linked glycosylation 
that play an important role in cellular signaling 
(Halim et al., 2015; Vigetti et al., 2014). It is 
speculated that when the final steps of 
glycolysis and the ATP synthesis are blocked, 
metabolic flux (glucose) does not enter to the 
TCA cycle and further to the respiratory chain, 
but to the pentose phosphate pathway (PPP) as 
a result of increased G6PDH activity and 
probably to glycogen/trehalose syntheis 
because of enhanced UDP-NacGlu synthesis. 

Modulation of glycogen and trehalose 
synthesis in response to DNA damage 

As expected, all MMS-treated cells, 
especially the mutant ∆pex6 cells, promoted 

the glycogen and trehalose synthesis more 
intensively than the control cells in response 
to DNA damage (Fig. 4). This means that the 
carbohydrate flux was diverted not only to the 
PPP and HBP, but also to glycogen and 
trehalose synthesis that yeast cells utilize as 
major energy reserves to maintain their energy 
and survival. 

These findings suggest that the control 
cells were able to metabolize by-products 
such as glycerol or non-fermentative carbon 
from glucose fermentation through aerobic 
metabolism and could supply their energy 
over time until the nutrients are depleted in 
the medium. Whereas, MMS-treated cells 
were not able to switch from fermentative to 
respiratory metabolism whereby they could 
utilize non-fermentative products, they started 
to mobilize their reserve carbohydrates in the 
form of glycogen and trehalose and ran out of 
these reserve carbohydrates more rapidly 
(Figs. 4A–C). 

These results are in agreement with the 
supposition that glycogen and trehalose 
synthesis correlate with the survival of yeast 
cells in response to different stress conditions 
(Parrou et al., 1997; Virgilio et al., 2017). Also, 
glycogen and trehalose can be broken down 
yielding glucose molecules that yeast cells 
could rely on and utilize to maintain their 
energy in response to physico-chemical 
stresses (Francois & Parrou, 2001; Gomes et 
al., 2020; Virgilio et al., 2017). Moreover, 
these findings also fit our previous observation 
in other yeast cells of the FF 18984 strain 
(Kitanovic et al., 2009). 

Induction of necrosis in response to DNA 
damage 

It has been recognized that mitochondria 
play a central role in the energy metabolism, 
respiratory chain, and apoptosis (Nadalutti et 
al., 2020; Van Houten et al., 2006). Also, they 
function as “executioners” in programmed cell 
death (apoptosis). Definitely, DNA damage 
contributed to the activation of apoptosis 
(Huang et al., 2021; Kwun & Lee, 2020; X. 
Wang et al., 2021). As above indicated, DNA 
damage impaired the mitochondrial respiration 
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and energy metabolism of all cells (Figs. 2, 3) 
that could lead to the induction of apoptosis as 
a cellular defense mechanism in response to 
DNA damage. 

As anticipated, the living cells were 
progressively decreasing, while the early, late 
apoptotic, and particularly necrotic cells were 
steadily increasing. Deletion of PEX6 gene led 
to reduction of the living cells but increment of 
apoptotic cells, especially necrotic cells  
(Fig. 5). Since cells lacking PEX6 gene lead to 
loss of cell viability and cause necrotic cell 
death (Jungwirth et al., 2008). These results 
suggest that fully functional peroxisomal 
biogenesis factor 6 (Pex6) plays a major role in 
cell proliferation and cellular defense 
mechanism in response to DNA damage. 

However, Pex1 is also an important 
component of the Pex1/Pex6 complex. This 
complex regulates the peroxisomal matrix 
protein import, peroxisomal receptor recycling, 
and peroxisome formation (Ali et al., 2023; 

Grimm et al., 2012; Rüttermann et al., 2023). 
Maybe, Pex1 interacts with Pex6 to fulfil their 
role in such functions. Moreover, there are 10 
enzymes which catalyse the steps of glycolysis. 
Of which are hexokinase, phosphoglucose 
isomerase, phosphofructokinase, 
phosphoglyceromutase, etc., whose activity 
certainly impacts glucose flux. Additionally, 
Mig1 encoded by MIG1 binds to the 
Hxk2/Snf1 complex that inhibits genes 
involved in respiration, gluconeogenesis, and 
alternative carbon source utilization. 
Deficiency in MIG1 leads to a decrease of 
mitochondrial respiration and loss of control in 
glucose utilization (Schüller, 2003; Peeters & 
Thevelein, 2014), and presumably diverts 
glucose flux to glycogen and trehalose 
synthesis. Nonetheless, these assumptions and 
issues remain unsettled and are also the 
limitations of this study, they should therefore 
be considered in our further studies. 
CONCLUSION 

 

 
Figure 6. Schematic summary of the role of the yeast PEX6 gene in glycolysis, mitochondrial 
respiration, ATP synthesis, glycogen/trehalose accumulation, and necrosis in response to DNA 

damage (see text for details) 
 

MMS, an alkylating agent and carcinogen, 
methylates the N7-deoxyguanine and N3-
deoxyadenine bases of DNA, directly causing 
double-strand breaks and stalling replication 

forks (Groth et al., 2010; Yang et al., 2010). 
As a consequence, DNA damage caused a 
prohibition of activity of GAPDH and PYK, 
as well as mitochondrial respiration, cell 
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growth, and ATP synthesis, while it 
simultaneously intensely enhanced the 
G6PDH activity and UDP-NacGlu synthesis. 
Subsequently, the glucose flux was deviated to 
the PPP as a result of increased G6PDH 
activity and to glycogen/trehalose synthesis 
because of enhanced levels of UDP-NacGlu . 
The cells, especially the mutant ∆pex6, utilize 
glycogen/trehalose as their major energy 
reserves to maintain their energy and survival, 
and induced necrosis as a cellular defense 
mechanism in response to DNA damage  
(Fig. 6). 
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