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ABSTRACT

The physiological efficiency of cells largely depends on the possibility of metabolic adaptations
to changing conditions, especially on the availability of nutrients. Central carbon metabolism
has an essential role in cellular function. In most cells is based on glucose, which is the primary
energy source, provides the carbon skeleton for the biosynthesis of important cell
macromolecules, and acts as a signalling molecule. The metabolic flux between pathways of
carbon metabolism such as glycolysis, pentose phosphate pathway, and mitochondrial oxidative
phosphorylation is dynamically adjusted by specific cellular economics responding to
extracellular conditions and intracellular demands. Using Saccharomyces cerevisiae yeast cells
and potentially similar fermentable carbon sources i.e. glucose and fructose we analyzed the
parameters concerning the metabolic status of the cells and connected with them alteration in
cell reproductive potential. Those parameters were related to the specific metabolic network:
the hexose uptake - glycolysis and activity of the cAMP/PKA pathway - pentose phosphate
pathway and biosynthetic capacities - the oxidative respiration and energy generation. The
results showed that yeast cells growing in a fructose medium slightly increased metabolism
redirection toward respiratory activity, which decreased pentose phosphate pathway activity
and cellular biosynthetic capabilities. These differences between the fermentative metabolism
of glucose and fructose, lead to long-term effects, manifested by changes in the maximum
reproductive potential of cells.
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INTRODUCTION

Central carbon metabolism (CCM) has an essential role in cellular function and in the
case of most cells is based on glucose, which is the primary source of energy. However, glucose
provides also the carbon skeleton for biosynthesis and acts as a signaling molecule [1, 2]. Thus,
carbon metabolism involves a network of interrelated pathways that provide energy, precursors
for biosynthesis, and cofactors used in redox reactions. Those pathways are glycolysis, pentose
phosphate pathway (PPP), and mitochondrial oxidative phosphorylation. The metabolic flux
between them is found to be dynamically adjusted by specific cellular economics responding
to extracellular conditions and intracellular demands [2-6]. Moreover, the metabolic trade-off
between different types of glucose utilization can be also connected with specific growth
strategies, stress conditions, or ecological niches [7-10]. Because glycolysis and oxidative
phosphorylation are interconnected through thermodynamic and kinetic dependencies [11],
there are many studies explaining the difference between oxidative respiration and fermentation
[12-14]. However, nowadays more and more research shows that cell growth rate optimization
seems to be connected with gradual metabolic shifts between the different pathways of energy
generation, e.g.: (i) higher glycolytic flux is connected with shifting the metabolism from
energetically efficient respiration to respiro-fermentative metabolism [15]; (ii) the switch
toward respiration begins even when glucose is still available in the medium [16]; (iii) aerobic
glycolysis does not have to fully replace the respiration and both processes can occur in parallel
to support the metabolite needs of the cells [17]. Understanding the reversibly regulation
between cellular bioenergetics pathways is crucial considering the metabolic phenomenon of
enhanced aerobic glycolysis performed by highly proliferating cells, including cancer cells —
Warburg effect [2, 18, 19], stem cells [4, 20], and budding yeast — Crabtree effect [21, 22].

The preference for less energy-efficient fermentative metabolism in the case of
Saccharomyces cerevisiae yeast is connected with glucose-mediated repression of genes
important for respiratory activity [23]. Since glucose acts as a metabolism-modulating
molecule, its availability has to be constantly monitored by glucose-signaling pathways such as
the RAS/cAMP/PKA signaling pathway [23-26]. Synthesis of cCAMP depends on the G-protein
coupled receptor (GPCR) system [25] but also can be stimulated by intracellular glucose
catabolism required for activation of Ras proteins [26]. An important role in glycolytic flux and
determination of the intracellular level of glucose play hexokinase 2 — Hxk2p. Hxk2p, Hxk1p
(hexokinase 1), and Glk1p (glucokinase) are three isoenzymes with the hexokinase activity
present in S. cerevisiae. When glucose is present in the medium, Hxk2p besides acting as a
glycolytic enzyme, in cooperation with Miglp, Mig2p, Reglp, and Snflp, forms a repressor
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complex that bound to the SUC2 promoter and represses the expression of several genes. The
repressed genes include genes of high-affinity glucose transporters, genes involved in the
utilization of alternative carbon sources, and genes responsible for the mitochondrial activity
and respiratory metabolism [25, 27]. Moreover, Hxk2p (in conditions of high glucose level)
repress also the expression of the HXK1 and GLK1 genes [28]. Therefore, the role of hexokinase
2 in glucose metabolism is the reason that Ahxk2 strain is regarded as a genetic model that
mimics calorie restriction (CR) [29, 30].

Although, glucose metabolism seems to be quite well understood the issue concerning
metabolic flux and the mechanism of cooperation between pathways composing the CCM is
still an urgent topic for scientists. Our previous works showed that high glucose concentration
(calorie excess — CE) and related changes in metabolic fluxes increase the biosynthetic
capabilities and size of the yeast cells, but at the same time reduce their reproductive potential
[30-32]. But otherwise, reduced PKA-activity and associated changes in CCM increase the
reproductive potential of the yeast cells and can inhibit the negative consequences of CE [30,
32]. Besides glucose, also fructose is an easily fermented carbon source for yeast cells.
Although fructose fermentation is regarded as similar to glucose fermentation the molecular
mechanism and cause of preferential utilization of glucose over fructose are not fully
understood. It is assumed that the discrepancy in glucose/fructose fermentation seems to be
connected with the differential transport rate of those sugars and hexose transporters affinities
[33-35] and/or differences in hexokinase Kinetic properties and rate of hexose phosphorylation
inside the cell [34-36]. There are very few conclusive analyses of the cellular mechanism of
fructose action in the case of yeast [37, 38]. Moreover, according to the authors' knowledge,
there are currently no studies comprehensively comparing the energetic and biosynthetic
metabolism between glucose and fructose fermentation and simultaneously their influence on
cell physiology and the reproductive potential of yeast cells.

This study aimed to investigate the effect of fructose utilization on the metabolic status,
growth, and reproductive potential of yeast cells. The studies were conducted using WT and
Ahxk?2 yeast strains cultured on media with the same concentration of glucose or fructose. The
experimental approach made it possible to explain interconnected changes in CCM and the role
of metabolic adaptations in the regulation of the reproductive potential of the cells. The results
of this work provide explanations about the differences between intracellular glucose and
fructose metabolism, which may help understand the molecular aspects of fructose metabolism
and its influence on certain aspects of human health, but also can be important in the context of

undesirable aspects of fructose fermentation in industrial bioprocesses and wine production.



MATERIALS AND METHODS

Chemicals

6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-deoxyglucose (6-NBDG); Dihydroethidium
(DHET); rhodamine B hexyl ester were from Molecular Probes (Eugene, OR). BacTiter-Glo™
Microbial Cell Viability was from Promega (Madison, WI, USA). Antimycin A from
Streptomyces sp., CAS number 1397-94-0; Oligomycin  from  Streptomyces
diastatochromogenes, CAS number 1404-19-9; Glucose-6-Phosphate Assay Kit and ADP/ATP
Ratio Assay Kit were from Sigma-Aldrich (St. Louis, MO, USA). 10 kDa MWCO spin Pierce
Concentrator and Coomassie Protein Assay Reagent were from Thermo Scientific (Waltham,
MA, USA). Direct cAMP Elisa Kit from Enzo Life Sciences (Lausen, Switzerland).
GeneMATRIX Universal RNA Purification Kit was from EURX, (Gdansk, Poland).
Transcriptor First Strand cDNA Synthesis Kit; FastStart Essential DNA Probe Master and
FastStart Essential DNA Green Master were from Roche (Mannheim, Germany). The probes
for ZWF1, HXT1, and ACT1 TagMan™ Gene Expression Assay were from Applied Biosystems
(Life Technologies, Pleasanton, CA, USA). Primers for HXT6 and ACT1 genes were prepared
by Genomed (Warszawa, Poland). All other reagents were purchased from Sigma-Aldrich
(Poznan, Poland). Components of culture media were from BD Difco (Becton Dickinson and
Company, Spark, USA) except for glucose (POCH, Gliwice, Poland) and fructose (AppliChem,
Darmstadt, Germany).

Yeast strains and growth conditions

The S. cerevisiae strains used in this study were all derivatives of BY4741. The wild-type (WT)
BY4741 MATa his3 leu2 metl5 ura3 and mutant strain Ahxk2 MATa his3 leu2 metl5 ura3
YGL253W::kanMX4 were from EUROSCARF yeast collection. The fluorescent GFP-tagged
strains: Hxt1-GFP MATa his3 leu2 metl5 ura3 HXT1-GFP::HIS3MX6 originate from yeast
GFP clone collection [39]; Hxt6-GFP MATa his3 leu2 met15 ura3 HXT6-GFP::HIS3MX6 and
ZwWf1-GFP MATa his3 leu2 metl5 ura3 ZWF1-GFP::HIS3MX6 were from the commercial
Invitrogen Yeast GFP Clone Collection. Yeast cells were grown at 28°C in the liquid YP
medium (1% Yeast Extract, 1% Yeast Bacto-Peptone) with different carbon sources (2%
glucose and 2% fructose) on a rotary shaker at 150 rpm.

Determination of cell reproductive potential
The reproductive potential of yeast cells was determined by a routine procedure [40] on cells
placed on agar plates using a micromanipulator, with modifications described in [41]. One-

microliter aliquots of overnight yeast cultures grown on a YPD liquid medium with a specified
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carbon source (2% glucose or 2% fructose) were dropped on YPD plates with a solid medium
containing 2% glucose or 2% fructose, respectively. For each experiment, 40 single cells were
micromanipulated to the appointed area. The first daughters were chosen as the starting cells,
and their successive buddings were followed to determine the reproductive potential. During
the manipulation, the plates were kept at 28°C for 16 h and at 4°C during the night. The data
represent mean values from two separate experiments. The values of reproductive potential
were also presented as violin plots which are a graphic representation of the distribution of that
parameter in the analyzed population of cells. Maximum reproductive potential was calculated
from 10% of cells with the highest number of daughters. Literature data inspired the
introduction of such calculation which seems to be a useful indicator in lifespan research [42,
43].

Determination of cell growth and cell number in the culture

The growth of yeast cells was analyzed in the liquid medium. Yeast cultures were cultivated
for 36 h in a shaking incubator (Heidolph incubator 1000) at 1200 rpm at 28°C. The growth
was monitored turbidimetrically at A = 600 nm using an Anthos 2010 type 17 550 microplate
reader. Measurements were performed at 1 h intervals for 12 h and after 24 h and 48 h of
cultivation. The growth rate was calculated from the exponential phase of growth using an
appropriate formula [44]. The cell density (number of cells per ml) was determined using the

Malassez chamber.

Bioimaging and fluorescence detection of yeast cells carrying GFP-tagged proteins

Cells carrying GFP-proteins (Hxtl-GFP; Hxt6-GFP; Zwf1-GFP) were cultured in a YPD
medium with 2% glucose or 2% fructose for a specified time and growth phase (exponential,
stationary, and 2 days). The cell number and carbohydrate concentration in the medium at each
time were evaluated and compared between growth conditions. In each time the same number
of yeast cells was harvested by centrifugation, washed twice with sterile PBS pH 7.4 buffer,
and suspended to a final density of 108 cells/mL in the same buffer. Immediately the GFP
fluorescence of the cell suspension was measured using a microplate reader Infinite 200 (Tecan
Group Ltd., Mannedorf, Switzerland) at Aex = 470 nm and Aem = 510 nm. The location of each
analyzed protein was also visualized using fluorescence microscopy at appropriate for GFP
fluorescence wavelengths. The microscopic images, which present typical results of the
duplicate experiment, were captured at 1000x magnification with the Olympus BX-51
microscope (Olympus, Tokyo, Japan) equipped with the DP-72 digital camera and cellSens

Dimension v1.0 software.



Determination of carbohydrate concentration in media

Quantitative determination of glucose or fructose concentration was performed with copper and
arsenolmolybdate reagents by the Somogyi-Nelson method. The method’s principle involves
forming cuprous oxide while heating copper reagent with the reducing sugar (glucose or
fructose). The amount of copper oxide (I) is determined using the arsenomolybdate reagent,
which is reduced to molybdenum blue and can be measured spectrophotometrically. The
absorbance intensity is proportional to the amount of Cu20O and therefore the amount of glucose
or fructose in the analyzed sample.

Yeast cells were grown in YPD media with 2% glucose or 2% fructose for the time required
for the studies (i.e. 12; 16; 20; 24 h or culture time of yeast cells carrying GFP-tagged proteins).
After the specified culture time the cell suspensions were centrifuged and the concentration of
glucose or fructose was determined in the culture medium after the removal of the yeast cells.
Samples of media were diluted 100-fold to the volume of 0.5 mL; afterward, 0.5 mL of alkaline
copper reagent was added to the samples and placed in a boiling water bath for 20 minutes.
After cooling, 0.5 mL of arsenomolybdate reagent was added to the samples. Then the volume
of the mixture was increased to 5 mL by adding water. The absorbance of the samples was
measured at A = 520 nm. Carbohydrate content was calculated from a standard curve made for

samples with known concentrations of glucose or fructose, independently.

Measurement of glucose uptake

The glucose uptake rate was determined by using 6-NDBG, a fluorescent non-hydrolyzable
glucose analog as described previously [31]. Cells from the early exponential phase of growth
were washed and suspended in sterile phosphate-buffered saline (PBS) with pH 7.4. 6-NBDG
was added to the cell suspension at the final concentration of 150 uM. Cells were incubated at
28°C for 90 min. After incubation, the reaction was stopped by twice washing the cells with
PBS. The fluorescence of the cells was recorded using a microplate reader Infinite 200 at
Aex =455 nm and Aem = 540 nm.

RNA Samples

RNA samples were obtained using GeneMATRIX Universal RNA Purification Kit according
to the manufacturer’s protocol (EURX, Gdansk, Poland). Cells from the exponential phase of
the culture (5 x 107 cells/mL) were centrifuged, washed twice with sterile water, and suspended
in the spheroplast buffer (1 M sorbitol, 0.1 M EDTA, 0.1% B-mercaptoethanol) containing
lyticase (250 U per sample) for 30 min at 30°C. The resultant spheroplasts were used for RNA

isolation. RNA samples were stored at —20°C, and each of them was thawed only once. The
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concentration and purity of RNA samples were measured with a microplate reader Infinite 200

equipped with a NanoQuant Plate using a 260 nm/280 nm ratio.

Quantitative Real-Time PCR

A total of 500 ng of RNA previously treated with DNase | (Roche) for 60 min, 25 °C (10 U per
1 ug RNA) was used for reverse transcription. To synthesize cDNA, Transcriptor First Strand
cDNA Synthesis Kit (Roche) was applied according to the manufacturer’s protocol, and the
samples were stored at —50 °C until use. Real-time PCR was performed using LightCycler® 96
(Roche, Mannheim, Germany) equipment and TagMan or SYBR Green chemistry. The HXT1
and ZWF1 gene expression level was tested by TagMan chemistry. Briefly, the cDNA sample
was diluted and mixed with FastStart Essential DNA Probe Master (Roche) and TagMan Gene
Expression Assays (Applied Biosystems, Life Technologies). A PCR reaction was performed
for independent biological replicates. The HXT6 gene expression level was tested by SYBR
Green chemistry. Briefly, the cDNA sample was diluted and mixed with FastStart Essential
DNA Green Master (Roche) and oligonucleotide primers dissolved in TE buffer pH 8 (10mM
Tris-HCI; 1mM EDTA) to a concentration of 10 uM. A PCR reaction was performed for
independent biological replicates. Primer sequences were: HXT6: forward 5'- CTATGC TTC
CGT GGG TGT CA-3’, reverse 5'- ACAGTT ACC AGC ACC CTT GG-3"; ACT1.: forward 5'-
AAT CAC CGC TTT GGC TCC AT-3/, reverse 5'- AGA ACC ACC AAT CCA GAC GG-3'.
In both types of gene expression assays ACT1 gene was used as an internal control. The
efficiency of the SYBR Green RT-PCR reaction was evaluated by running a set of 10-fold
dilutions of cDNA template. The relative gene expression was calculated with the —ACt method

for comparison of individual gene expression in tested conditions and yeast strains.

Preparation of cell extracts

The yeast cells from the exponential phase of growth were centrifuged, washed twice with
sterile water, and suspended in cold homogenization buffer (20 mM phosphate buffer with pH
6.8, containing 1 mM EDTA and 1 mM PMSF). The cells were disrupted with 0.5 mm glass
beads, vortexed in 7 cycles for 30 s with intervals for cooling the sample on ice, and then
centrifuged (14 000x g, 15 min, 4°C). Supernatants were transferred to new tubes and
immediately frozen at —80°C. The supernatants were used for the determination of protein
content, pentose phosphate pathway enzyme activity, and glucose-6-phosphate content in the

yeast cell.

Determination of protein content in the yeast cell



Protein concentration was determined using the Bradford method. The absorbance of samples
was measured after 10 minutes of incubation with Coomassie Protein Assay Reagent (Thermo
Scientific, Waltham, MA, USA) at room temperature using a microplate reader Infinite 200 at
A =595 nm. The data were expressed as mg per mL, but also protein content per single cell was

calculated.

Determination of glucose-6-phosphate content in the yeast cell

The level of glucose-6-phosphate in yeast cells was determined with Glucose-6-Phosphate
Assay according to the manufacturer’s protocol (Sigma-Aldrich) with own modifications.
Previously prepared cell extracts were deproteinized with a 10 kDa MWCO spin Pierce
Concentrator according to the manufacturer’s protocol (Thermo Scientific). Deproteinized
supernatants in a final volume of 50 uL were mixed with proper assay reagents supplied in the
manufacturer’s kit. The absorbance of samples, proportional to the amount of glucose-6-
phosphate, was measured after 30 minutes of incubation at room temperature using a microplate
reader Infinite 200 at A = 450 nm. The value of the blank was subtracted each time. The amount
of glucose-6-phosphate in the samples was determined from the standard curve and data were
expressed as pmol per pL.

Pentose phosphate pathway enzyme activity assays

The total dehydrogenase activity (understood as the sum of both glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6-PGD) activities) and
separately the 6-PGD activity were determined spectrophotometrically by measuring the rate
of NADP* reduction at 340 nm according to [45] with our modifications. G6PD activity was
calculated by subtracting the activity of 6-PGD from the total enzyme activity. To obtain the
total dehydrogenase activity 0.2 mM NADP+, 0.4 mM D-glucose-6-phosphate, and 0.4 mM 6-
phosphogluconate as reaction substrates were used. The substrates were added to 100 mM Tris-
HCI buffer with pH 8.0 containing 1 mM MgCl». The addition of 5 uL cell extract (2 mg/mL)
initiated the reaction. In turn, to obtain 6-PGD activity only 0.2 mM NADP* and 0.4 mM 6-
phosphogluconate were used as reaction substrates. The Kkinetics of absorbance increase was
recorded for 3 min using a microplate reader Infinite 200 at A = 340 nm. The data were

expressed in arbitrary units.

Determination of Mitochondrial Membrane Potential and Mitochondrial Network

Morphology



Mitochondrial membrane potential (MMP) and mitochondrial network morphology were
determined using rhodamine B hexyl ester. Cells from the exponential phase of growth were
washed twice with sterile water and suspended in a 20 mM HEPES buffer with pH 7.4,
containing 5% glucose. Incubation with 100 nM rhodamine B was conducted for 20 min in the
dark at 28°C. After incubation, cells were harvested and resuspended in fresh HEPES buffer.
The fluorescence was measured using a microplate reader Infinite 200 at Aex = 555 nm and Aem
= 579 nm. The mitochondrial network was also visualized using fluorescence microscopy at
appropriate wavelengths. The microscopic images, which present typical results from the
duplicate experiment, were captured with the Olympus BX-51 microscope equipped with the

DP-72 digital camera and cellSens Dimension v1.0 software.

Determination of the Intracellular ATP Content

The level of ATP in yeast cells was determined with BacTiter-Glo™ Microbial Cell Viability
Assay according to the manufacturer’s protocol (Promega) with own modifications. Cells from
the exponential phase of growth were suspended in a 100 mM phosphate buffer with pH 7.0,
containing 0.1 % glucose and 1 mM EDTA. A sample of cell suspension with a density of 10°
cells/mL was used for determination purposes. The luminescent signal, proportional to the
amount of ATP, was recorded using a microplate reader Infinite 200, after the appropriate time
(until the luminescence signal obtain a stable level). The data were expressed in arbitrary units.
In addition, the level of ATP in yeast cells was determined after 30 min incubations of cells
with different mitochondria respiration inhibitors (60 uM Antimycin A and 30 uM
Oligomycin). The obtained data were expressed as a fold change in ATP content, after
incubation with a particular inhibitor, in comparison to the level of ATP measured in yeast cells

not exposed to inhibitors.

Biochemical measurements of ATP and ADP

The ATP and ADP levels were measured in whole cell extract according to [46] with own
modifications. Cells from the exponential phase of growth (5 x 107 cells/mL) were harvested,
washed with sterile water, and quickly resuspended in 90% acetone. The suspension was
incubated at 90°C for 15 min to evaporate acetone, with occasional high-speed vortexing. The
remaining solution was centrifuged at 14 000 x g at 4°C for 7 min. The obtained supernatant
was 10-folded diluted by its mixing with phosphate buffer (100 mM phosphate buffer; pH 7.0;
0.1 % glucose and 1 mM EDTA). The ATP and ADP levels in extracts were measured using
ADP/ATP Ratio Assay Kit according to the manufacturer’s instructions (Sigma-Aldrich). The

principle of the assay involves the determination of ATP amount by measurements of D-
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luciferin and luciferase-based luminescence. The amount of ADP is determined after its
enzymatic conversion to ATP. Luminescence was recorded using a microplate reader Infinite
200, after the appropriate time (until the luminescence signal was stable). All samples were
assayed at least three times and the value of the blank was subtracted each time. The results
were presented as ATP, ADP, and the total ADP and ATP content. In addition, the ATP/ADP
ratio was calculated.

Determination of ROS Content

The level of reactive oxygen species (ROS) was assessed with dihydroethidium (DHET; 10.7
uM final concentration; stock solution in DMSO). Yeast cells from the exponential phase of
growth were washed twice with sterile water and suspended to a final density of 108 cells/mL
in a 100 mM phosphate buffer with pH 7.0, containing 0.1% glucose and 1 mM EDTA. DHET
was added to 200 uL of cell suspension and the fluorescence measurement was immediately
performed. The kinetics of fluorescence increase due to oxidation of the fluorogenic probes,
was measured immediately after the addition of the probe using a microplate reader Infinite 200
at 28°C at Aex = 518 nm, Aem = 605 nm. ROS content was expressed as a relative rate of
fluorescence increase.

In addition, the ROS content in yeast cells was determined after 30 min incubations of cells
with different mitochondria respiration inhibitors (60 uM Antimycin A and 30 uM
Oligomycin). The obtained data were expressed as a fold change in ROS content, after
incubation with a particular inhibitor, in comparison to the level of ROS measured in yeast cells
not exposed to inhibitors.

Determination of the cAMP Content

The level of cAMP in yeast cells was determined with Direct cCAMP Elisa kit according to the
manufacturer’s protocol (Enzo Life Sciences) with its own modifications. Cells from the
exponential phase of the culture (5 x 107 cells/mL) were centrifuged, washed with sterile water,
and suspended in the YL buffer (1 M sorbitol, 0.1 M EDTA, 0.1% B-mercaptoethanol)
containing lyticase (250 U per sample) for 30 min at 30°C. The resultant spheroplasts were
lysed in a solution of 0.1 M HCI with 0.1% Triton X-100. Obtained extracts were centrifuged
(12 000x g, 10 min, 4°C) to pellet cellular debris. Supernatants were transferred to fresh tubes
and used for the determination of CAMP in acetylated format. 100 puL of acetylated samples
were mixed with proper assay reagents supplied in the manufacturer’s kit. The absorbance,
inversely proportional to the amount of CAMP in samples, was measured using a microplate

reader Infinite 200 at A = 405 nm. The values of the blank and non-specific binding were
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subtracted each time. The amount of CAMP in the samples was determined from the standard

curve and data were expressed as pmol per mg of total protein.

Statistical analysis

The results are presented as mean + SD from at least three independent experiments (apart from
the determination of yeast reproductive potential). The statistical analysis was performed using
the STATISTICA 13.3 software. The statistical significance of the differences between values
obtained in a medium with glucose and fructose was evaluated using the t-test for independent
samples. The statistical significance of the differences between yeast strains and cultivation
conditions in comparison to WT strain culture in medium with glucose was evaluated using
one-way ANOVA with the Tukey posthoc test. The homogeneity of variance was checked using
Levene’s test. The values were considered significant at p < 0.05. Used designation: differences
between media with glucose and fructose * p < 0.05, ** p <0.01, *** p < 0.001; differences in
comparison to WT strain culture in a standard 2% glucose medium # p < 0.05, # p < 0.01, #* p
< 0.001. The designation of other types of comparison is explained in the legend of the figure

it concerns.
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RESULTS

Fructose slightly increases the average reproductive potential of yeast cells, but significantly
increases the maximum reproductive capacity

Nutrient availability is crucial for the production of energy and the biosynthesis of new
macromolecules, including those needed for cell growth and proliferation. We previously
reported that glucose concertation significantly modulates cell physiology and reproductive
potential of the yeast cell [31, 32], but also that negative aspects of high glucose concentration
(calorie excess) can be reduced by modulation of central carbon metabolism (CCM) and
reduction of glucose uptake [30, 32].

To expand the links between CCM and the proliferative capacity of the cell, the question was
asked whether, apart from the sugar concentration, the type of easily fermentable carbon source
is also important. The analysis of the reproductive potential of yeast cells cultured in media
with the same concentration of glucose or fructose was performed. Comparison between
glucose and fructose medium was selected because both sugars are habitually identified as
easily fermentable sources, but also some discrepancies between glucose and fructose
utilization have been noted [36, 47]. Reproductive potential analysis showed that, in general,
yeast cells grown on a fructose medium were able to produce more daughter cells compared to
a glucose medium (Figure 1A). The difference in the reproductive potential of cells growing in
glucose or fructose medium was modest (mean value 24.8 in glucose and 27.2 in fructose).
Nevertheless, there were noticeable differences in the last section of the reproductive potential
curves, relating to the maximum reproductive capacity of the cells (Figure 1A). On fructose
medium, there was a group of cells that demonstrated increased reproductive potential, which
was shown in violin plots presenting the differences in data distribution between analyzed
culture conditions (Figure 1B) and in mean values of a maximum number of daughters
determined for 10% of cells with the highest reproductive potential (Figure 1C). These results
indicate that there are some differences between the fermentation metabolism of glucose and
fructose, which influence long-term consequences in single-cell physiology and can modulate

the reproductive potential of cells.

Fructose metabolism slightly decreases the growth rate, while slightly increasing the carrying
capacity of the cell population

Carbon sources are used by cells in several cross-linking intracellular pathways. Although
fructose fermentation is considered very similar to that of glucose, each change in CCM

pathways may affect the physiological efficiency and vitality of the cell, which in turn can affect
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the rate of cell population growth. There were apparent differences in the growth of the yeast
cell population (Figure 2A-C). Yeast cells grown on fructose medium showed similar growth
kinetics of the yeast cell population (Figure 2A) but slower growth rate compared to the yeast
cells grown on glucose medium (Figure 2B). Nevertheless, the OD values at 24 and 36 h
(corresponding to the carrying capacity) showed that yeast cells grown on fructose medium
reach even higher cell densities than those grown on glucose medium (Figure 2C), consistent
with increased maximum reproductive potential obtained for these cells (Figure 1A-C). These

observations suggest that cell growth and reproductive potential of cells are interconnected.

The rate of carbohydrate utilization and activity of hexose transporters are lowered in the
cells grown on fructose medium

Hexose uptake which can be carried out by several hexose transporters (Hxts) with different
affinity is regarded as one of the critical steps in the metabolism of carbon sources during
fermentation. To test how yeast cells adapt carbohydrate uptake and utilization not only to sugar
concentration but also to the specific type of easily fermentative carbon sources, several
parameters presenting the level and activity of Hxts in yeast cells grown on glucose or fructose
medium were determined (Figure 3A-G). Considering that yeast cells possess several hexose
transporters with different rate-affinity trade-offs [48, 49], the parameters for hexose
transporters with outermost properties (Hxtlp — low-affinity and Hxtép — high-affinity
transporters) were tested. The level of the analyzed transporters was quantified by measuring
the cellular Hxt-GFP fluorescence (Figure 3A, 3C), and their location was additionally checked
by fluorescence microscopy (Figure 3B, 3D). Both parameters were tested in the cells from the
exponential phase of growth, but also in cells cultured for a longer time (stationary phase and
cells after 2 days), which is connected with the fact that Hxts are degraded in vacuole following
endocytosis-mediated internalization [50, 51]. There were significant differences in the level
and location of Hxt1p and Hxt6p in cells cultured on glucose and fructose medium (Figure 3A-
D). The level of both transporters was lowered in cells grown on fructose medium, which was
especially noted for an exponential phase of growth (Figure 3A, 3C). There were also clear
differences in the location of Hxts between the analyzed culture conditions. In the exponential
phase of the growth in glucose conditions, both Hxt1lp and Hxt6p were located only in the cell
plasma membrane. In contrast, under fructose conditions, Hxtlp, and Hxt6p were noted not
only in the cell membrane but simultaneously inside the cell in the vacuolar space (Figure 3B,
3D). The observable differences between the glucose and fructose conditions were not the

results of different (too high or too low) carbohydrate concentrations in the medium
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(Supplementary Figure S1). In addition, the level of the analyzed Hxts decreased with the
culture time, with a greater time-dependent decrease in the transporter level for Hxt6p,
especially in the case of cells cultured on fructose medium (Figure 3A, 3C). As demonstrated
by microscopic imaging, this decrease was due to the degradation of the transporter (Figure 3B,
3D). The expression level of HXT1 and HXT6 genes was calculated using the —ACt method to
compare yeast cells growing on glucose and fructose medium (Figure 3E—F). HXT1 expression
was shown to be down-regulated in cells grown in fructose medium. The expression level of
the HXT1 gene was approx. 50% lower in the fructose conditions than in glucose conditions
(Figure 3E). For the HXT6 gene, which encodes a high-affinity hexose transporter, an increased
expression in the fructose conditions could be observed, although the changes in HXT6
expression did not prove to be statistically significant (Figure 3F). As a result of the above
changes, the observation of higher fructose concentration in comparison to glucose, noted in
the medium at the analyzed point of cell culture time (Figure 3G), undoubtedly indicates that
fructose (compared to glucose) is much slower taken up and used by yeast cells. This, in turn,
may alter the metabolic pathways that determine the reproductive potential of the cells.

The activity of the pentose phosphate pathway and biosynthetic capabilities are reduced in
the cells cultured on a fructose medium

Simple sugars are used intracellularly both as a substrate for energy generation and as a carbon
skeleton for macromolecule biosynthesis. The PPP is a pathway in which carbohydrates can be
used as a carbon source for biosynthesis and growing evidence indicates that cellular
biosynthetic efficiency connected with cell size are important factor determining the
reproductive potential of the cells [30, 32, 52-55]. Considering the above as well as differences
in reproductive potential (Figure 1A-C), growth rate (Figure 2A-C), and the rate of
carbohydrate uptake (Figure 3A-G), the analysis of parameters connected with the PPP and
biosynthesis capacity for yeast cells grown on a medium with fructose were performed. It was
noted that the level of Zwflp (determined both by measuring GFP fluorescence and by
microscopic imaging) was lower in the cells cultured on fructose medium compared to glucose
medium (Figure 4A-B). In addition, the Zwflp level decreased with the time of culture,
although the difference in this level between cells grown in glucose and fructose mediums was
alleviated (Supplementary Figure S2). However, ZWF1 gene expression was slightly up-
regulated in cells grown in a fructose medium (Figure 4C). The expression level of the ZWF1
gene was approx. 30% higher compared to cells grown in glucose medium (Figure 4C). The

content of G6P which is the main substrate for G6PD (glucose-6-phosphate dehydrogenase
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encoded by ZWF1) was significantly higher in the yeast cells grown in fructose medium
compared to glucose medium (Figure 4D). Moreover, analysis of the PPP enzyme activity
(G6PD and 6-PGD) showed that this pathway was less active in the cells grown in the medium
with fructose. Cells growing in fructose medium showed lower activity of both G6PD and 6-
PGD enzymes, which results in significantly lower total PPP dehydrogenases activity (Figure
4E). Since PPP is directly related to the level of biosynthesis, and proteins usually make up just
over half of the cell content, the observation of lower protein content per cell in the fructose
medium (Figure 4F), clearly demonstrates that in the fructose medium (compared to glucose)
cell display lower biosynthetic capacity. This further confirms that there is a close relationship

between metabolic pathways, cell biosynthetic efficiency, size, and reproductive capacity.

Fructose-depended metabolic flux increased mitochondrial activity and ATP production
without higher ROS generation

The physiological efficiency of the cell results from a metabolic trade-off between different
ways of carbohydrate utilization [5, 6, 30]. In yeast, the CAMP/PKA pathway is a major
glucose-signaling pathway that adjusts cell metabolism to the nutrient status. When glucose is
available, activation of the cAMP/PKA pathway stimulates glycolytic flux, inhibits respiratory
metabolism gene expression, induces ribosome biogenesis, and inhibits the stress response. We
previously reported that glucose concentration (calorie restriction and calorie excess
conditions) can noticeably modulate the activity of the cAMP/PKA pathway and that reduced
activity of the cAMP/PKA pathway under CR conditions may increase the reproductive
potential of the yeast cell [32]. Considering the above and observations noted for cells cultured
in fructose medium, we tested how fructose modulates the energy metabolism of the cells
(Figure 5A-1). The mitochondrial membrane potential (MMP) and mitochondrial network
morphology analyzed with rhodamine B (Figure 5A, B) showed that although cells grown in
fructose and glucose use fermentative metabolism, this is not an unambiguous arrangement,
and cells using fructose have increased metabolism redirection toward respiratory activity than
cells growing on glucose. The MMP was significantly higher (Figure 5A) and the mitochondrial
network was more developed (Figure 5B) in cells growing on a fructose medium compared to
cells growing on glucose. To further confirm these unpredictable differences in mitochondrial
activity, changes in intracellular ATP, ADP content, and ATP/ADP ratio in cells growing in
glucose or fructose medium were examined (Figure 5C-G). The level of ATP was checked both
in the living yeast cells (Figure 5C) and also in whole cell extract (Figure 5D). Regardless of

the type of measurement used, the ATP content was higher (approximately 20-30%) in the case
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of cells cultured in the fructose medium in comparison to cells cultured in the glucose medium
(Figure 5C, D). The level of ADP was similar in both analyzed growth conditions (Figure 5E),
but the ADP+ATP pool was significantly higher in cells grown in the fructose medium (Figure
5F), which indicates that the higher level of ATP noted under these conditions was not the
results of a simple conversion of ADP to ATP and the level of ADP must be maintained. In
addition, the ATP/ADP ratio, which has recently been considered an important regulator
controlling the transition between aerobic glycolysis and oxidative phosphorylation [56, 57],
was almost 50% higher in the case of cells cultured in the fructose medium compared to cells
cultured in glucose medium (Figure 5G). Since the cAMP/PKA pathway adjusts cell
metabolism to the nutrient status and its increased activity stimulates glycolytic flux, the
observation of lower cAMP content in the cells growing in fructose medium (Figure 5I),
additionally confirms that fructose metabolism is connected with increased metabolism
redirection toward respiratory activity. Moreover, the level of ROS estimated with DHET,
showed that redirection toward higher respiratory activity on the fructose medium was not
associated with an increased ROS generation. The ROS content in cells growing in a fructose
medium was even lower than the ROS content noted for the glucose medium (Figure 5H). The
presented results prove that fructose and glucose involve particular intracellular metabolic
pathways to a different extent, which modulate the energetic and biosynthetic capability of the
cells influencing their reproductive potential. Moreover, the results imply that redirecting of the
carbon/metabolic flux and adjustment in the activity of the cCAMP/PKA pathway plays a critical
role in response to changes in nutrient availability. Thus the presented results are another
confirmation of our previously postulated conception of links between CCM changes and the
proliferative capacity of the cells [33].

Fructose-depended metabolic flux toward increased respiratory activity is confirmed by data
obtained with cells devoid of hexokinase 2

It is generally known that hexokinase isoenzyme 2 — Hxk2p plays a key role in the intracellular
glucose-signaling pathway. Several data show that the Ahxk2 mutant strain exhibits increased
respiratory activity [30, 58, 59], although our previously reported results [30] suggest that
besides increasing respiration, deletion of the HXK2 gene results in redirection in the glucose-
utilization pathway. To extend the insights and further confirm the metabolic features noted for
cells growing in a fructose medium, a comprehensive analysis was performed using cells of
Ahxk2 strain growing under conditions with glucose and fructose. The MMP of the Ahxk2 strain

was already significantly higher in comparison to cells of the WT strain, in the case of cells
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cultured in a glucose medium. However, culturing cells of Ahxk2 strain in the medium with
fructose further noticeably increases MMP (Figure 6A). Similarly, the mitochondrial network
was generally more developed in Ahxk2 cells compared to the WT strain, and the most
developed mitochondrial network was observed for Ahxk2 cells growing in a fructose medium
(Figure 6B). As a result of higher mitochondrial activity, the ATP level was higher in the Ahxk2
strain tested both in the live yeast cells (Figure 6C) and also in whole cell extract (Figure 6D).
Regardless of the type measurement used, the ATP content in the Ahxk2 strain cultured in the
glucose medium was about 50-70% higher compared to the WT strain. Moreover, culturing
cells of the Ahxk2 strain in the fructose medium further increased the level of ATP (about 60 %
compared to Ahxk2 cells cultured in glucose medium, and 2.5 times more compared to WT cells
cultured in glucose medium) (Figure 6C, D). The level of ADP was almost identical both in the
analyzed growth conditions and between WT and Ahxk2 strains (Figure 6E), but the ADP+ATP
pool was significantly higher in the Ahxk2 strain compared to the WT strain, especially in cells
of the Ahxk2 strain cultured in the medium with fructose (Figure 6F). What is more, particularly
large differences between the WT and Ahxk?2 strains were noted in the ATP/ADP ratio values
(Figure 6G). The ATP/ADP ratio was 2 times higher for the Ahxk2 strain cultured in the glucose
medium and 3 times higher for the Ahxk2 strain cultured in the fructose medium compared to
the WT strain cultured in the glucose medium (Figure 6G). In addition, there were also changes
in the content of cAMP in cells of the Ahxk2 strain (Figure 61). The content of CAMP was about
40% lower in cells of the Ahxk2 strain cultured in the glucose medium compared to the WT
strain cultured in a glucose medium, and even lower in a medium with fructose (Figure 61).
Consistent with the previously noted trend (Figure 5H), the observed higher respiratory activity
does not seem to be associated with an increased ROS generation. In general, the ROS content
for the Ahxk2 strain was lowered compared to the WT strain (Figure 6H). The presented results
confirm that the Ahxk2 strain exhibits increased respiratory activity, but more importantly, they
further strengthen the evidence that fructose metabolism redirects carbon flux toward higher
mitochondrial activity, which is also associated with a decrease in the activity of the
CAMP/PKA pathway.

The changes in ATP level and ROS content under conditions impairing mitochondrial
activity are more pronounced for yeast cells cultured in a fructose medium

Mitochondria have multiple sites from which ROS can be generated and according to this, the
free radical theory of aging indicates their unequivocal responsibility for cell damage [60].

However, the concept of respiratory activity and mitochondria as the main source of ROS is
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now increasingly questioned. Both the important signaling functions of ROS and the possibility
of their generation from non-mitochondrial sources are emphasized [30, 31, 61, 62]. Given this,
and the observation that redirection toward higher respiratory activity was not associated with
an increased ROS generation (even lower ROS content was noted) (Figure 5H,6H) the analysis
of changes in ATP level and ROS content in conditions mimicking respiratory failure were
performed (Figure 7A, B). To impair mitochondrial activity cells were treated with
mitochondrial respiratory inhibitors: antimycin A, a respiratory-chain complex 11 inhibitor, and
oligomycin, a blocker of proton translocation through ATP-synthase. It was noted that both
inhibitors significantly reduced ATP content and increased ROS content compared to the output
values, regardless of the yeast strain used (Figure 7A, B). However, it can be observed that the
fold-change in values of ATP and ROS content increased with conditions that determine
increased mitochondrial activity. Yeast cells cultured in a fructose medium have a higher
decline in ATP and a higher rise in ROS content compared to cells cultured in a glucose
medium, regardless of the strain used. The largest decrease in the ATP content and
simultaneously the largest increase in the ROS content was noted for cells of the Ahxk2 strain
growing in a fructose medium (Figure 7A, B). The presented results confirm that fructose
metabolism is associated with increased respiratory activity compared to glucose metabolism,
but more importantly, they showed that under physiological conditions, an increase in
mitochondrial activity is not necessarily associated with increased ROS generation.
Nevertheless, mitochondria as a source of intracellular ROS may play a dominant role in

respiratory failure conditions.

The decreased activity of PPP, reduced biosynthetic capabilities and reduced rate of
carbohydrate utilization are confirmed in cells devoid of hexokinase 2

Since the energy metabolism of yeast cells seems to be adapted to the presence of fructose or
glucose in the medium, several parameters related to the rate of carbohydrate uptake (Figure
8A-D) and parameters connected with the PPP and biosynthesis capacity (Figure 8E—H) were
determined also in cells of the Ahxk2 strain. First of all, the level of hexose/glucose uptake
measured with the fluorescent non-hydrolyzable glucose analog 6-NBDG was significantly
reduced in the Ahxk2 strain compared to the WT strain (Figure 8A). The expression level of
HXT1 and HXT6 genes differ between WT and Ahxk2 strains (Figure 8B, C). HXT1 gene
expression was down-regulated, whereas HXT6 gene expression was up-regulated in the Ahxk2
strain (Figure 8B, C). The HXT1 gene expression level was approx. 3 times lower for Ahxk2

cells (in both glucose and fructose conditions) compared to WT cells cultured in glucose

19



medium. The HXT6 gene expression level was approx. 4 and 6 times higher for Ahxk2 cells
cultured in glucose or fructose medium in comparison to WT cells cultured in a glucose medium
(Figure 8B, C). In addition, cells of the Ahxk2 strain in comparison to the WT strain showed a
significantly slower rate of carbohydrate utilization (Figure 8D). Also in the case of the Ahxk2
strain, the rate of fructose utilization was lower than glucose utilization, although this was
dependent on the cultivation time and the differences were generally smaller (Figure 8D).

The analysis of the PPP-related parameters showed that, in general, the activity of this pathway
and connected with its biosynthesis capacities were reduced for cells of the Ahxk2 strain (Figure
8E-H). G6P content was significantly higher in the Ahxk2 strain, although there was no further
increase in G6P level between the Ahxk2 strain cells cultured in fructose medium compared to
the glucose medium (Figure 8E). The activity of the PPP enzymes (G6PD and 6-PGD) was
lower in the Ahxk2 strain compared to the WT strain cultured in a glucose medium (Figure 8F).
The activity of G6PD and 6-PGD was not different between cells of the Ahxk2 strain cultured
in fructose medium and glucose medium (Figure 8F). ZWF1 gene expression was up-regulated
in the Ahxk2 strain (Figure 8G). Cells of the Ahxk2 strain growing in fructose medium and
glucose medium had a comparable level of ZWF1 gene expression. The expression level of the
ZWF1 gene was approx. 1.5 times higher for Ahxk2 cells compared to WT cells cultured in
glucose medium (Figure 8G). The PPP enzymes activities and the significantly lower protein
content per cell noted in the cells of Ahxk2 strain cultured both on fructose and glucose medium
(Figure 8H), show that the metabolic flux toward increased respiratory activity is associated
with decreased biosynthetic capabilities of the cells. The results also showed that HXK2 deletion
or fructose metabolism alters the metabolic flux in carbon metabolism pathways, where only
one of the effects is increased respiration.

The metabolic flux toward increased respiratory activity reduces the growth rate

Since the metabolic flux toward increased respiratory activity was found to reduce biosynthetic
capabilities, we further analyzed the rate of cell population growth using the Ahxk2 strain. There
were differences in the growth of the yeast cell population (Figure 9A-C). The cells of the
Ahxk2 strain showed different growth kinetics of the yeast cell population (Figure 9A) and
significantly lower growth rate compared to the cells of the WT strain growing in glucose
medium (Figure 9B). Nevertheless, the OD values after 24 and 36 h showed that, despite the
slower growth rate, the cells of the Ahxk2 strain reached a cell density comparable to the WT

strain on glucose medium (Figure 9C). The results also confirm that the maximum number of
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cells in the population is slightly higher in a fructose medium than in a glucose medium (Figure
9C).

Fructose-depended metabolic flux toward increased respiratory activity and lower
biosynthetic capabilities affects the reproductive potential of yeast cells

To further investigate the relationship between central carbon metabolism, respiratory activity,
cell biosynthetic efficiency, and cell proliferative capacity, analyses of reproductive potential
in Ahxk2 mutant under conditions with glucose or fructose were performed. Analysis of the
reproductive potential showed, that in general, cells of the Ahxk2 strain, regardless of the growth
conditions, were able to produce more daughter cells compared to the WT strain (Figure 10A).
Although the difference in overall reproductive potential between cells of the Ahxk2 strain
cultured in glucose or fructose medium was not statistically significant (mean value 32.0 on
glucose and 33.9 on fructose medium), some slight differences related to the maximum
reproductive capacity of the cells can be noted (Figure 10A). There was a group of cells showing
an increased reproductive potential, as demonstrated in the violin plots (Figure 10B) and by
values of a maximum reproductive potential (Figure 10C). However, it is worth noting that
changes in reproductive potential between cells cultured in conditions with glucose or fructose
are more pronounced for the WT strain compared to the Ahxk2 strain (Figure 10A-C). These
results confirm that there are metabolic differences between the cellular utilization of glucose
and fructose, that have long-term consequences in single-cell physiology and modulate their

reproductive potential.
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DISCUSSION

Carbohydrate plays a critical role in cellular metabolism, thus their utilization must be tightly
controlled and adjusted to changes in extracellular conditions and intracellular demands.
Analyzing carbohydrate metabolism and its influence on the organism’s and cell physiology
seems to be more and more important due to a diet rich in simple carbohydrates and the global
healthcare epidemic of obesity, type 2 diabetes, cardiovascular diseases, and metabolic
syndrome [63-65]. The calorie excess is associated primarily with a high supply of glucose, but
it can also be considered in the case of other simple sugars, such as fructose. The molecular
aspects of fructose metabolism and its excessive consumption resulting from the increased share
of sucrose and high-fructose corn syrup (HFCS) in the diet have been underlined as an
important factor leading to multiple human metabolic diseases [66, 67], but also as a factor
involved in neurotoxicity and decreased organism healthspan [68]. Although, several reports
indicate the role of excessive fructose consumption in the development of metabolic diseases,
the impact of fructose metabolism at the cellular level is not yet well understood. The aspect of
fructose metabolism is just as little known in the case of yeast cells. Most of the known studies
using yeast analyzed discrepancies between glucose and fructose fermentation in the context of
industrial bioprocesses and wine fermentation when a high residual fructose level at the latter
stages of fermentation is undesirable and can lead to stuck or sluggish fermentation [34-36, 47].
Currently, there are only limited data concerning the cellular mechanism of fructose impact in
the case of yeast [37, 38] and there are almost no studies analyzing fructose metabolism in the
context of the reproductive potential (replicative lifespan) of yeast cells. The only known to
authors studies analyzing the impact of carbohydrate composition of media, including fructose,
on replicative lifespan concern lager yeast (Saccharomyces pastorianus) [69]. The experimental
approach used in this work provides comprehensive explanations of the differences between
intracellular glucose and fructose metabolism, which may be useful both in the context of

industrial fermentation and in understanding the health aspects of consuming carbohydrates.

The fructose metabolism and reproductive potential of the cells

The data presented here provide new information supporting that there exist discrepancies
between glucose and fructose energy metabolism [33-36, 47]. What is new, they additionally
show how cellular metabolism is altered by fructose and what long-term consequences it may
have on cellular physiology and their ability to proliferate. In the case of yeast cells, the ability
to reproduce (referred to as replicative lifespan or reproductive potential) is expressed by the

number of daughter cells produced by the mother cell during her lifetime [29, 41]. The
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reproductive potential of yeast cells can be significantly modulated by changes in nutrient
content, thus it can be observed both substantial increases (e.g. in the caloric restriction
condition) [29, 70], as well as decreases (e.g. in the conditions of glucose excess) [30, 32] values
of this parameter. Hence, to answer the question of whether two easily fermentable carbon
sources glucose and fructose may have different impacts on the reproductive capacity of the
yeast cells, we performed a comprehensive analysis of several cellular parameters. Our findings
present that fructose in comparison to glucose slightly increases the reproductive potential of
the cells (Figure 1A-C). The observable changes can be overlooked from the ecological point
of view, where high competitive abilities [7, 10] are dependent mainly on the youngest cells
which performed only a few generations. Despite minor differences in the mean value of the
reproductive potential of the cells (Figure 1A), fructose has a significant impact on the maximal
value of this parameter (Figure 1B-1C) which is very important for maintaining the
physiological efficiency of cells as long as possible. The wide range of performed analyses
allowed us to identify several interrelated aspects of cellular metabolism, altered by the
presence of fructose. They include: (i) changes in hexose transporters activity and lower
carbohydrate uptake (Figure 3); (ii) changes in carbon catabolite repression and lower activity
of cAMP/PKA pathway which trigger increased metabolism redirection toward respiratory
activity (Figure 5); (iii) changes in PPP activity and decrease the biosynthetic capabilities of
the cells (Figure 4 and Figure 2). All of the observable metabolic changes caused by the
presence of fructose were supported by the results obtained in the experimental approach using
Ahxk2 strain which is known for disrupted glucose repression and exhibition of increased
respiratory activity (Figures 6-10). Moreover, the presented data shed somewhat new light on
the role of mitochondria and respiratory activity in the generation of ROS, which seems to be

dual and differ between physiological and respiratory failure conditions (Figures 5H; 6H; 7).

Hexose transporters activity and carbohydrate uptake

Although glucose and fructose are easily fermented carbon sources, several works present
preferential use of glucose over fructose in the case of yeast cells [33-36, 47]. The precise
molecular mechanism and cause of this preferential utilization are not fully understood, but the
discrepancy in glucose/fructose fermentation seems to be connected with the differential
transport rate of those sugars across the plasma membrane and hexose transporters affinities
[33-35] and/or differences in hexokinase kinetic properties and rate of hexose phosphorylation
inside the cell [34, 35, 47].
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The results of hexose transporters’ activity and carbohydrate uptake (Figure 3 and Figure
8A-D) obtained in this work confirm the role of hexokinase and hexose transporters in fructose
metabolism. The rate of fructose uptake was significantly lower in comparison to the rate of
glucose uptake and this rate was even lower in the case of Ahxk2 (Figure 3G and 8D). This is
in line with data on sugar utilization noted previously [34, 35, 47] and also with the observation
that deletion of HXK2 decreases the rate of glucose uptake (Fig. 8A); [31]. The transport of
glucose and fructose can be carried out by several joint Hxt proteins with different hexose
affinity [48, 49]. It was noted that lower uptake of fructose in comparison to glucose is mainly
the result of significantly lower expression of the HXT1 gene and lower level of Hxtlp noted in
those conditions (Figures 3A-B; 3E). The effect of HXT1 gene expression on the rate of
carbohydrate uptake was also confirmed using Ahxk2 strain (Figure 8D). The observable crucial
role of Hxtlp in sugar uptake can be explained by the rate-affinity trade-off, which assumes
that a higher rate of carbohydrate transport is connected with a lower affinity for this
carbohydrate and those criteria are fulfilled by low-affinity transporters such as Hxtlp and
Hxt3p [49]. The leading role of low-affinity hexose transporters in carbohydrate uptake
capacity seems to be also confirmed by several studies where the level of those transporters was
associated with glucose utilization ratio, glycolytic flux, and cell cycle progression [33, 71-73].
Moreover, literature data showed that the activity of low-affinity transporters and connected
with it higher glucose uptake rate correlates with a higher growth rate [72, 74]. This is also
noted in this work, where lower levels and expression of the HXT1 gene (Figures 3A-B; 3E;
8B) correlate with a reduced growth rate (Figures 2 and 9). The results of HXT1 gene expression
noted in Ahxk2 strain also confirm the existence of interplay between hexokinases presence
(especially hexokinase 2) and hexose transporters activity which was recently noted both in S.
cerevisiae [74] and Yarrowia lipolytica [34] yeast cells. The connection between fructose
metabolism, hexokinase, and hexose transporters is additionally supported by the results of the
level and expression of high-affinity transporter HXT6 (Figures 3C-D; 3F; 8C). HXT genes are
generally co-expressed [49] and high-affinity transporters Hxt6p and Hxt7p can be noted even
when relatively high sugar concentrations are still present [73]. However, it is well known, that
expression of high-affinity and moderate to high-affinity (HXT2 and HXT4) transporters are
induced when the glucose level is falling and cells gradually move to the stationary phase [73],
but also their expression is inhibited by glucose catabolite repression mediated by Hxk2p [74].
This suggests that cells growing on fructose in comparison to glucose may have both lower
intracellular levels of carbohydrates (due to lower sugar uptake rate) but also receive a different

nutrient signal which is read as lower than actual sugar concentration (mimicking nutrient-
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scarce signal). The obtained results show that fructose-mediated catabolite repression is
lowered compared to glucose repression. Reduced catabolite repression in the case of fructose
metabolism can be indicated by the results of increased expression of high-affinity transporters
(Figure 8C), but also by the results showing downregulation of HXK2 and upregulation of
HXK1 gene in cells cultured in fructose medium (data not shown). Alongside, it is worth
underlining the results of the level and the location of analyzed transporters (Figure 3A-D)
which shows that Hxts can be also controlled at post-transcriptional (lower level of Hxt6p on
fructose medium despite its higher expression) and post-translational level (different
intracellular location of GFP-Hxts signal and differences in transporter degradation between

glucose and fructose conditions).

The catabolite repression and metabolism redirection toward respiratory activity by reducing
the activity of the CAMP/PKA pathway

Due to observable differences and literature analysis, we assumed that fructose metabolism in
comparison to glucose decreased the activity of the cCAMP/PKA pathway. The obtained results
concerning parameters related to mitochondrial function and metabolism (Figure 5) support this
assumption and clearly state that fructose metabolism results in an increased redirection of
metabolism towards respiratory activity (Figure 6). Firstly, fructose metabolism resulted in
lowered cAMP content (Figures 51 and 61) suggesting that the intracellular signal originating
from fructose conversion is different compared to glucose conversion. This high-probably
modifies the glycolytic-dependent intracellular route of CAMP/PKA activation based on RAS,
which is in line with previously presented data showing that: (i) high glycolytic flux connected
with Hxk2p-dependent glucose repression and intracellular sugar phosphorylation is necessary
for activation of the cAMP/PKA pathway [58, 75]; (ii) fructose-1,6-bisphosphate (F1,6bP)
function as an activator of RAS and deletion of HXK2 gene abolishes glucose-induced
activation of RAS [26]; (iii) CAMP peak and response are lower in the case of cell transitioned
from nonfermentable carbon sources to fructose with comparison to cell transitioned to glucose
[76]; (iv) cAMP/PKA pathway negatively regulates endocytosis of Hxtlp [77]. What is more,
both the cAMP signalling pathway and carbohydrate uptake with glycolytic flux play important
roles in cell proliferation [71, 78, 79]. It was previously shown that activation of the cCAMP/PKA
pathway and high metabolic flux increases the level of cyclin CIn3 [71, 78] and that impaired
fermentation, caused among others by the loss of HXK2, decreased but not blocked the
expression of CLN3 and CDC28 genes [79]. Furthermore, the reproductive potential observed
both under fructose conditions (Figures 1 and 10) and in the case of the Ahxk2 strain ([30]; this
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work) together with reproductive potential determined in Agpa2 and Agrpl strains [32] and
others yeast mutants and circumstances [80] point out to a significant role of the cAMP/PKA
pathway in the proliferative capacity of the cell. Therefore, actions leading to a reduction the
activity of the cCAMP/PKA pathway seem to extend the reproductive potential of the yeast cells
([30, 32]; this study).

The fructose metabolism results in decreased activity of the RAS/CAMP/PKA pathway,
and lowered the catabolite repression, the consequence of which is the modification of the
transition between aerobic glycolysis and oxidative phosphorylation. The results concerning
mitochondrial function and metabolism obtained in this work (Figure 5), clearly demonstrate
that fructose metabolism is connected with increased metabolism redirection toward respiratory
activity and such unanticipated conclusions were further confirmed by using Ahxk2 strain
(Figure 6) and conditions impairing mitochondrial activity (Figure 7). Higher mitochondrial
activity and increased levels of ATP production noted for cells growing in fructose medium and
also in the case of Ahxk2 strain can be explained by several features connected with (i)
differences in the metabolic trade-off between glucose and fructose utilization pathways; (ii)
ability to regulate metabolic pathways through the produced metabolites, especially the
glycolytic metabolites; (iii) lower usage of ATP.

Firstly lower activity of the RAS/cCAMP/PKA pathway and impaired catabolite repression
noted in the case of cells growing in a fructose medium released the expression of several
respiratory metabolism genes, which stay in line with data concerning the relationship between
cAMP/PKA signaling, glycolysis and respiratory activity [25, 26, 81]. Then, yeast cells
growing even under relatively high levels of carbohydrates conduct a metabolism which is a
mix of fermentation and respiration, and both processes can run in parallel to support the
metabolic needs of the cells. Such possibility was noted i.e. in research presenting a metabolic
model concerning the switch between respiration and fermentation in yeast [82], by data
showing the metabolic intermediates benefits supplied by respiratory activity in the context of
proliferation of yeast cells during fermentation [16, 17]. Other important factors controlling
metabolic flux are the glycolytic intermediates, especially fructose 1,6-bisphosphate (F1,6bP)
and glucose-6-phosphate (G6P) [15, 26, 83, 84]. F1,6bP inhibits the activity of respiratory chain
complex Il and Il1, although its level also indicates the glycolytic flux and correlates with the
glucose uptake rate [15, 83, 84]. G6P is regarded as a stimulator of the respiratory chain, and
its level is connected with the regulation of respiration [84]. Hence, higher mitochondrial
activity and increased levels of ATP production were noted for cells growing in a fructose
medium, and in the case of Ahxk2 strain can be also caused by changes in the level of G6P and
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F1,6bP. Such possibility seems to be confirmed both by the results of a higher level of G6P
observed in the case of fructose metabolism (Figure 4D) and Ahxk2 strain (Figure 8E; [30]) and
the low level of F1,6bP observed in Ahxk2 strain [84, 85]. Further, an extremely important but
somewhat overlooked role in controlling the transition between mitochondrial metabolism and
aerobic glycolysis is played by the ATP/ADP ratio [57]. The work of Maldonado and Lemasters
underlines that a high cytosolic ATP/ADP ratio generated by aerobic mitochondrial metabolism
suppresses glycolysis and conversely, a lower ATP/ADP ratio is necessary to maintain the
increased glycolysis characteristic for highly proliferating cells. Our previous studies and
results obtained in this work seem to perfectly confirm this assumption, because a high
ATP/ADP ratio was accompanied by increased mitochondrial activity and, at the same time, by
a lower rate of cell growth and proliferation (Figures 2; 5; 6; 9). Moreover, our results obtained
using Ahxk2 strain together with literature data presenting voltage-dependent anion channel
(VDAC) role in mitochondrial metabolism [57] and mitochondria-related noncanonical
functions of hexokinases [86] support clarification of this aspect. Respiratory substrates and
other polar metabolites pass the outer mitochondrial membrane through VDAC and relative
closure of VDAC limits oxidative phosphorylation and decreases ATP/ADP ratio [57]. An
important role in the regulation of VDAC permeability plays mitochondrial-bound hexokinase
2 and free tubulin which are distinctive for highly proliferating cells. The ATP is exported from
mitochondria by VDACs, thus Hxk2p binds to VDAC to maximize the ATP-using
phosphorylation reaction. The connection between VDAC and hexokinases can be severed by
high G6P concentrations which among other results in glycolysis inhibition [86]. Therefore, we
assumed that lack of Hxk2p (Ahxk2 strain) or its lower level (fructose conditions) on one hand
released the expression of respiratory metabolism genes, but on the other allowed VDAC
opening resulting in easier penetration of substrates into the mitochondria and also in reduced
direct hexokinase-depended usage of ATP. The lower usage of ATP in the case of Ahxk2 strain
and cells growing in fructose medium can be additionally explained by the lower activity of the
CAMP/PKA pathway (lower usage of ATP for cAMP synthesis) and lower biosynthetic
capabilities (Figures 2; 4; 8; 9) because about half of the energy generated in CCM is used for

macromolecular synthesis, especially for protein synthesis [15].

Changes in PPP activity and reduction in the biosynthetic capabilities of the cells
The connection between energy-producing and biomass formation pathways is generally
closed in the metabolic triangle — the respiration-glycolysis-pentose phosphate pathway [30].

An important role in this relationship play the glucose uptake rate and glycolytic flux, which
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form the one hand favor fermentation and production of building blocks, but on the other hand,
reduce respiration capabilities. Hence, it can be observed phenomenon that ATP is produced by
respiration when the glucose uptake rate is low [30, 31, 74, 83, 87] and such an assumption is
also consistent with observations of this study. Nonetheless, a high carbohydrate uptake rate
and high glycolytic flux will correspond to decreased respiratory metabolism, but also to a
higher biosynthetic rate. An important role in cellular biosynthesis plays PPP providing
intermediates necessary for the production of macromolecular components [88]. There can be
observed inversed correlation between results concerning PPP activity, overall biosynthetic
capabilities of cells (Figures 4; 8E-H), and results concerning mitochondrial function and
metabolism (Figures 5; 6). Cells growing in the fructose medium and cells of Ahxk2 strain
exhibit lower carbohydrate uptake rate, lower fermentation yield [31], increased respiration
metabolism, and a higher level of ATP but also lower activity of PPP, decreased biosynthetic
capabilities, and decreased growth rate. The level and activity of Zwflp decreased in cells
cultured in a fructose medium although the expression of its gene increased (Figures 4A-E; 8E-
G). The explanation of this phenomenon may be connected with post-transcriptional and post-
translational levels of control, but also with transcriptional changes caused by metabolic
modification. Previously published data showed that expression of ZWF1/G6PD can be
regulated by the NADPH/NADP ratio, but also by cAMP-dependent inhibition of ZWF1
transcription [89].

The importance of metabolic changes in the context of respiratory activity and cellular
biosynthetic possibilities has a crucial impact on the reproductive potential of the cell. This
work and our previous findings [30, 32] demonstrate that alterations increasing respiratory
activity, but what is important simultaneously decreasing the overall biosynthetic capabilities,
increase reproductive potential of the cell (Figures 1;10). The connection between biosynthetic
capabilities, especially protein biosynthesis, and the disturbance in proliferation or decline in
reproductive potential was also noted in other studies [30, 32, 90, 91]. The obtained results
confirm also the positive impact of low glycolytic flux and decreased PKA activity on cell
reproductive potential [32, 92, 93]. Furthermore, the increased maximal reproductive potential
observed in the case of cells growing in the fructose medium is another data showing that
redirection towards increased respiration activity is connected with extending yeast lifespan.
Such a mechanism has been postulated for a long time, especially to explain the action of calorie
restriction (CR) on yeast lifespan [30, 59, 94-96]. We consider, however, that this is highly
probable that the increased reproductive potential noted in the case of Ahxk2 strain and under
fructose or CR conditions (this work; [30]), is not a direct result of increased respiratory
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metabolism but a consequence of overall changes in metabolic fluxes. Such assumption is in
line with data postulated that chronological lifespan (CLS) is determined by remodeling cell
metabolism from fermentation to respiration [97] and would also explain the challenging issue

of the extended replicative lifespan in respiratory-deficient yeast cells (rho®) [98, 99].

The fructose metabolism and RFT generation
The results obtained in this work also shed somewhat new light on the intracellular generation
of ROS. The concept of mitochondrial respiration as the major cellular source of ROS and the
exclusively damaging role of ROS has been challenged over the last few years. There are
growing number of evidence suggesting signalling role of ROS [100, 101] but also more and
more studies underline the existence of non-mitochondrial ROS sources within the cell [30, 31,
62, 102, 103]. The results presented here further point out that the relationship between the type
of metabolism, sources of ROS generation, its cellular role, and lifespan is more complex. Our
data suggest that (i) non-mitochondrial sources can be an important pool of ROS in yeast cells,
especially under fermentative metabolism, which confirmed previously noted dependencies
[30, 31, 93, 102]; (ii) enhancement of oxidative metabolism and mitochondrial activity by the
hormesis effect and sealing the respiratory chain may prevent uncontrolled proton leakage, and
thus reduces ROS generation, what was also recently postulated [31, 94, 97, 104]; (iii)
significantly increased level of ROS is noted in conditions impairing mitochondrial activity,
what was also shown by other works [81, 105]. Moreover, data recently published by Mori et
al. shows a new intriguing possibility by which higher respiratory activity and increased
development of the mitochondrial network may reduce ROS generation. The authors
demonstrate that mitochondrial respiration reduces intracellular availability of oxygen and
respiring mitochondria that surround the nucleus decrease nuclear exposure to oxygen [106].
In summary, we report here that the discrepancies between the fermentation of glucose
and fructose are caused by changes in interrelated intracellular metabolic pathways. This could
have long-term implications, as those relating to the reproductive potential of cells. These
fructose-derived changes in CCM resulting in lower glycolytic flux, increased redirection
toward respiratory activity, and lower overall biosynthetic capabilities seem to be the reason
for higher reproductive potential noted for cells growing in fructose medium. This explanation,
additionally supported by results obtained for Ahxk2 strain, suggests why increased respiration
is important, but is not a sufficient condition for a reproductive potential extension. Moreover,
this study suggests that redirection in carbohydrate-utilization pathways and metabolic

adaptations have a relevant impact on the proliferative capacity of cells.
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FIGURE LEGENDS

Figure 1. The reproductive potential of WT yeast cells cultured in glucose or fructose medium
with glucose or fructose (A) The reproductive potential of yeast cells growing in glucose or
fructose conditions, (B) Distribution of reproductive potential in population of yeast cell
growing in glucose or fructose conditions, (C) Maximal reproductive potential determined on
the basis of 10% yeast cells with the highest number of daughters cells. The data represent the
mean values from two independent experiments of 40 cells each. * p < 0.05; *** p < 0.001 as

compared between media with glucose and fructose.

Figure 2. The growth of WT yeast cell population cultured in medium with glucose or
fructose (A) Growth kinetic of yeast cell population monitored during 12 h, (B) The growth
rate of yeast cell population, (C) The growth of the yeast cell population monitored after 24 h
and 36 h. The results are presented as mean + SD from three independent experiments. * p <

0.05; ** p < 0.01 as compared between media with glucose and fructose.

Figure 3. The hexose transporters activity and carbohydrate uptake in WT yeast cells
cultured in medium with glucose or fructose (A) Relative low-affinity hexose transporter level
quantified by Hxt1-GFP fluorescence measurements after different time of cell cultivation, (B)
Intracellular location of Hxtl-GFP signal determined by fluorescence microscopy after
different time of cell cultivation, (C) Relative high-affinity hexose transporter level quantified
by Hxt6-GFP fluorescence measurements after different time of cell cultivation, (D)
Intracellular location of Hxt6-GFP signal determined by fluorescence microscopy after
different time of cell cultivation, (E) Transcription of the low-affinity hexose transporter gene
HXT1 in the WT yeast cells grown on medium with glucose or fructose, (F) Transcription of
the high-affinity hexose transporter gene HXT6 in the WT yeast cells grown on medium with
glucose or fructose, (G) The rate of carbohydrate utilization by WT yeast cells grown in glucose
or fructose conditions determined by measurements of glucose or fructose concentration in
medium after 12, 16, 20, 24 h of cell cultivation. The results are presented as mean + SD from
at least three independent experiments. Hxts-GFP were visualized using fluorescence
microscope Olympus BX-51 equipped with the DP-72 digital camera and cellSens Dimension
v1.0 software at appropriate wavelengths. The microscopic images present typical results from
of the duplicate experiment. Magnification 100x. * p < 0.05; *** p < 0.001 as compared
between media with glucose and fructose; a — different to exponential phase of yeast cell
growth, b - different to stationary phase of yeast cell growth, c - different to 2 days of yeast cell

cultivation.
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Figure 4. Parameters connected with biosynthetic capabilities and the action of the pentose-
phosphate pathway in WT yeast cells cultured in medium with glucose or fructose (A)
Relative Zwflp level quantified by Zwf1-GFP fluorescence measurements in the WT yeast
cells grown on medium with glucose or fructose, (B) Intracellular location of Zwf1-GFP signal
determined by fluorescence microscopy in the WT yeast cells grown on medium with glucose
or fructose, (C) Transcription of the ZWF1 gene in the WT yeast cells grown on medium with
glucose or fructose, (D) The content of glucose-6-phosphate (G6P) determined in deproteinized
cell extracts (10 kDa MWCO) using Glucose-6-Phosphate Assay, (E) PP pathway enzymes
activity: glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase
(6-PGD) determined spectrophotometrically by measuring the rate of NADP™ reduction at 340
nm, (F) Protein content in cell extracts obtained from a strictly defined number of cells (5x108
yeast cells from the exponential phase culture) expressed in the pg per cell. The results are
presented as mean + SD from at least three independent experiments. Zwf1l-GFP were
visualized using fluorescence microscope Olympus BX-51 equipped with the DP-72 digital
camera and cellSens Dimension v1.0 software at appropriate wavelengths The microscopic
images present typical results from of the duplicate experiment. Magnification 100x. * p < 0.05;

*** < 0.01; *** p <0.001 as compared between media with glucose and fructose.

Figure 5. Parameters connected with mitochondrial function and metabolism in WT yeast
cells cultured in medium with glucose or fructose (A) Mitochondrial membrane potential
(MMP) and (B) morphology of the mitochondrial network determined using rhodamine B hexyl
ester. The fluorescence was measured at Aex = 555 nm and Aem = 579 nm. Mitochondrial network
was visualized using fluorescence microscope Olympus BX-51 equipped with the DP-72 digital
camera and cellSens Dimension v1.0 software at appropriate wavelengths. The microscopic
images present typical results from of the duplicate experiment. Magnification 100x, (C)
Intracellular ATP content in the WT yeast cells grown on medium with glucose or fructose
determined with BacTiter-Glo™ Microbial Cell Viability Assay, (D) The ATP level, (E) ADP
level, (F) ADP+ATP pool and (G) ATP/ADP ratio measured in whole cell extract using
ADP/ATP Ratio Assay Kit, (H) The ROS content in the WT strain cultivated on medium with
glucose or fructose estimated by the rate of fluorescence increase due to dihydroethidium
(DHET) oxidation within cells. The fluorescence was measured at Aex =518 nm, Aem = 605 Nm,
(1) The level of cAMP in the WT yeast cells grown on medium with glucose or fructose
determined with Direct cCAMP Elisa kit in acetylated format. The absorbance was measured at

A =405 nm. The amount of CAMP in the samples was expressed as pmol per mg of total protein.
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The results are presented as mean + SD from at least three independent experiments. * p < 0.05;

***p <0.01; *** p <0.001 as compared between media with glucose and fructose.

Figure 6. Parameters connected with mitochondrial function and metabolism in WT and
Ahxk2 yeast strains cultured in medium with glucose or fructose (A) Mitochondrial
membrane potential (MMP) and (B) morphology of the mitochondrial network determined
using rhodamine B hexyl ester. The fluorescence was measured at Aex = 555 nm and Xem = 579
nm. Mitochondrial network was visualized using fluorescence microscope Olympus BX-51
equipped with the DP-72 digital camera and cellSens Dimension v1.0 software at appropriate
wavelengths. The microscopic images present typical results from of the duplicate experiment.
Magnification 100x, (C) Intracellular ATP content in the WT yeast cells grown on medium
with glucose or fructose determined with BacTiter-Glo™ Microbial Cell Viability Assay, (D)
The ATP level, (E) ADP level, (F) ADP+ATP pool and (G) ATP/ADP ratio measured in whole
cell extract using ADP/ATP Ratio Assay Kit, (H) The ROS content in the WT strain cultivated
on medium with glucose or fructose estimated by the rate of fluorescence increase due to
dihydroethidium (DHET) oxidation within cells. The fluorescence was measured at Aex = 518
nm, Xem = 605 nm, (I) The level of cCAMP in the WT yeast cells grown on medium with glucose
or fructose determined with Direct CAMP Elisa kit in acetylated format. The absorbance was
measured at A = 405 nm. The amount of cCAMP in the samples was expressed as pmol per mg
of total protein. The results are presented as mean = SD from at least three independent
experiments. * p < 0.05; *** p < 0.01; *** p < 0.001 as compared between media with glucose
and fructose; * p < 0.05, *# p < 0.01, ** p < 0.001 as compared to WT strain cultivated in a

glucose medium.

Figure 7. The changes in the level of ATP and ROS content in WT and 4hxk2 yeast strains
cultured in medium with glucose or fructose after cell incubation with mitochondria
respiration inhibitors. (A) Changes in ATP content and (B) changes in ROS content in grown
on medium with glucose or fructose after 30 min incubations with 60 uM Antimycin A or 30
uM Oligomycin. The ATP level was determined by luminescence measurements using
BacTiter-Glo™ Microbial Cell Viability Assay. The ROS content was estimated by the rate of
fluorescence increase due to dihydroethidium (DHET) oxidation within cells. The results are
presented as mean + SD from at least three independent experiments. * p < 0.05; *** p < 0.01;
*** n < 0.001 as compared between media with glucose and fructose; * p < 0.05, *# p < 0.01,

### n < 0.001 as compared to WT strain cultivated in a glucose medium.
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Figure 8. Parameters connected with carbohydrate uptake, biosynthetic capabilities and the
action of the pentose-phosphate pathway in WT and 4hxk2 yeast strains cultured in medium
with glucose or fructose (A) The rate of glucose uptake by yeast cells of WT and Ahxk2 strains.
Quantification of relative glucose uptake was performed by measuring the fluorescent signal
after incubation with 6-NBDG, (B) Transcription of the low-affinity hexose transporter gene
HXT1 in the WT and Ahxk2 yeast cells grown on medium with glucose or fructose, (C)
Transcription of the high-affinity hexose transporter gene HXT6 in the WT and Ahxk2 yeast
cells grown on medium with glucose or fructose, (D) The rate of carbohydrate utilization by
WT and Ahxk2 yeast cells grown in glucose or fructose conditions determined by measurements
of glucose or fructose concentration in medium after 12, 16, 20, 24 h of cell cultivation, (E)
The content of glucose-6-phosphate (G6P) determined in deproteinized cell extracts from the
WT and Ahxk2 yeast cells grown on medium with glucose or fructose, (F) PP pathway enzymes
activity: glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase
(6-PGD) determined for the WT and Ahxk2 yeast cells grown on medium with glucose or
fructose by measuring the rate of NADP* reduction at 340 nm, (G) Transcription of the ZWF1
gene in the WT and Ahxk2 yeast cells grown on medium with glucose or fructose, (H) Protein
content in cell extracts obtained from the WT and Ahxk2 yeast cells grown on medium with
glucose or fructose. Data expressed in the pg per cell. The results are presented as mean + SD
from at least three independent experiments. * p < 0.05; ** p <0.01; *** p < 0.001 as compared
between media with glucose and fructose; # p < 0.05, # p < 0.01, #* p < 0.001 as compared to

WT strain cultivated in a glucose medium.

Figure 9. The growth of WT and A4hxk2 yeast strains cultured in medium with glucose or
fructose (A) Growth kinetic of yeast cell population of WT and Ahxk2 strains monitored during
12 h, (B) The growth rate of WT and Ahxk2 yeast strains, (C) The growth of the yeast cell
population of WT and Ahxk2 strains monitored after 24 h and 36 h. The results are presented
as mean + SD from three independent experiments. * p < 0.05; ** p < 0.01 as compared between
media with glucose and fructose; * p < 0.05, # p < 0.01, ** p < 0.001 as compared to WT strain

cultivated in a glucose medium.

Figure 10. The reproductive potential of WT and Ahxk2 yeast strains cultured in medium
with glucose or fructose (A) The reproductive potential of yeast cells of WT and Ahxk2 strains
growing in glucose or fructose conditions, (B) Distribution of reproductive potential in
population of yeast cell of WT and Ahxk2 strains growing in glucose or fructose conditions,

(C) Maximal reproductive potential determined for WT and Ahxk2 strains growing in glucose
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or fructose conditions. Maximal reproductive potential was determined on the basis of 10%
yeast cells with the highest number of daughters cells. The data represent the mean values from
two independent experiments of 40 cells each. * p < 0.05; *** p < 0.001 as compared between
media with glucose and fructose; * p < 0.05, ** p < 0.001 as compared to WT strain cultivated

in a glucose medium,

Supplementary figure 1. The carbohydrate concentrations obtained for yeast strains
carrying GFP-proteins cultured in medium with glucose or fructose. Glucose or fructose
concentration in the culture medium was determined at exponential phase, stationary phase and
after 2 days of cell cultivation. The results are presented as mean = SD from at least three

independent experiments.

Supplementary figure 2. Relative Zwfl1p level and intracellular location of Zwf1-GFP signal
determined after different time of cell cultivation on medium with glucose or fructose. Zwflp
level was quantified by Zwfl1-GFP fluorescence measurements and intracellular location of
ZwWf1-GFP signal was determined by fluorescence microscopy. Both parameters were
determined at exponential phase, stationary phase and after 2 days of cell cultivation. The
results are presented as mean + SD from at least three independent experiments. Zwf1-GFP
were visualized using fluorescence microscope Olympus BX-51 equipped with the DP-72
digital camera and cellSens Dimension v1.0 software at appropriate wavelengths The
microscopic images present typical results from of the duplicate experiment. Magnification
100x. * p < 0.05 as compared between media with glucose and fructose; a — different to
exponential phase of yeast cell growth, b - different to stationary phase of yeast cell growth, ¢
- different to 2 days of yeast cell cultivation.
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Suplementary Figure 1
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