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Abstract: The voltage-dependent anion-selective channel (VDAC) plays a crucial role in mitochondrial
function, and VDAC paralogs are considered to ensure the differential integration of mitochondrial
functions with cellular activities. Heterologous expression of VDAC paralogs in the yeast Saccha-
romyces cerevisiae por1∆ mutant cells is often employed in studies of functional differentiation of
human VDAC paralogs (hVDAC1-hVDAC3) regardless of the presence of the yeast second VDAC
paralog (yVDAC2) encoded by the POR2 gene. Here, we applied por1∆por2∆ double mutants and
relevant por1∆ and por2∆ single mutants, derived from two S. cerevisiae strains (M3 and BY4741)
differing distinctly in auxotrophic markers but commonly used for heterologous expression of hV-
DAC paralogs, to study the effect of the presence of yVDAC2 and cell genotypes including MET15,
the latter resulting in a low level of hydrogen sulfide (H2S), on the complementation potential of
heterologous expression of hVDAC paralogs. The results indicated that yVDAC2 might contribute to
the complementation potential. Moreover, the possibility to reverse the growth phenotype through
heterologous expression of hVDAC paralogs in the presence of the applied yeast cell genotype
backgrounds was particularly diverse for hVDAC3 and depended on the presence of the protein
cysteine residues and expression of MET15. Thus, the difference in the set of auxotrophic markers
in yeast cells, including MET15 contributing to the H2S level, may create a different background
for the modification of cysteine residues in hVDAC3 and thus explain the different effects of the
presence and deletion of cysteine residues in hVDAC3 in M3-∆por1∆por2 and BY4741-∆por1∆por2
cells. The different phenotypes displayed by BY4741-∆por1∆por2 and M3-∆por1∆por2 cells following
heterologous expression of a particular hVDAC paralog make them valuable models for the study of
human VDAC proteins, especially hVDAC3, as a representative of VDAC protein sensitive to the
reduction–oxidation state.

Keywords: human VDAC paralogs; por1∆por2∆ mutants; yeast complementation assay; yeast strain
genotype; MET15; cysteine-depleted variant of hVDAC3

1. Introduction

The voltage-dependent anion selective channel (VDAC) forms an omnipresent path-
way for metabolite transport across the outer mitochondrial membrane [1–7]. The molecular
mass cutoff for the pathway is approximately 4 kDa, and the transported molecules range
from inorganic ions (e.g., K+, Na+ and Cl−) to metabolites of different sizes and charges
(e.g., large anions, such as ATP, AMP, NADH and glutamate; small anions, such as su-
peroxide anion; and large cations, such as acetylcholine) and large macromolecules, such
as tRNAs [7–9]. The magnitude of transport through VDAC can be limited when VDAC
switches to lower conducting substates featuring less anion selectivity [3], and the process
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is influenced by the presence of VDAC paralogs [10,11], as well as their post-translational
modifications and interactions with different proteins [1,12].

The yeast Saccharomyces cerevisiae complementation assay is a useful method for as-
sessing the ability of heterologously expressed proteins to reverse the growth phenotype
of the relevant mutant strain, and has also been used for VDAC proteins from differ-
ent organisms [13–16]. Yeast mitochondria contain two VDAC paralogs, yVDAC1 and
yVDAC2, encoded by the POR1 and POR2 genes, respectively [17,18]. These paralogs
differ dramatically in their expression levels. Namely, yVDAC1 has been shown to be
expressed at levels five orders of magnitude greater than yVDAC2, and the difference was
observed in the presence of a fermentable or nonfermentable carbon source (glucose and
glycerol, respectively, the latter being metabolized by respiration that requires functioning
mitochondria) [19]. Accordingly, it has been estimated that yVDAC1 is responsible for
approximately 90% of the permeability of a single mitochondrial outer membrane [20].
In addition, yVDAC2 cannot compensate for the lack of yVDAC1 unless it is expressed
under the control of the yVDAC1 promoter as far as growth of relevant yeast cells is con-
cerned [17]. Therefore, mutants depleted of only yVDAC1 are used in studies on VDAC
paralogs based on heterologous expression in S. cerevisiae cells.

The single mutants are derived from commonly used S. cerevisiae strains (for the
relevant genotypes, see Table 1) including M3 [12,14,18,21–24], as well as closely related
BY4741 [19,21,25,26] and BY4742 [13,19,27,28]. The M3 strain is the isogenic strain for the
por1∆ mutant termed M22-2 and was obtained by Blachly-Dyson et al. (1997) [17]. It was
generated by deleting most of the POR1 gene through the insertion of the LEU2 auxotrophic
marker. BY4741-∆por1 and BY4742-∆por1 mutants are commercially available (Euroscarf,
Frankfurt, Germany) and were obtained through the application of a G418 resistance
cassette (KanMX4) for the deletion of the POR1 gene in BY4741 or BY4742 isogenic wild-
type cells, respectively. To verify the functionality of human VDAC paralogs, M3-∆por1
and BY4742-∆por1 mutant strains were used [13,14,27], but not BY4741- ∆por1.

As reported in other mammals, three human VDAC paralogs (hVDAC1, hVDAC2, and
hVDAC3) have been identified [4,11,29]. It is generally assumed that hVDAC1, hVDAC2, and
hVDAC3 are structurally very similar, but subtle sequence changes may facilitate paralog-
specific roles through unknown mechanisms [27]. Accordingly, hVDAC1 and hVDAC2 are
expressed at higher levels than hVDAC3, which is far less abundant, with the exception of
levels observed in the testis, kidney, brain, heart, and skeletal muscle [30]. Nevertheless,
heterologous expression of these paralogs in the mentioned M3-∆por1 and BY4742-∆por1
mutant cells using relevant pYX212 plasmid constructs [13,14,27] has indicated that hVDAC1,
hVDAC2, and hVDAC3 form stable, highly conductive voltage-gated channels that are weakly
anion-selective and facilitate metabolite exchange [14,27]. However, it has also been shown
that the gating of hVDAC3 requires a reduction in disulfide bonds formed by specifically
localized cysteine residues and the linking of the N-terminal region of the protein to the
bottom of the channel pore [31]. Thus, hVDAC3 channel activity in the mitochondria is likely
controlled by the protein functioning as redox sensor [4,31–33]. This particular property of
hVDAC3 may explain why heterologous expression of hVDAC1 and hVDAC2, but not of
hVDAC3, complements the growth defect of M3-∆por1 and BY4742-∆por1 mutant cells under
restrictive conditions (37 ◦C in the presence of glycerol) [13,14,34] known to result in oxidative
stress, e.g., [35,36].

The diverse content of cysteine residues is regarded as a distinctive feature of human
VDAC paralogs, i.e., hVDAC1 has two, hVDAC2 has nine, and hVDAC3 has six. The
residues follow an evolutionarily conserved oxidative modification pattern, being oxidated
or reduced probably depending on their location with respect to cytosol or the intermem-
brane space [32,37,38]. However, only in hVDAC3 is the whole set of cysteine residues
never detected as totally oxidized [39]. This suggests that hVDAC3 cysteine residues may
undergo continuous reduction–oxidation (redox) cycles that in turn strengthen the assump-
tion that the residues are indispensable due to the protein’s ability to counteract oxidative
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stress, e.g., [38,39]. This may correlate with changes in the protein channel activity [38,40],
which may possibly be influenced by interactions with cytosolic proteins [27].

Table 1. List of yeast strains used in this study.

Strain Genotype Feature Source

M3 MATa lys2; his4; trp1; ade2;
leu2; ura3 WT [17]

M3-por1∆ MATa lys2; his4; trp1; ade2; leu2;
ura3; por1∆::LEU2 Lacking the POR1 gene (por1∆) [17] (M22-2)

M3-por2∆ MATa lys2; his4; trp1; ade2; leu2;
ura3; por2∆::TRP1 Lacking the POR2 gene (por2∆) [17] (M3-2)

M3-por1∆por2∆ MATa lys2; his4; trp1; ade2; leu2;
ura3; por1∆::LEU2; por2∆::TRP1

Double mutant lacking POR1 and
POR2 genes (por1∆ por2∆) [17] (M22-2-1)

M3-por1∆por2∆-hVDAC1
MATa lys2; his4; trp1; ade2; leu2;

ura3; por1∆::HVDAC1;
por2∆::TRP1

Expresses human VDAC1 under
the control of the POR1 promoter

(hVDAC1)
This work

M3-por1∆por2∆-hVDAC2
MATa lys2; his4; trp1; ade2; leu2;

ura3; por1∆::HVDAC2;
por2∆::TRP1

Expresses human VDAC2 under
the control of the POR1 promoter

(hVDAC2)
This work

M3-por1∆por2∆-hVDAC3
MATa lys2; his4; trp1; ade2; leu2;

ura3; por1∆::HVDAC3;
por2∆::TRP1

Expresses human VDAC3 under
the control of the POR1 promoter

(hVDAC3)
This work

M3-por1∆por2∆-hVDAC3-∆Cys
MATa lys2; his4; trp1; ade2; leu2;

ura3; por1∆::HVDAC3∆Cys;
por2∆::TRP1

Expresses human VDAC3 under
the control of the POR1 promoter.

HVDAC3 mutations:
C2A, C8A, C36A, C65A, C122A,

C229A (hVDAC3∆Cys)

This work

BY4741 MATa his3∆1; leu2∆0; met15∆0;
ura3∆0 WT Euroscarf

BY4741-por1∆ MATa; his3∆1; leu2∆0; met15∆0;
ura3∆0; por1∆0 Lacking the POR1 gene (por1∆) This work

BY4741-por2∆ MATa; his3∆1; leu2∆0; met15∆0;
ura3∆0; por2∆::kanMX4 Lacking the POR2 gene (por2∆) Euroscarf

BY4741-por1∆ por2∆ MATa; his3∆1; leu2∆0; met15∆0;
ura3∆0; por1∆0; por2∆::kanMX4

Double mutant lacking POR1 and
POR2 genes (por1∆ por2∆) This work

BY4741-por1∆por2∆-hVDAC1
MATa; his3∆1; leu2∆0; met15∆0;

ura3∆0 por1∆::HVDAC1;
por2∆::kanMX4

Expresses human VDAC1 under
the control of the POR1 promoter

(hVDAC1)
This work

BY4741-por1∆por2∆-hVDAC2
MATa; his3∆1; leu2∆0; met15∆0;

ura3∆0; por1∆::HVDAC2;
por2∆::kanMX4

Expresses human VDAC2 under
the control of the POR1 promoter

(hVDAC2)
This work

BY4741-por1∆por2∆-hVDAC3
MATa; his3∆1; leu2∆0; met15∆0;

ura3∆0; por1∆::HVDAC3;
por2∆::kanMX4

Expresses human VDAC3 under
the control of the POR1 promoter

(hVDAC3)
This work

BY4741-por1∆por2∆-hVDAC3-∆Cys
MATa; his3∆1; leu2∆0; met15∆0;
ura3∆0; por1∆::HVDAC3∆Cys;

por2∆::kanMX4

Expresses human VDAC3 under
the control of the POR1 promoter.

HVDAC3 mutations:
C2A, C8A, C36A, C65A, C122A,

C229A (hVDAC3∆Cys)

This work

Accordingly, it has been shown that S. cerevisiae is a convenient model to investigate
the functional relationship between VDAC, redox states of cell compartments, and the
expression levels and/or activity of cellular proteins [41]. It has also been shown that



Int. J. Mol. Sci. 2024, 25, 13010 4 of 15

the intracellular redox states are distinctly influenced by both yeast VDAC paralogs [41],
forming channels of comparable electrophysiological characteristics [22], but providing
different permeability across the mitochondrial outer membrane [18]. It is also known that
hydrogen sulfide (H2S) is an important gaseous signaling molecule that is critically involved
in regulating redox homeostasis in eukaryotic cells [42]. The proposed mechanisms include,
among others, the regulation of antioxidative pathways and the attenuation of cellular
ROS levels [43], but H2S has never been considered in the context of VDAC regulation.
Importantly, the S. cerevisiae BY4741 strain differs from the related BY4742 strain in only
one auxotrophic marker, namely, MET15, which is absent in BY4741 but present in BY4742
(Table 1). The gene MET15 (also known as MET17) is also present in M3 cells, and it encodes
the enzyme O-acetyl homoserine-O-acetyl serine sulfhydrylase, which is responsible for
incorporating sulfide along with O-acetylhomoserine into homocysteine. Loss of this
activity in S. cerevisiae cells results in the production of high H2S levels [44,45].

Thus, to check the putative relationship between the absence of H2S and the inabil-
ity of hVDAC3 to complement the growth defect of M3-∆por1 and BY4742-∆por1 mu-
tant cells under restrictive conditions [13,14], we performed heterologous expression of
hVDAC1-hVDAC3 in BY4741 cells in the presence or absence of MET15. Moreover, double
por1∆por2∆ mutants were used in the studies to eliminate the possible effect of yVDAC2.
The results demonstrate that the background of the yeast cell genotype can be decisive for
complementation of the absence of yeast VDAC paralogs by human VDAC paralogs, which
was clearly observed for hVDAC3. Moreover, the results indicate that cysteine residues
contribute to hVDAC3-mediated complementation of por1∆por2∆ mutant growth defects,
and this contribution may be partially related to MET15 activity and the resulting H2S level.

2. Results
2.1. The Phenotypes of the por1∆por2∆ Double Mutants Derived from the M3 and BY4741 Strains
Are Similar Under Restrictive Conditions

To determine whether M3- and BY4741-derived mutants depleted of both yVDAC
paralogs (M3-por1∆por2∆ and BY4741-por1∆por2∆, see Table 1) display the same phenotype
under known restrictive conditions (37 ◦C and the presence of glycerol), the BY4741-derived
double mutant was constructed using CRISPR/Cas9 (Figure 1) to eliminate POR1 (see
Section 4).
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Figure 1. Creating model for human VDAC expression initially using por2Δ mutants (derived from 
the BY4741 strain). The vector pML104, containing Cas9 and sgRNA, is responsible for the 
CRISPR/Cas9 system. CRISPR/Cas9 creates a double-strand break (DSB) in the POR1 locus. 
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(L and P) to either generate a knockout (KO) mutant for the POR1 gene (por1Δ) or to introduce the 
human HVDAC gene (knock-in). 

Figure 1. Creating model for human VDAC expression initially using por2∆ mutants (derived from the
BY4741 strain). The vector pML104, containing Cas9 and sgRNA, is responsible for the CRISPR/Cas9
system. CRISPR/Cas9 creates a double-strand break (DSB) in the POR1 locus. Subsequently, the
repair DNA, through homologous recombination (HDR), uses homologous arms (L and P) to either
generate a knockout (KO) mutant for the POR1 gene (por1∆) or to introduce the human HVDAC
gene (knock-in).

The growth patterns of both double mutants, along with their respective single mutant
equivalents and corresponding wild-type cells, were evaluated at permissive (28 ◦C) and
restrictive (37 ◦C) temperatures in media containing either glucose (YPD) or glycerol
(YPG). This evaluation was performed using the cell viability assay after serial dilution
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and plating of the samples (Figure 2A). Quantitative analysis of the assay (Figure 2B–E)
indicated that neither the por1∆ mutants nor the por1∆por2∆ mutants grew under the
known restrictive conditions, which is in agreement with available data obtained for M3-
por1∆ and M3-por1∆por2∆ mutants [17] and is confirmed in the study. Moreover, under
the specified conditions, por2∆ mutant strains exhibited growth patterns similar to those
of the relevant isogenic wild-type strain. The similarity in growth was also observed for
the por1∆ mutants across both strains. However, the BY4741-por1∆por2∆ mutant displayed
distinct growth on glycerol at permissive temperatures and weak growth on glucose at
restrictive temperatures, which was not observed for the M3-por1∆por2∆ mutant.
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Figure 2. Results of the viability assay obtained for isogenic wild-type BY4741 and M3 strains, as well
as for cells of por1∆, por2∆, and por1∆por2∆ mutant strains. (A) Representative growth of BY4741 and
M3 cells and cells of the relevant mutants on media supplemented with glucose (fermentable carbon
source) or glycerol (nonfermentable carbon source) for 3 days at 28 ◦C (permissive temperature) and
37 ◦C (restrictive temperature). Serial tenfold dilutions of each of the yeast cell suspensions were
spotted from left to right. Three replicates of the assay were performed. (B–E) Quantitative analysis
of the growth of BY4741 and M3 cells and cells of the relevant mutants on media supplemented
with glucose (B,C) or glycerol (D,E) at 28 ◦C (B,D) or 37 ◦C (C,E). The data are presented as the
mean values ± standard deviations of three independent experiments. ns, not statistically significant;
****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05.

2.2. The por1∆por2∆ Double Mutants Derived from the M3 and BY4741 Strains Differ in
Complementation upon Heterologous Expression of Human VDAC Paralogs

To investigate whether an identical phenotype under restrictive conditions would
result in similar effects of heterologous expression of human VDAC paralogs in both
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por1∆por2∆ mutants, we evaluated the capacity of the different hVDAC paralogs to comple-
ment the growth defect observed under the applied conditions (Figure 3A). As indicated by
quantitative analysis of the performed assay (Figure 3B–E), the expression of the paralogs
in BY4741-por1∆por2∆ mutant cells enhanced growth to a very similar extent, and the condi-
tions applied did not differentiate between the paralogs. Conversely, in the M3-por1∆por2∆
mutant, heterologous expression of hVDAC3 resulted in the weakest complementation,
including a complete lack of yeast cell growth at restrictive temperatures, regardless of
the presence of glycerol or glucose. Moreover, hVDAC2 expression most significantly
enhanced growth in the M3-por1∆por2∆ mutant.
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depleted variant of human VDAC3 on the results of the viability assay performed for M3-por1Δpor2Δ 
Figure 3. The effects of the heterologous expression of each human VDAC paralog or a cysteine-
depleted variant of human VDAC3 on the results of the viability assay performed for M3-por1∆por2∆
and BY4741-por1∆por2∆ mutant cells. (A) Representative growth of the double mutant cells without
and with expression of human VDAC paralogs (hVDAC1, hVDAC2, hVDAC3) or cysteine-depleted
variant of hVDAC3 (hVDAC3∆Cys) on glucose (fermentable carbon source) or glycerol (non-fermentable
carbon source) -containing media for 3 days at 28 ◦C (permissive temperature) and 37 ◦C (restrictive
temperature). Serial tenfold dilutions of each of the yeast cells’ suspensions were spotted from the left to
the right. Three repeats of the assay were performed. (B–E) Quantitative analysis of the growth of double
mutant cells expressing human VDAC paralogs (hVDAC1, hVDAC2, hVDAC3) or a cysteine-depleted
variant of hVDAC3 (hVDAC3∆Cys). These cells were grown on media supplemented with glucose
(B,C) or glycerol (D,E) at 28 ◦C (B,D) or 37 ◦C (C,E). The quantitative analysis of the growth of double
mutant cells not expressing human VDAC paralogs is based on data shown in Figure 2A. The data
are presented as the mean values ± standard deviations of three independent experiments. ns, not
statistically significant; ****, p < 0.0001; ***, p < 0.001; **, p < 0.01.
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Based on the assumption that hVDAC3 channel activity is dependent on its cysteine
residues [27,31,40], we also examined the effect of heterologous expression of a cysteine-
depleted variant of hVDAC3 (hVDAC3∆Cys). As shown in Figure 3, hVDAC3∆Cys
reduced the growth of the BY4741-por1∆por2∆ mutant but increased the growth of the
M3-por1∆por2∆ mutant under the specific conditions of the cell viability assay. This re-
duction was most pronounced at restrictive temperatures regardless of the carbon source,
whereas the increase was most pronounced at permissive temperatures regardless of the
carbon source.

2.3. The Effect of Cysteine Depletion in hVDAC3 on Yeast Cell Growth May Be Related to the
Activity of Met15

Inactivation of MET15 (encoding O-acetyl-homoserine-O-acetyl-serine sulfhydrylase)
in S. cerevisiae leads to increased H2S production [44], as schematically shown in Figure 4A.
As mentioned in the Introduction, H2S plays a critical role in maintaining the intracellu-
lar redox balance and promotes cell growth [46]. Therefore, we aimed to restore MET15
presence in a BY4741-por1∆por2∆ mutant expressing hVDAC3 or hVDAC3∆Cys and to
evaluate the effect of MET15 presence on cell growth. This was achieved by transforming
BY4741-por1∆por2∆-hVDAC3 and BY4741-por1∆por2∆-hVDAC3-∆Cys mutant cells with
the pUM plasmid, which also provided the URA3 marker for selection of subsequent trans-
formants (Figure 4B). The presence of MET15 decreased the ability of hVDAC3 to reverse
the BY4741-por1∆por2∆ growth phenotype, but also attenuated the effect of hVDAC3∆Cys
on the mutant cells when compared to the effect of hVDAC3 (Figure 4C,D). Moreover,
this attenuation was particularly pronounced at restrictive temperatures for both glucose
and glycerol.
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Figure 4. The effect of cysteine residues in hVDAC3 on the results of the viability assay in the presence
or absence of the MET15 auxotrophic marker. (A) Schematic illustration of the disruption of the
sulfate assimilation pathway in S. cerevisiae cells due to MET15 deletion in BY4741 cells. When the
pathway is functional, sulfate (SO4

2−) is enzymatically reduced to hydrogen sulfide (H2S), which is
subsequently converted to homocysteine upon combination with O-acetyl homoserine. However,
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due to the MET15 mutation, the pathway is interrupted, resulting in the accumulation of H2S.
(B) Schematic illustration of the increase in H2S production in BY4741 cells caused by MET15 deletion
and the predicted decrease in H2S concentration following MET15 gene complementation using
the pUM vector. (C) Growth analysis of BY4741-por1∆por2∆ mutant cells expressing hVDAC3 or
hVDAC3∆Cys in the background of MET15 deletion (met15∆) or MET15 complemented with the
pUM plasmid (MET15), based on the viability assay results. MET15 cells were grown on uracil-
free medium supplemented with glucose or glycerol as a fermentable or nonfermentable carbon
source, respectively, for 3 days at 28 ◦C (permissive temperature) or 37 ◦C (restrictive temperature).
Three replicates of the assay were performed. The data for met15∆ cells are presented in Figure 3E.
(D) Quantitative analysis of the growth of BY4741-por1∆por2∆ mutant cells expressing hVDAC3 or
hVDAC3∆Cys, focusing on the variation induced by the presence or absence of the MET15 gene. The
data are presented as violin plots of three independent experiments. ns, not statistically significant;
****, p < 0.0001; **, p < 0.01.

3. Discussion

Here, we report for the first time the effects of heterologous expression of human
VDAC paralogs in S. cerevisiae double por1∆por2∆ mutants derived from two different yeast
strains. The results show that identical phenotypes of mutants derived from different yeast
strains under the specified conditions do not exclude significant differences in the effects of
heterologous expression of a given protein. Furthermore, our results add to the ongoing
discussion about the role of cysteine residues in hVDAC3 functionality and the possible
mechanism of protein modulation.

We focused on two different and commonly applied yeast strains, M3 [12,14,18,21–24]
and BY4741, as well as relevant por1∆por2∆ mutants. Both mutants were unable to grow
under diagnostic restrictive conditions (i.e., 37 ◦C, in the presence of glycerol), as reported
previously for M3-por1∆por2∆ [17]. However, despite the similar growth phenotypes
under diagnostic restrictive conditions, M3-por1∆por2∆ and BY4741-por1∆por2∆ differed in
terms of growth at restrictive temperatures in the presence of glucose and at permissive
temperatures (28 ◦C) in the presence of glycerol. The observed differences, namely, the
growth of the BY4741-por1∆por2∆ mutant and the lack of the growth of the M3-por1∆por2∆
mutant, are likely due to the initial genotypes of the strains.

Moreover, the observed cell growth differences between the double mutant BY4741-
por1∆por2∆ and the single mutant BY4741-por1∆ reveal interesting genetic interactions
that shed light on the functional relationship between POR1 and POR2. According to
Collins et al. (2010) [47], genetic interactions can be positive (suppressive) or negative
(synthetic sick/lethal), depending on how mutations affect cellular processes. The positive
genetic interaction observed for cells of the BY4741 strain suggests that the absence of POR2
attenuates the deleterious effects caused by the deletion of POR1. This could be due to a
compensatory mechanism whereby the complete loss of VDAC channels causes the cell
to activate alternative metabolic pathways or stress responses to mitigate the impact on
growth. In other words, the cell may reprogram its metabolism to compensate for the loss
of VDACs. Conversely, in cells of the M3 strain, the negative genetic interaction occurs
because the relevant double mutation is more deleterious than the single POR1 mutation
that indicates that POR1 and POR2 have independent but complementary roles that are
critical for the cell growth of the strain. The lack of effective compensatory mechanisms
in cells of the M3 strain could exacerbate the negative effects of the loss of both VDAC
channels. Nevertheless, the lack of growth of both por1∆por2∆ mutants under restrictive
diagnostic conditions allowed for the use of these cells for heterologous expression of
human VDAC paralogs.

In the case of the BY4741-por1∆por2∆ mutant, heterologous expression of hVDAC1,
hVDAC2, and hVDAC3 uniformly enhanced cell growth regardless of the applied environ-
mental conditions. Conversely, for the M3-por1∆por2∆ mutant, heterologous expression of
hVDAC3 exhibited the least effective complementation, including a complete absence of
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yeast cell growth at restrictive temperatures, independent of the presence of glycerol or
glucose. Because the double mutants were generated from M3 and BY4741 strains lacking
the POR2 gene, the differential contribution of yVDAC2 can be excluded. The importance
of the presence of yVDAC2 for the effect of human VDAC paralog heterologous expression
may be illustrated by the observation that hVDAC2 expression most significantly enhanced
the growth of the M3-por1∆por2∆ mutant (this study), but expression of hVDAC1 is the
most effective in the case of M3-por1∆ [14]. Nevertheless, two hypotheses could explain
the lack of complementation of the M3-por1∆por2∆ growth phenotype under the restrictive
temperature by hVDAC3: (1) thermal instability of the isolated protein, evidenced by a
melting temperature of 29 ◦C [27], which occurs in M3 cells but not in BY4741 cells; and/or
(2) the oxidation state of cysteine residues, critical for hVDAC3 gating in reconstitution
experiments [31] (Figure 5) or other mechanisms underlying the possibility of comple-
mentation of por1∆ mutant growth [40] that may differ between M3 and BY4741 cells. In
addition, the cysteine residues of hVDAC3 have been identified as essential for the ability of
the protein to counteract oxidative stress in human HAP1 cells [38]. It was also shown that
hVDAC3∆Cys forms typical VDAC channels without affecting the rate of proper channel
insertion, although its interactions with cytosolic proteins are altered [27].
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Figure 5. Influence of yeast genetic background on MET15 and VDAC3 gating. In yeast strains with
the recessive met15 mutation, hydrogen sulfide is produced, which activates VDAC3 gating (VDAC3
normal gating). This gating is triggered by the suppression of disulfide-bond formation between
the N-terminal region and the pore. Conversely, in strains with a functional MET15 gene, hVDAC3
channels are likely stabilized in an open state under oxidizing conditions (hVDAC3 fixed). This
hypothesis suggests that the genetic background of yeast strains, particularly regarding the MET15
gene, can significantly influence the phenotypic outcomes related to hVDAC3 expression. Different
genetic backgrounds may, therefore, result in distinct phenotypes due to varying mechanisms of
VDAC3 gating activation and stabilization.

Given that the replacement of hVDAC3 with hVDAC3∆Cys, a variant of hVDAC3 in
which all cysteine residues are replaced by alanine, affected the growth of M3-por1∆por2∆
and BY4741-por1∆por2∆ cells differently, it can be concluded that cysteine residues play an
important role in the complementation effect of hVDAC3. However, this effect is dependent
on intracellular conditions related to the yeast cell genotype. In particular, one of the aux-
otrophic markers that distinguishes BY4741 from M3 strains is MET15, which is absent in
BY4741 cells. The absence of MET15 is known to lead to increased H2S production [44,45],
which is considered important for mitigating oxidative stress [43,48]. Therefore, the difference
in the set of auxotrophic markers may create a different background for hVDAC3 cysteine
modification [37] and, thus, explain the different effects of hVDAC3 cysteine residue deple-
tion in M3-por1∆por2∆ and BY4741-por1∆por2∆ cells. Essentially, if the absence of MET15
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is associated with the complementation effect of hVDAC3 and hVDAC3∆Cys in BY4741-
por1∆por2∆ cells, then MET15 expression should influence the ability of the proteins to affect
the growth phenotype of BY4741-por1∆por2∆ cells. Indeed, MET15 expression decreased the
ability of hVDAC3 to reverse the growth phenotype, but increased the ability in the case
of hVDAC3∆Cys expression, which makes the BY4741-por1∆por2∆ mutant similar to the
M3-por1∆por2∆ mutant, although the relevant changes in the growth of BY4741-por1∆por2∆
cells are statistically significant only at restrictive temperatures and more pronounced in the
presence of glucose. The reason could be a temperature-related increase in ROS level [36],
mutual interactions between the ROS level and glycolysis rate [49], and the effectiveness of
hVDAC3 in counteracting the increase in ROS, depending on the presence of cysteines and
MET15 [4,38].

4. Materials and Methods
4.1. Plasmids

The pML104-POR1 plasmid, which was used for CRISPR/Cas9 genome editing, was
derived from the pML104 plasmid, which was kindly provided by John Wyrick. This
plasmid is cataloged with Addgene under the identifier #676380 [50]. For the generation
of pML104-POR1, a specific guide RNA sequence (5′-GTTGTTCAATGTAGCGCCCA-3′)
was integrated into the pML104 plasmid using the Q5® Site-Directed Mutagenesis Kit
from New England Biolabs following the protocol outlined by Hu et al. (2018) [51]. Genes
encoding hVDAC 1, 2, and 3 and a cysteine-depleted variant of hVDAC3 (hVDAC3∆Cys)
optimized for yeast codon usage were synthesized along with sequences flanking the POR1
gene both upstream and downstream and cloned into pBSK(+) Simple-Amp or pBluescript
II SK(+) plasmids from Biomatik (Kitchener, ON, Canada). The pUM plasmid was a gift
from Markus Ralser. This plasmid has been registered with Addgene under the identifier
#64176 [52]. This plasmid was designed to restore prototrophy in Saccharomyces cerevisiae
strains lacking the URA3 and MET15 genes. The list of plasmids used in this research is
shown in Table 2.

Table 2. List of plasmids used in this study.

Plasmid Size (bp) Description

pML104-POR1 11,258 CRISPR/Cas9 vector designed for targeting the POR1

pBSK(+) Simple-Amp-hVDAC1 4383 Contains the repair DNA sequence for human VDAC1, used
in CRISPR/Cas9-mediated gene editing

pBSK(+) Simple-Amp-hVDAC2 4416 Contains the repair DNA sequence for human VDAC2, used
in CRISPR/Cas9-mediated gene editing

pBluescript II SK(+)-hVDAC3 4437 Contains the repair DNA sequence for human VDAC3, used
in CRISPR/Cas9-mediated gene editing

pBluescript II SK(+)-hVDAC3∆Cys 4437
Contains the repair DNA sequence for cysteine-depleted

variant of human VDAC3, used in CRISPR/Cas9-mediated
gene editing

pUM 6448 Contains URA3 and MET17 auxotrophy selection markers

4.2. Strains and Culture Media

The NEB® 5-alpha competent E. coli bacterial strain, purchased from New England
Biolabs (Catalog # C2987H), was used for plasmid amplification. The bacterial culture
was performed in liquid LB medium composed of 1% tryptone, 0.5% yeast extract, and 1%
sodium chloride, with ampicillin added for a final concentration of 100 µg/mL. The culture
was maintained in the dark at 37 ◦C.

The yeast strains used in this study are listed in Table 1. Several media were used to
grow the yeast cells to meet the specific experimental requirements. YPD (1% yeast extract,
2% peptone, and 2% D-glucose) and YPG (1% yeast extract, 2% peptone, and 3% glycerol,
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pH adjusted to 5.5) media were used for the viability assay. In addition, SD-Ura (0.67% yeast
nitrogen base without amino acids, yeast synthetic nutrient supplement without uracil,
and 2% D-glucose) and SG-Ura (0.67% yeast nitrogen base without amino acids, yeast
synthetic nutrient supplement without uracil, and 3% glycerol, pH adjusted to 5.5) media
were also used for the viability assay, specifically for cells harboring the pUM plasmid.
SD-Ura medium served a dual purpose. In addition to the viability assay, it was also used
for the selection of cells containing the pUM and pML104-POR1 plasmids. SDC+5-FOA
(0.67% yeast nitrogen base without amino acids, complete yeast synthetic drop-out medium
supplemented with 2% D-glucose, and 0.1% 5-fluoroorotic acid) medium supplemented
with 5-fluoroorotic acid (5-FOA) was used to selectively remove plasmids from yeast cells.
Agar at a concentration of 2% was added to the solid media.

4.3. Yeast Genetic Modification

The BY4741-por1∆ and BY4741-por1∆por2∆ strains were generated using the previously
described CRISPR/Cas9 method [50] with the pML104-POR1 vector together with repair
DNA synthesized by annealing two complementary oligonucleotides, POR1_KO_1 and
POR1_KO_2. These oligonucleotides were specifically designed to contain sequences
flanking the POR1 open reading frame by 55 nucleotides. Similarly, all strains expressing
human VDACs were generated using CRISPR/Cas9 and homology-directed repair, with
the pML104-POR1 vector and repair DNA produced by PCR amplification from plasmid
templates (Figure 1). The sequences of all the repair DNA used are available in the
Supplementary File S1.

Yeast cells were transformed with 250 ng of pML104-POR1 vector and 400 ng of repair
DNA using the Yeastmaker™ Yeast Transformation System 2 (Takara). After transformation,
the cells were plated on SD-Ura solid medium and incubated in the dark at 28 ◦C for
3–5 days. The genetic modification of each strain was confirmed with PCR genotyping using
targeted primers [53], followed by analysis of the PCR products using Sanger sequencing.
Once the desired genome editing was confirmed, the pML104-POR1 plasmid was removed
by culturing the cells on SDC medium supplemented with 5-FOA. All oligonucleotides are
listed in Table 3.

Table 3. List of oligonucleotides used in this study.

Oligonucleotides Sequence (5′ -> 3′) Description

pML104_por1_F GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC insertion of guide sgRNA sequence into
pML104 vector

pML104_por1_R GCAGTGAAAGATAAATGATCGATCATTTATCTTTCACTGC

POR1A TTCCAACAAGTTTAATGGTCAGAAT amplification of repair DNA, sequencing,
diagnostic

POR1B CTCTAATTTGGTTTGCAAGTTGTTT diagnostic

POR1C AACTGCAAACTACCTAACTCCAATG diagnostic

POR1D AATGTTCGAAACCAATCTGAAAATA amplification of repair DNA, sequencing,
diagnostic

hVDAC1/2opt_B CCGAATTCAGTACCGTCGTT diagnostic

hVDAC3opt_B GCCGGTGTTAGGAACAAAAA diagnostic

POR1_KO_1
CCAACACGAAACAGCCAAGCGTACCCAAAGCAAAAATCAAA
CCAACCTCTCAACAACGTATATATCTAATATATATATGTTC

ACTATATACCATATATGTGCTCGTTCTT oligonucleotides for hybridization, DNA
repair for gene deletion

POR1_KO_2
AAGAACGAGCACATATATGGTATATAGTGAACATATATATA
TTAGATATATACGTTGTTGAGAGGTTGGTTTGATTTTTGCT

TTGGGTACGCTTGGCTGTTTCGTGTTGG

4.4. Analysis of Cell Growth

Yeast growth was analyzed using a yeast viability assay. Yeast cells were grown in
liquid YPD medium until they reached an optical density (OD) of 0.5. Serial dilutions of
10−1, 10−2, and 10−3 were then prepared. Then, 10 µL from each dilution was added to
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plates containing one of the following solid media: YPD, YPG, SD-Ura, or SG-Ura. The
plates were incubated in the dark at 28 ◦C and 37 ◦C for 3 days. After incubation, the
plates were scanned to obtain high-resolution images of the colonies. The images were then
analyzed using ImageJ software (version IJ 1.46r) to quantify colony growth by converting
the images to grayscale and then analyzing the pixel intensity values. To evaluate yeast
growth, three independent experiments were performed.

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 10.2.1, and 2-way
ANOVA was used to evaluate the data. Statistical significance is indicated by the following
symbols: **** for p < 0.0001, *** for p < 0.001, ** for p < 0.01, * for p < 0.05, and ‘ns’ for
not significant.

5. Conclusions

In conclusion, our study demonstrates that the cysteine residues of hVDAC3 are cru-
cial for its ability to complement growth defects in yeast strains lacking endogenous VDAC
proteins, with this effect being modulated by the yeast’s genetic background—particularly
the presence or absence of the MET15 gene. The differential growth responses observed
between M3-por1∆por2∆ and BY4741-por1∆por2∆ cells upon expression of hVDAC3 and
its cysteine-depleted variant (hVDAC3∆Cys) suggest that hydrogen sulfide (H2S) pro-
duction plays a significant role in modulating hVDAC3 function. Specifically, in met15∆
strains like BY4741, increased H2S production may enhance the activity of hVDAC3 by
preventing disulfide bond formation involving cysteine residues, thereby influencing the
hVDAC3 gating.

Our findings highlight H2S as an emerging molecule important for the modulation
of hVDAC3 involvement in the cellular response to oxidative stress, acting through modi-
fications of cysteine residues. This opens new avenues for future research to explore the
molecular mechanisms underlying this modulation. Understanding these mechanisms
could provide valuable insights into the regulation of VDAC3 in eukaryotic cells and its
potential role in conditions associated with oxidative stress. Our proposed hypothesis,
illustrated in Figure 5, suggests that the genetic background of yeast strains, particularly
regarding the MET15 gene, can significantly influence the phenotypic outcomes related to
hVDAC3 expression by affecting VDAC3 gating mechanisms. Further studies are needed to
validate this hypothesis and to investigate the potential applications of modulating VDAC3
activity in therapeutic contexts.
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41. Gałgańska, H.; Antoniewicz, M.; Budzińska, M.; Gałgański, L.; Kmita, H. VDAC Contributes to mRNA Levels in Saccharomyces
Cerevisiae Cells by the Intracellular Reduction/Oxidation State Dependent and Independent Mechanisms. J. Bioenerg. Biomembr.
2010, 42, 483–489. [CrossRef] [PubMed]

42. Xu, S.; Shieh, M.; Paul, B.D.; Xian, M. Hydrogen Sulfide: Recent Development of Its Dual Donors and Hybrid Drugs. Br. J.
Pharmacol. 2023. [CrossRef] [PubMed]

43. Kabil, O.; Motl, N.; Banerjee, R. H2S and Its Role in Redox Signaling. Biochim. Biophys. Acta 2014, 1844, 1355–1366. [CrossRef]
[PubMed]

44. Linderholm, A.L.; Findleton, C.L.; Kumar, G.; Hong, Y.; Bisson, L.F. Identification of Genes Affecting Hydrogen Sulfide Formation
in Saccharomyces Cerevisiae. Appl. Environ. Microbiol. 2008, 74, 1418–1427. [CrossRef] [PubMed]

45. Van Oss, S.B.; Parikh, S.B.; Castilho Coelho, N.; Wacholder, A.; Belashov, I.; Zdancewicz, S.; Michaca, M.; Xu, J.; Kang, Y.P.;
Ward, N.P.; et al. On the Illusion of Auxotrophy: met15∆ Yeast Cells Can Grow on Inorganic Sulfur, Thanks to the Previously
Uncharacterized Homocysteine Synthase Yll058w. J. Biol. Chem. 2022, 298, 102697. [CrossRef]

46. Gu, Z.; Sun, Y.; Wu, F.; Wu, X. Mechanism of Growth Regulation of Yeast Involving Hydrogen Sulfide From S-Propargyl-Cysteine
Catalyzed by Cystathionine-γ-Lyase. Front. Microbiol. 2021, 12, 679563. [CrossRef]

47. Collins, S.R.; Roguev, A.; Krogan, N.J. Quantitative Genetic Interaction Mapping Using the E-MAP Approach. Methods Enzymol.
2010, 470, 205–231. [CrossRef]

48. Correia-Melo, C.; Kamrad, S.; Tengölics, R.; Messner, C.B.; Trebulle, P.; Townsend, S.; Jayasree Varma, S.; Freiwald, A.; Heineike,
B.M.; Campbell, K.; et al. Cell-Cell Metabolite Exchange Creates a pro-Survival Metabolic Environment That Extends Lifespan.
Cell 2023, 186, 63–79.e21. [CrossRef]

49. Liemburg-Apers, D.C.; Willems, P.H.G.M.; Koopman, W.J.H.; Grefte, S. Interactions between Mitochondrial Reactive Oxygen
Species and Cellular Glucose Metabolism. Arch. Toxicol. 2015, 89, 1209–1226. [CrossRef]

50. Laughery, M.F.; Wyrick, J.J. Simple CRISPR-Cas9 Genome Editing in Saccharomyces Cerevisiae. Curr. Protoc. Mol. Biol. 2019, 129,
e110. [CrossRef]

51. Hu, G.; Luo, S.; Rao, H.; Cheng, H.; Gan, X. A Simple PCR-Based Strategy for the Introduction of Point Mutations in the Yeast
Saccharomyces Cerevisiae via CRISPR/Cas9. Biochem. Mol. Biol. J. 2018, 4, 9. [CrossRef] [PubMed]

https://doi.org/10.15698/mic2016.10.533
https://doi.org/10.1016/j.bbamem.2011.10.005
https://doi.org/10.1074/jbc.M104724200
https://doi.org/10.1016/j.bbamem.2015.09.017
https://www.ncbi.nlm.nih.gov/pubmed/26407725
https://doi.org/10.1016/j.bbabio.2016.02.020
https://www.ncbi.nlm.nih.gov/pubmed/26947058
https://doi.org/10.3389/fphys.2021.750627
https://www.ncbi.nlm.nih.gov/pubmed/34966287
https://doi.org/10.1016/j.febslet.2010.04.066
https://www.ncbi.nlm.nih.gov/pubmed/20434446
https://doi.org/10.1016/S0098-2997(01)00012-7
https://doi.org/10.1016/j.ejbt.2015.03.008
https://doi.org/10.3389/fcell.2020.00397
https://doi.org/10.1016/j.redox.2022.102264
https://doi.org/10.3390/ijms21041468
https://doi.org/10.18632/oncotarget.6850
https://doi.org/10.1007/s10863-010-9315-6
https://www.ncbi.nlm.nih.gov/pubmed/21072575
https://doi.org/10.1111/bph.16211
https://www.ncbi.nlm.nih.gov/pubmed/37553774
https://doi.org/10.1016/j.bbapap.2014.01.002
https://www.ncbi.nlm.nih.gov/pubmed/24418393
https://doi.org/10.1128/AEM.01758-07
https://www.ncbi.nlm.nih.gov/pubmed/18192430
https://doi.org/10.1016/j.jbc.2022.102697
https://doi.org/10.3389/fmicb.2021.679563
https://doi.org/10.1016/S0076-6879(10)70009-4
https://doi.org/10.1016/j.cell.2022.12.007
https://doi.org/10.1007/s00204-015-1520-y
https://doi.org/10.1002/cpmb.110
https://doi.org/10.21767/2471-8084.100058
https://www.ncbi.nlm.nih.gov/pubmed/29594254


Int. J. Mol. Sci. 2024, 25, 13010 15 of 15

52. Mülleder, M.; Campbell, K.; Matsarskaia, O.; Eckerstorfer, F.; Ralser, M. Saccharomyces Cerevisiae Single-Copy Plasmids for
Auxotrophy Compensation, Multiple Marker Selection, and for Designing Metabolically Cooperating Communities. F1000Research
2016, 5, 2351. [CrossRef] [PubMed]

53. Giaever, G.; Nislow, C. The Yeast Deletion Collection: A Decade of Functional Genomics. Genetics 2014, 197, 451–465. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.12688/f1000research.9606.1
https://www.ncbi.nlm.nih.gov/pubmed/27830062
https://doi.org/10.1534/genetics.114.161620
https://www.ncbi.nlm.nih.gov/pubmed/24939991

	Introduction 
	Results 
	The Phenotypes of the por1por2 Double Mutants Derived from the M3 and BY4741 Strains Are Similar Under Restrictive Conditions 
	The por1por2 Double Mutants Derived from the M3 and BY4741 Strains Differ in Complementation upon Heterologous Expression of Human VDAC Paralogs 
	The Effect of Cysteine Depletion in hVDAC3 on Yeast Cell Growth May Be Related to the Activity of Met15 

	Discussion 
	Materials and Methods 
	Plasmids 
	Strains and Culture Media 
	Yeast Genetic Modification 
	Analysis of Cell Growth 
	Statistical Analysis 

	Conclusions 
	References

