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Abstract: Sterols exert a profound influence on numerous cellular processes, playing a crucial role in
both health and disease. However, comprehending the effects of sterol dysfunction on cellular physi-
ology is challenging. Consequently, numerous processes affected by impaired sterol biosynthesis still
elude our complete understanding. In this study, we made use of yeast strains that produce choles-
terol instead of ergosterol and investigated the cellular response mechanisms on the transcriptome
as well as the lipid level. The exchange of ergosterol for cholesterol caused the downregulation of
phosphatidylethanolamine and phosphatidylserine and upregulation of phosphatidylinositol and
phosphatidylcholine biosynthesis. Additionally, a shift towards polyunsaturated fatty acids was
observed. While the sphingolipid levels dropped, the total amounts of sterols and triacylglycerol
increased, which resulted in 1.7-fold enlarged lipid droplets in cholesterol-producing yeast cells. In
addition to internal storage, cholesterol and its precursors were excreted into the culture supernatant,
most likely by the action of ABC transporters Snq2, Pdr12 and Pdr15. Overall, our results demon-
strate that, similarly to mammalian cells, the production of non-native sterols and sterol precursors
causes lipotoxicity in K. phaffii, mainly due to upregulated sterol biosynthesis, and they highlight the
different survival and stress response mechanisms on multiple, integrative levels.

Keywords: cholesterol; ergosterol; Komagataella phaffii; Pichia pastoris; yeast; plasma membrane; lipid
droplets; lipotoxicity; sphingolipids

1. Background

With their flat, sturdy, steroid structures and the small hydroxyl head group, sterols
are structurally different from other lipids found in biological membranes. Due to these
unique structural features, sterols are considered as membrane reinforcers and dynamic
regulators [1]. They modulate cell membrane fluidity, sustain membrane domain structures,
and strengthen the barrier function between the cell and the environment [2]. Sterols are
also essential for cell viability, which is why any imbalance in sterol homeostasis has an
enormous impact on the growth and healthy development of all eukaryotic cells [3,4]. As a
consequence, the exact cellular responses to changes in sterol compositions are difficult to
study, with most experimental data obtained either from studies using sterol biosynthesis
inhibitors [5,6] or from analyzing the few viable knockout strains [7].
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Like most essential pathways, the sterol biosynthetic pathway is broadly conserved
from lower to higher eukaryotes, with mammalian cells producing cholesterol and fungi
producing ergosterol as the most dominant sterol species [8]. Yeast has been serving as
a model organism to study disorders of sterol metabolism. For example, diverse Saccha-
romyces cerevisiae strains carrying deletions of non-essential ergosterol biosynthesis pathway
genes were analyzed as sterol metabolic disease models (reviewed by [9]). Yeast was also
exploited as a model for Smith-Lemli-Opitz syndrome (SLOS), which occurs when the
terminal enzyme of cholesterol biosynthesis, 7-dehydrocholesterol reductase (DHCR7),
is defective [10]. SLOS patients exhibit abnormal physical characteristics, possess below-
average cognitive abilities and react negatively to sensory stimuli [11]. However, when
knocking out late ERG genes (ERG2–ERG6), the effect on cell physiology was not as severe
as expected [12]. Possible explanations are that the structural differences between ergosterol
and its immediate precursors are too small to disturb the cellular processes in yeasts to the
same extent as in mammalian cells, or the simple fact that yeasts can adapt more easily
to changes in sterol structures. It was also shown that cholesterol can be exchanged for
ergosterol in mammalian cells, and vice versa in yeast cells, and still promote cellular
growth [13,14]. A cholesterol-producing Komagataella phaffii (syn. Pichia pastoris) strain was
also used to functionally produce mammalian Na+/K+-ATPase, which needs to physically
interact with cholesterol for correct localization [15]. In contrast to late ERG mutations,
cholesterol as the dominant sterol enormously affected cell physiology, including abnormal
cell growth, the defective localization of diverse membrane proteins and hypersensitivity
to different reagents. The same strain was shown to dramatically upregulate cell wall
biosynthesis [16,17], an effect never reported for any ERG gene deletion strain.

In this study, we conducted an integrative multilevel analysis of cholesterol-producing
Komatagella phfaffii and S. cerevisiae in order to globally investigate the cellular response
mechanisms triggered by defective sterol biosynthesis. Multiple adaptions on the tran-
scriptome, lipidome and proteome levels were observed, some of them posing important
survival mechanisms of the lipotoxic effects caused by the sterol exchange, others result-
ing from the absence of correct sterol–protein or sterol–lipid interaction and, most likely,
some stemming from secondary effects. One of our major findings was that cholesterol
strains massively overproduce sterols, an extremely harmful condition typically called
lipotoxicity [18]. In order to prevent lipotoxicity, cells usually buffer an excess of free
sterols in the ER via esterification, followed by storage in lipid droplets (reviewed by [19]).
Mammalian cells additionally have the ability to reduce their intracellular cholesterol load
by excreting free cholesterol by ABC transporters ABCA1 and ABCG1 [20]. To date, no
equivalent mechanism has been reported for yeasts. Instead, defective sterols were found
to enter a lipid quality control cycle in which the sterol is reversibly acetylated by the
alcohol acetyltransferase Aft2 and deacetylated by the membrane-anchored lipase Say1 [21].
Acetylated sterols are then excreted from cells, whereas Say1 determines which sterols are
retained. The excretion of cholesteryl acetate requires ongoing vesicular transport mediated
by the Pathogen-Related Yeast (PRY) proteins Pry1 and Pry2 [22], but is independent of the
ABC transporters Aus1 and Pdr11, the main plasma-membrane-associated transporters
responsible for sterol uptake [23]. Since yeasts are not able to catabolize sterols, the question
remains as to how sterols, and especially free sterols, may ultimately leave the cells. In
this study, we show that ABC transporters are responsible for efficient sterol excretion in
K. phaffii, whereas acetylation is no prerequisite for these molecules to enter the excretory
pathway. Altogether, our results demonstrate that cholesterol-producing yeast is an ex-
cellent reporter system to study sterol-related cellular processes, dysfunction and stress
response mechanisms.



Int. J. Mol. Sci. 2024, 25, 781 3 of 22

2. Results
2.1. Exchange of Ergosterol for Cholesterol Impacts the Regulation of Diverse Lipid Biosynthesis
Pathway Genes

Structurally, ergosterol differs only slightly from cholesterol in having two additional
double bonds (at positions C7 and C22) and a methyl group at C24 of the side chain, and
the production of cholesterol instead of ergosterol was achieved upon the deletion of ERG5
and ERG6 and overexpression of mammalian DHCR7 and DHCR24 [14] (Figure 1A). In
order to compare the transcriptomics of a cholesterol-producing and wild-type K. phaffii
strain, high-depth RNA sequencing data were generated. The raw reads were deposited in
the EMBL-EBI database under accession number PRJEB70602. Of the 5291 protein-coding
genes annotated, 5204 genes were sufficiently expressed in at least one condition. In total,
we identified 1313 differentially expressed genes (DEGs; LFC (log fold change) > 1, false
discovery rate (FDR) < 0.05). Of these, 719 genes were upregulated with LFCs up to 9.3,
and 594 genes were significantly downregulated with an LFC in the expression level as low
as −9.7 (Figure 1B).
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Figure 1. Production of cholesterol severely affects gene expression in K. phaffii. (A) Cholesterol pro-
duction was achieved by the deletion of ERG5 and ERG6, while genes for DHCR7 and DHCR24 were
inserted [15]. (B) Volcano plot of RNA-seq data was generated using the R package EnhancedVolcano
v 3.17. Downregulated genes are highlighted in red, upregulated genes in light blue. Genes found to
be upregulated in the ergosterol biosynthesis pathway are highlighted in dark blue. DE, differentially
expressed. KO, knocked out genes.



Int. J. Mol. Sci. 2024, 25, 781 4 of 22

Based on the results published by Adelanto et al. [24], a schematic representation
of the lipid biosynthesis pathways from K. phaffii was created, including phospholipids,
sphingolipids, sterols and fatty acids, and the fold changes of gene expression were assigned
(Figure 2). While the genes of phospholipid biosynthesis were overall downregulated,
ergosterol biosynthesis genes were strongly upregulated. ERG2 and ERG3, as well as
ERG24 and ERG25, depicted the highest LFC values (Figures 1B and 2). In sphingolipid
biosynthesis, early pathway genes were up- and late genes downregulated in the cholesterol
strain (Figure 2).
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Figure 2. Changes in expression of lipid biosynthesis genes in cholesterol-producing K. phaffii. Genes of
the cholesterol strain were compared to the parental strain. Lipid species analyzed in the study are boxed.
Fold changes of genes are indicated by color: white, upregulated genes; red, downregulated genes; black,
no statistically significant changes. (FDR < 0.05, pathways taken from Adelantado et al., 2017 [24]).

2.2. Integrated Transcriptomic–Lipidomic Effect of Cholesterol Production in K. phaffii

Whole cell extracts and purified plasma membrane fractions (quality control in Sup-
plementary Figure S1) of the wild-type and cholesterol strain were analyzed by LC-MS. The
levels of phosphatidylcholine (PC), the most abundant phospholipid in the plasma mem-
branes [25], remained similar in the cholesterol and wild-type strain (Figure 3). The levels
of phosphatidylethanolamine (PE) and phosphatidylserine (PS), however, were found to
be reduced by 50% in the cholesterol strain. Our transcriptome data of genes in the PS
biosynthetic pathway revealed that the Cds1-activated conversion of phosphatidic acid
(PA) to cytidine diphosphate diacylglycerol (CDP-DG) was downregulated (LFC = –1.18),
whereas the expression of CHO1, which further converts CDP-DG to PS, was barely affected
(LFC = –0.14) (Figure 2). PC, PS and PI are synthesized in microsomes, whereas the vast
majority of PE is produced in mitochondria, which requires the efficient transport of its
substrate, PS, to the inner mitochondria membrane for conversion by Psd1 [26]. While
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the expression of PSD2 remained largely unchanged, PSD1 was slightly downregulated
with, an LFC of −0.62. Ups2 is another important protein involved in PE synthesis, which
localizes to the mitochondrial intermembrane space and transfers phosphatidylserine from
the outer to the inner mitochondrial membrane [27]. We found the transcription level of
UPS2 to be about threefold upregulated (LFC = 1.41). PE and PC are also synthesized by the
Kennedy pathway [28], and the expression of Kennedy pathway genes (CKI1, PCT1, ECT1,
EPT1) seemed largely unaffected by cholesterol production. However, the methylation of
PE to PC was strongly downregulated. The levels of phosphatidylinositol (PI) were in-
creased in the plasma membranes of the cholesterol strain, even though the biosynthesis of
the predominant precursors, inositol and CDP-DG, was not dramatically upregulated. This
may be explained by the fact that the further conversion of PI to PIP by the STT4-encoded
PI kinase was downregulated (LFC = −1.28) in the cholesterol strain. The catabolism of
phospholipids involves their hydrolysis into fatty acids and other lipophilic substances by
phospholipases Plb1, Plb2 and Plb3 [29]. In K. phaffii, only the homolog for PLB3 could be
annotated so far, which is strongly downregulated (LFC = −2.02) in the cholesterol strain.
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(A) Plasma membrane (PM) fractions of the wild-type (CBS7435 his4∆) and cholesterol-producing
K. phaffii strain (yMH468) were generated and analyzed for phospholipid content by LC-MS as
described in Materials and Methods. Mean values and standard deviations of biological triplicate
measurements are shown. * p value < 0.01, ** p value < 0.0001, determined by two-tailed Student’s
t test. p values were obtained for cholesterol compared to the WT strain. (B) In addition to total
amounts, different subspecies were analyzed, quantified and levels compared to wild-type strains.
(C) The same strains as under (A) were cultivated as described in Materials and Methods, and then
samples of a set of 5-fold serial dilutions were spotted using a multipronged inoculator on an agar
plate containing YPD, and, after incubation for 72 h at 28 ◦C, 20 ◦C or 37 ◦C, the resulting growth
was recorded.

2.3. Fatty Acid Side Chain Saturation Is Changed in the Cholesterol Strain

We found that K. phaffii produces a diverse range of polyunsaturated fatty acids
(Figure 3B). S. cerevisiae, in contrast, was reported to produce no polyunsaturated fatty
acids (PUFAs) with more than two double bonds [30]. In the cholesterol K. phaffii strain, a
shift towards polyunsaturated fatty acids was observed for most phospholipid species (PC,
PE and PS) (Figure 3B), whereas side chain saturation varied from species to species. Tran-
scriptome data revealed that the two delta(9) fatty acid desaturases OLE1-1 (FAD9A) and
OLE1-2 (FAD9B) and the delta(12) fatty acid desaturase ODE1 (FAD12) were upregulated,
with LFCs of 1.73, 1.07 and 1.14, respectively. It is known that the fatty acid saturation of
phospholipids plays an important role in regulating membrane fluidity, especially under
stressful conditions like growth at elevated temperatures [31] or adaptation to hazardous
reagents [32,33]. Hypothesizing that K. phaffii adapts fatty acid acyl chain saturation in
order to counterbalance changes in membrane fluidity, we compared the growth of the
wild-type and cholesterol strain at different temperatures. The cholesterol strain exhibited
increased cold and heat sensitivity, whereas the growth defect was more severe at 37 ◦C
(Figure 3C).

2.4. Sphingolipid Levels Are Affected by Production of Human Sterols

For the comparison of sphingolipid levels, whole cell extracts and PM fractions were
analyzed. Cholesterol production dramatically influenced the sphingolipid levels and
compositions in K. phaffii (Figure 4). In particular, the levels of hexyl ceramide (HexCer)
(Figure 4A) and ceramide (Cer) (Figure 4B) were decreased, which can be explained by
the downregulation of LMT1 (−0.98) and, to a lesser extent, GCS1 (−0.29), the two genes
responsible for converting DHS-d4,8 to the respective end-products (Figure 2). On the
contrary, the levels of IPC increased, while the levels of MIPC decreased (Figure 4C,D),
probably due to the downregulation of CHS1 (LFC −1.86), which converts IPC to MIPC.
M(IP)2C could not be detected either in the wild type or the cholesterol strain with the
extraction and detection method applied. Fatty acid elongases, involved in sphingolipid
biosynthesis, act on very-long-chain fatty acids of up to 24 carbons in length. In S. cerevisiae,
two ELO genes, ELO1 [34] and its paralog ELO2 [35], which arose from the whole genome
duplication, exist. In K. phaffii, which did not undergo whole genome duplication, there was
only one ELO gene, ELO2, which was downregulated (LFC −1.15) in the cholesterol strain.
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Figure 4. Sphingolipid analysis of cholesterol and wild-type K. phaffii. Whole cell extracts (WCE)
and purified plasma membrane (PM) fractions of the wild-type and cholesterol strains from middle
exponential phase were used for LC-MS analysis of (A) hexosylceramide (Hex-Cer) and (B) ceramide
(Cer). For analysis of (C) inositol phosphorylceramide (IPC) and (D) mannosylinositol phospho-
rylceramide (MIPC), only data obtained for plasma membrane fractions are shown, since levels in
whole cell extracts were too low for proper analysis. Sphingolipid molecular species are expressed as
“Sphingolipid-class (Long-chain-base/Fatty-acyl)”. Long chain bases and fatty acyls are expressed as
XX:YY;Z (XX: number of carbons; YY: number of C-C double bonds, Z: number of hydroxyl groups).
Mean values and standard deviations of biological triplicates are shown.

2.5. Sterols and TAGs Are Produced in Excessive Amounts

Whole cell extracts of the K. phaffii (Figure 5A) and S. cerevisiae (Supplementary Figure S2)
wild-type and cholesterol strains were analyzed by thin layer chromatography (TLC). Diverse
reference (standard) lipids relevant for this study were co-applied for rough identification.
Band intensities were quantified using ImageJ. While the amount of free sterols was not
significantly changed, sterol esters were enriched in the K. phaffii and S. cerevisiae cholesterol
strains three- and twofold, respectively. TLCs also confirmed TAG accumulation in the
K. phaffii cholesterol strain. By taking a closer look at the different TAG species, we found
the enrichment of C52 and C54 (Figure 5B), which has been reported for K. phaffii before [34].
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While the overall distribution of saturated and unsaturated TAG species was not drastically
affected by the production of cholesterol, an overall increase in every single component was
observed. TAGs are produced from diacylglycerol (DAG) and acetyl-CoA [35], and we also
found all detectable DAG species to be enriched in the cholesterol strain (Figure 5C).
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Figure 5. Neutral lipid analysis in wild-type and cholesterol strains. (A) K. phaffii and S. cerevisiae
wild-type and cholesterol strains were cultivated at 28 ◦C for 24 h until they reached early exponential
phase, harvested by centrifugation, and analyzed by thin layer chromatography. Applied standards were
6 µg of (1) cholesteryl acetate (CA), (2) cholesteryloleate/sterol ester (SE), (3) squalene, (4) triolein (TAG
(triacylglycerol)), (5) free ergosterol, and (6) free cholesterol. Band intensities obtained on TLCs were
quantified using Fiji [36] and signal quantifications are presented as mean +/− standard deviations from
three biological replicates. (B) TAG and (C) diacylglycerol (DAG) analysis was performed with K. phaffii
wild-type and cholesterol strains applying LC-MS. Cells were cultivated as usual at 28 ◦C and harvested
when they reached early exponential phase. 300 OD600 units were used directly for lipid extraction (whole
cell extracts, WCE). LC-MS analysis was performed as described under Materials and Methods. TAG and
DAG species are presented as [number of acyl carbons: number of double bonds—fatty acid: number of
double bonds]. Mean +/− standard deviations from three biological replicates are shown.

2.6. Cholesterol and TAGs Accumulate in the Cells

LDs are the major cellular organelles for the storage of neutral lipids. In order to assess
the total LD mass, we stained cells with BODIPY 493/503. Fluorescent microscopy images
showed a ~twofold increase in LD volumes in the cholesterol-producing K. phaffii and
S. cerevisiae strains (Figure 6A), which was confirmed by the image-based quantification
of fluorescent dots per total cell area (Figure 6B). We also observed a general difference
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between LDs found in K. phaffii and S. cerevisiae. While K. phaffii cells contained single,
larger droplets, S. cerevisiae cells harbored many, but smaller droplets. For the comparison
of cellular sterol levels, the K. phaffii and S. cerevisiae wild-type and cholesterol strains
were analyzed by GC-MS (Figure 6C). For both yeasts, we noticed ~threefold increased
amounts of sterols in the sterol-modified strain, and, according to TLC analysis, the increase
could largely be attributed to sterol esters (Figure 5A). In the case of S. cerevisiae, cells
mostly produced cholesterol, while K. phaffii produced a mixture of cholesterol and its
precursors, 7-dehydrocholesterol (7-DHC), cholesta-8-24(25)-dienol and cholesta-5,7,24(25)-
trienol (Figure 6C). The accumulation of 7-DHC and cholesta-8,24(25)-dienol indicates that
DHCR7 and DHCR24 are not as active or efficiently expressed in K. phaffii on glucose as in
S. cerevisiae [13]. Since we did not observe a drastic difference in the overall sterol amounts
in the PM fractions of the wild-type and cholesterol-producing strain (Supplementary
Figure S3), excessive amounts of sterols seem to be largely stored in lipid droplets.
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Figure 6. Lipids accumulate in cholesterol-producing yeast strains. (A) K. phaffii and S. cerevisiae
wild-type and cholesterol strains were cultivated at 28 ◦C for 24 h until they reached early exponential
phase and harvested by centrifugation. Lipid droplets were labeled using BODIPY 493/503 for
15 min at RT and observed under the microscope. Bar = 5 µm. (B) Data obtained from images shown
under (A) were analyzed and quantified as described in Materials and Methods. Mean values and
standard deviations of signals obtained for >100 cells are shown. ** p value < 0.0001, determined by
two-tailed Student’s t test. p values were obtained for cholesterol compared to the WT strain. (C) The
same strains as in (A) were cultivated at 28 ◦C for 24 h until they reached early exponential phase,
and total sterols were extracted and analyzed by GC-MS as described in Materials and Methods.
Data are presented as mean from three biological replicates. (D) Changes in expression of lipid
droplet metabolic genes in cholesterol-producing K. phaffii. Genes of the cholesterol strain were
compared to wild type. Fold changes of genes are indicated by color: green, upregulated genes; red,
downregulated genes; black, no statistically significant changes (FDR < 0.05).
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In order to find a mechanistic explanation for the accumulation of sterol esters and
TAGs, we consulted the transcriptome data. The transcripts of CDS1 (LFC–1.18), which
is coding for the protein converting PA to CDP-DG for PS biosynthesis (see Figure 2 for
the biosynthetic pathway), indicated the possible accumulation of PA. In addition, DGK1,
a gene encoding for an ER-membrane localized diacylglycerol kinase that balances PA
levels by converting DAG to PA, was downregulated (LFC −0.83). DAG is then further
converted to TAG by Lro1 and Dga1. While DGA1 was not differentially regulated, LRO1
was downregulated (LFC −1.58). The most interesting finding was that both triacylglycerol
lipases found in K. phaffii, TGL3 (LFC −0.91) and TGL4 (LFC −0.41), were downregulated,
supposedly causing the accumulation of TAGs and lipid droplets in the cholesterol strain.
A similar phenomenon was observed for sterol esters: while the conversion of free sterols
to sterol esters by Are2 was not upregulated (LFC −0.26), the hydrolysis of sterol esters by
Yeh2 was strongly downregulated (LFC −1.86).

2.7. Sterol Biosynthesis Is Transcriptionally Upregulated

In addition to LD metabolism (Figure 6D), we also investigated the early pathway
of sterol biosynthesis (Figure 7A). First, we inspected acetyl-CoA formation, the central
molecule for sterol and TAG production. Glycolysis generates pyruvate, which is then
decarboxylated by pyruvate decarboxylase (PDC) to yield acetaldehyde. Coenzyme A
biosynthesis requires the uptake of panthothenate from the culture supernatant by Seo1-1
(LFC 0.55) and Seo1-2 (LFC 1.00), which is then further converted to coenzyme A by the
coenzyme A-synthesizing protein complex (CoA-SPC). The CoA-SPC consists of various
Cab proteins, where the expression of diverse CAB genes was reported to be regulated by
sterol regulatory elements in S. cerevisiae [37,38]. Both glycolysis and coenzyme A biosyn-
thesis were transcriptionally upregulated in the cholesterol K. phaffii strain (Figure 7A).
Additionally, IME4, which was only recently shown to stimulate glycolysis and acetyl-CoA
synthesis in S. cerevisiae [39], was upregulated 2.3-fold in K. phaffii (LFC 1.16). Hence, there
seems to be an overall increased flux through this early pathway in the cholesterol strain.

Next, in the acetyl-CoA biosynthetic pathway, acetaldehyde is subject to dehydro-
genation, and CoA is ligated to generate acetyl-CoA under the catalysis of acetaldehyde
dehydrogenase (ALD) and acetyl-CoA synthetase (ACS) [40]. In K. phaffii, we found two
ACS genes, ACS1 and ACS2. ACS2 was found to be 2.5-fold downregulated, which may
explain why we found ~60% less acetyl-CoA in the cholesterol strain (Figure 7B). The
strong downregulation of ACS2 and decreased levels of acetyl-CoA could result in the ac-
cumulation of acetate, and, indeed, acetate transporters ADY2-2 (LFC = 0.84) and especially
ADY2-4 (LFC 7.31) were massively upregulated in the cholesterol strain. Even though we
did not specifically investigate the acetate levels in the cells and cell supernatants, we found
the supernatant of exponentially growing cholesterol cells to be more acidic (pH 4.5 ± 0.3)
than that of wild-type cells (pH 5.6 ± 0.2).

After the conversion of acetate to acetyl-CoA, aceto-acetyl-CoA is formed by ERG20
(LFC 0.31) and further converted to Hmg-CoA by ERG13 (LFC 1.40) for sterol biosynthe-
sis. The upregulation of ERG13 (LFC = 1.40) led to a ~40% increase in Hmg-CoA in the
cholesterol strain (Figure 7B). The expression of ERG13 is positively regulated by the sterol
regulatory element binding protein Upc2 in S. cerevisiae [41–43]. Upc2 is a transcription
factor for most ERG genes and thus the main regulator of ergosterol biosynthesis in yeast.
In S. cerevisiae, Upc2 has a paralog, Ecm22 [44], that arose from the whole genome du-
plication, but this gene has neither been annotated nor did we succeed in finding any
Ecm22 homolog in K. phaffii BLASTp searches. Therefore, we focused on UPC2. UPC2
was strongly upregulated (LFC 2) in the cholesterol strain, and we indeed also noticed
the strong upregulation of ERG2 and ERG3 (Figure 2), two genes previously reported to
be regulated by Upc2 [44]. Therefore, we deleted upc2∆ and investigated the intracellular
sterol levels. Even though we did not succeed in deleting upc2∆ in the K. phaffii wild-type
strain when applying different strategies, including CRISPR/Cas9, UPC2 could easily be
deleted in the cholesterol-producing strain. The deletion of UPC2 decreased the sterol



Int. J. Mol. Sci. 2024, 25, 781 11 of 22

levels by ~25% (Figure 7C), which indicates that other mechanisms, besides transcriptional
activation by UPC2, must upregulate sterol biosynthesis in the cholesterol strain.
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Figure 7. Regulation of acetyl-CoA biosynthesis and the early mevalonate pathway in cholesterol-
producing K. phaffii cells. (A) Changes in expression of genes involved in acetyl-CoA biosynthesis in
cholesterol-producing K. phaffii. Genes of the cholesterol strain were compared to wild type. Fold
changes of genes are indicated by color: green, upregulated genes; magenta, downregulated genes;
black, no significant changes (FDR < 0.05). (B) K. phaffii wild-type and cholesterol strains were
cultivated at 28 ◦C for 24 h until they reached early exponential phase, harvested by centrifugation
and acetyl-CoA, and Hmg-CoA levels determined as described in Materials and Methods. Data are
presented as mean from six biological replicates. AU, arbitrary units. Error bars, standard deviations,
** p value < 0.0001, * p value < 0.01 determined by two-tailed Student’s t test. p values were obtained
for the cholesterol strain compared to the wild-type strain, respectively. (C) K. phaffii wild-type and
cholesterol strains, as well as a cholesterol upc2∆ strain (yAR097), were cultivated and harvested as
described above and subjected to sterol extraction and analysis by GC-MS in biological triplicates.

2.8. Cholesterol Precursors Are Efficiently Exported by Pdr Transporters

It was reported that S. cerevisiae mainly excretes small amounts of acetylated sterols
with the help of Pry2, when the gene encoding the deacetylase Say1 was deleted [22]. In
the cholesterol strain, PRY2 and its potential paralog, EPX1 [45], were transcriptionally
upregulated, with LFCs of 0.99 and 1.62, respectively. Immunoblot analysis of strains
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producing Pry2-HA and Epx1-3FLAG revealed higher titers of these proteins in the super-
natant of the cholesterol strain (Supplementary Figure S4). However, we were not able
to identify any acetylated sterol species in the culture supernatant of either the wild-type
or the cholesterol strain. Since the K. phaffii homolog for Say1 could not be identified yet,
neither by annotation nor by specific BLAST searches, we were unable to conduct tests to
ascertain whether the deletion of SAY1 would result in the accumulation of acetylated sterol
species. Nevertheless, our experiments revealed a noteworthy finding: substantial quanti-
ties of free sterols were excreted from both the K. phaffii and S. cerevisiae cholesterol strains,
exceeding 200 µg/L cell supernatant (Figure 8A). Strikingly, the ratios of the respective
excreted sterol species did not align with those found within the cells. Specifically, while the
K. phaffii and S. cerevisiae cholesterol strains primarily accumulated 7-dehydrocholesterol
and cholesterol, the cell supernatants were predominantly enriched in cholesta-5,7-24(25)-
trienol (Figure 8A). K. phaffii cells also naturally secreted small amounts of ergosterol (up
to 7 µg/L), which was not the case for S. cerevisiae. On the transcriptional level, several
ATP-binding cassette (ABC) transporters were found to be upregulated in the cholesterol-
producing K. phaffii strain, namely SNQ2 (LFC 1.13), PDR5 (LFC 0.71), and PDR12 (LFC
0.78) (Figure 7B). PDR15 (LFC −1.96), on the contrary, was found to be downregulated.
In order to investigate the role of these transporters in sterol excretion, we deleted the
respective genes in the wild-type and cholesterol strain and quantified the sterol species in
the culture supernatants (Figure 8C). In the K. phaffii wild-type strain, the deletion of SNQ2,
PDR12, and especially PDR15 had the most significant influence on ergosterol excretion,
while no severe impact on growth was observed. The deletion of PDR15 lowered ergosterol
excretion by 84%. Deletions of SNQ2, PDR5, PDR12 and PDR15 lowered the levels of
excreted sterols by 40–60% in the cholesterol strain.
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Figure 8. Overproduced sterols are excreted from K. phaffii by ABC transporters. (A) K. phaffii and
S. cerevisiae wild-type and cholesterol strains were cultivated at 28 ◦C for 24 h until they reached
early exponential phase and cells separated from culture supernatants by centrifugation. Sterols were
extracted from culture supernatants and analyzed for sterol content as described in Materials and
Methods. (B) Comparison of differential regulation of ABC transporter genes SNQ2, PDR5, PDR12
and PDR15 in the wild-type and cholesterol strain. Transcripts per million (TPM, fragment counts
normalized for gene length) are presented as mean +/− standard deviations from three biological
replicates. ** p value < 0.0001, determined by two-tailed Student’s t test. p values were obtained for
cholesterol compared to the WT strain. (C) The K. phaffii wild-type strain, and otherwise isogenic
derivatives carrying deletions of snq2∆ (yAR070), pdr5∆ (yAR056), pdr12∆ (yAR077) and pdr15∆
(yAR093), as well as the K. phaffii cholesterol strain, and otherwise isogenic derivatives carrying
deletions of snq2∆ (yAR074), pdr5∆ (yAR053), pdr12∆ (yAR077) and pdr15∆ (yAR092), were cultivated
at 28 ◦C for 24 h until they reached early exponential phase, and cells were separated from culture
supernatants by centrifugation. Sterols were extracted from culture supernatants and analyzed
for sterol content as described in Materials and Methods. Data are presented as mean from three
biological replicates. Error bars, standard deviations, ** p value < 0.0001, determined by two-tailed
Student’s t test. p values were obtained for the knockout strains compared to the respective wild-type
strain. (D) Primary mechanisms observed to be differentially regulated in the cholesterol strain.
The sterol-responsive element Upc2, while incapable of binding cholesterol, serves as the trigger for
the transcription of various ERG genes, and potentially CAB genes as well. Excessive stimulation
of ergosterol biosynthesis results in the onset of lipotoxicity. To counteract the adverse effects of
lipotoxicity, cells respond by sequestering surplus sterols within lipid droplets (LD) or excreting them
into the culture supernatant with the aid of ABC transporters.

3. Discussion

Cells can adapt to different stresses by varying their lipid compositions. For example,
yeasts can adapt to temperature changes by modulating their phospholipid composi-
tions [43], fatty acid chain lengths and degrees of fatty acid saturation [46,47]. Due to the
fact that sterols comprise ~30 mol% of the total PM lipids [48] and the structural rearrange-
ments necessary to compensate the higher planarity of the cholesterol ring system in the
membranes [31], it is not surprising that cholesterol production massively impacts diverse
cellular processes in yeast, including the composition and structure of the membrane bi-
layer forming lipids. For example, in order to maintain cell membrane fluidity, yeast cells
producing cholesterol seem to counterbalance the higher planar order of the sterol ring
structure by producing more polyunsaturated fatty acids (Figure 3).

We also observed a strong impact on sphingolipid biosynthesis in the cholesterol
strain. Sterols and sphingolipids are enriched in lipid rafts [49], where they contribute to
diverse cellular processes. In vitro partitioning experiments between membranes revealed
that sterols have an affinity for membranes with high content of sphingolipids [50], and the
common hypothesis is that the two lipid species coevolved to provide optimal interaction
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properties between them [51]. Several studies have previously shown a link between
sphingolipid and sterol profiles. For example, erg mutants show altered sphingolipid
profiles [52], and genetic changes in sphingolipid biosynthesis can compensate for the
lethality caused by erg mutants in S. cerevisiae [44]. We noticed the enrichment of IPC and
decreased amounts of Cer, Hex-Cer and MIPC in the cholesterol strain. These changes could
be explained by the respective up- and downregulation of the genes in the biosynthetic
pathways, which suggests a global transcriptional response mechanism to the alterations
in sterol biosynthesis.

Sterol biosynthesis is a very energy-intensive process. The synthesis of a single ergos-
terol molecule entails the sequential activity of 23 predominantly membrane-associated
enzymes, orchestrating the conversion of 15 acetyl-CoA compounds to ergosterol [53].
This process also consumes 10 molecules of glucose [21], which is why excessive sterol
production is highly uneconomic for a unicellular organism like yeast. In the cholesterol
strain, we found highly upregulated sterol biosynthesis, which indicates that the main regu-
latory mechanisms that normally balance sterol homeostasis must be specifically controlled
by the presence or absence of ergosterol. Our results demonstrate that sterol regulatory
element binding proteins (SREBPs) such as Upc2, which acts as a sterol sensor and induces
sterol biosynthetic genes upon sterol depletion [37], transcriptionally upregulated sterol
biosynthetic genes in the cholesterol-producing strain (Figure 7C). Since Upc2 was reported
to be unable to bind cholesterol [53], we conclude that Upc2 is not only upregulated but
also constantly activated due to the absence of ergosterol. Despite the deletion of UPC2, the
cholesterol levels and its precursors were not reduced to the wild-type sterol levels. This
observation suggests the involvement of additional regulatory elements that remain active,
thereby contributing to the overproduction of sterols in the cholesterol strain. Exploring
these additional regulatory elements could present an intriguing avenue for a subsequent
investigative study.

To date, barely any knowledge exists regarding if and how sterols may be exported
from yeast cells. A S. cerevisiae pdr5∆ knockout strain was previously shown to be more
sensitive to steroids [54]. Pdr5 belongs to the family of asymmetric ABC transporters,
which is also the case for the human sterol transporters ABCG5/ABCG8. ABCG5/ABCG8
are also the body’s primary defense against the accumulation of neutral sterols (cholesterol
and phytosterols) from the diet (reviewed by [55]). Our results demonstrate that a similar
detoxification mechanism might exist in yeast with the help of diverse ABC transporters,
and they indicate that these transporters potentially have different substrate specificities.
While Pdr15 seems to be mainly responsible for the export of ergosterol, Snq2, Pdr5 and
Pdr12 may be rather involved in the export of non-native sterols (Figure 8B,C).

In this study, we present a comprehensive multilevel approach aimed at investigating
sterol-related dysfunctions and stress response mechanisms in yeast. Besides analyzing
a human sterol-producing K. phaffii strain, we extended our exploration to a cholesterol-
producing S. cerevisiae strain to validate and highlight key findings, revealing the conser-
vation of crucial response mechanisms. For instance, our observations indicate that sterol
esters and triacylglycerols (TAGs) accumulate in the cholesterol-producing S. cerevisiae,
accompanied by an increase in lipid droplet sizes. Notably, cholesterol precursors are hy-
perexcreted from the cells, unveiling a significant and conserved detoxification mechanism.
It is worth noting that all reported findings were more pronounced in K. phaffii.

For several reasons, K. phaffii is considered a better model organism than S. cerevisiae
to study lipid-associated phenomena [56]. Firstly, K. phaffii did not undergo whole-genome
duplication, enhancing the impact of genetic disturbances. Secondly, the phospholipids
in K. phaffii generally display a lower degree of fatty acyl chain saturation, resembling
those found in mammalian cells [57]. Lastly, the closer relation of K. phaffii to fungi such as
Schizosaccharomyces pombe, an important model organism in eukaryotic cell biology, adds to
its suitability [58]. The transcriptome data and lipid profiles presented in this publication
not only offer novel insights but also provide an excellent foundation for diverse follow-up
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studies. This work contributes to the understanding of sterol-related processes and sets the
stage for further exploration in yeast biology and beyond.

4. Materials and Methods
4.1. Cloning and Strain Construction

PCR amplification was performed using Phusion™ DNA polymerase (Thermo Fisher
Scientific Inc., St. Leon-Rot, Germany). Plasmids were cloned applying the Gibson assem-
bly [25] and all constructs were verified by restriction analysis and DNA sequencing. For
the HA-tagging of Pry2 and Flag-tagging of Epx1, CRISPR/Cas9 was applied [59]. Briefly,
sgRNA targeting sequences of the pCas9-Hyg plasmids were adapted from Lehmayer et al.,
2022 [60] to target PRY2 for HA-tagging, EPX1 for 3FLAG-His6-tagging and UPC2, SNQ2,
PDR5, PDR12 and PRD15 for gene deletions (Table S1). Repair and insertion plasmids
were either constructed from pPpKC2 [61] and cut out using SmiI, or amplified by PCR.
Bands of the correct size were gel-purified. The transformation of K. phaffii was performed
according to the condensed protocol of Lin-Cereghino et al. [62]. For gene editing using
CRISPR/Cas9, we followed the protocol of Weninger at al., 2016 [63]. In short, cells were
co-transformed with 100 ng of pPpHyg-Cas9 plasmid and 500 ng of the respective repair
cassette (Table S1) and plated onto YPD containing 200 µg/mL hygromycin. Correct in-
tegration of cassettes into the yeast genome was verified by cPCR and sequencing. For
gene knockout via CRISPR/Cas9 without a repair cassette, cells were transformed with
100 ng of pPpHyg-Cas9 targeting the respective gene (Table S1). The correct integration of
expression cassettes into the yeast genome was confirmed by colony PCR and sequencing.

4.2. Cultivation of Cells

In this study, the K. phaffii strain CBS7435 (NRRL Y-11430, ATCC 76273) his4∆ [64] was
used as the wild-type strain for further engineering. All yeast strains used in this study
(Table S2) were grown on minimal dextrose (BMD) media (2% glucose, 13.4 g L−1 Yeast
Nitrogen Base (without amino acids), 4 × 10−5% biotin and 0.4% histidine to permit growth
of auxotrophs) [65]. Cultures were propagated at 28 ◦C in baffled flasks and analyzed either
at the early (OD600~4) or middle exponential (OD600~10) growth phase, as indicated.

4.3. Transcriptome Analysis

RNA isolation was conducted by the SV Total RNA Isolation System (Promega Coor-
poration, Madison, WI, USA) as instructed by the provider’s manual. Briefly, cells were
harvested during the early exponential phase. The disruption of cells was performed with
glass beads by the alternate use of the vortex with max. speed and chilling on ice, for
30 s each, repeated 8 times. Pure RNA samples were immediately collected in 100 µL
of RNase-free water and treated with liquid N2 prior to storage at −80 ◦C. The quality
control of RNA isolates was conducted via denaturing gel electrophorese [66] and UV–Vis
spectrophotometric measurements with the NanoDrop 2000 UV–Vis Spectrophotometer
(Thermo Scientific, Waltham, MA, USA). Stranded library prep and sequencing was per-
formed by Genewiz (Genewiz Azenta, Leipzig, Germany). The NEBNext® Ultra™ II
Directional RNA Kit (New England Biolabs Inc., Ipswich, Massachusetts, USA) was used
for library preparation, and fragments were sequenced on an Illumina machine to gen-
erate 150 bp paired-end reads. Quality controls of the isolated RNA and the fragment
library were performed according to Genewiz standards. Sequencing data have been
deposited to the ENA under PREJB70602. The reads were trimmed using Trimmomatic
v0.39 [67] and were subsequently mapped onto the K. phaffii CBS7435 reference assem-
bly [68,69] using the STAR aligner v2.7.5a [70]. The quality of the raw reads and the
mapping were assessed using FastQC v0.11.9 [71] and Qualimap v2.2.1 [72], respectively.
Differential expression analysis based on read counts calculated by STAR was performed
in R [73]. Log fold changes of gene expression were determined with edgeR v3.30.3 [74]
using a Fisher’s exact test on normalized read counts based on the robust estimation of
dispersion [75]. Principal component analysis was performed using the package PCA-
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tools v2.0.0 [76]. The volcano plot was generated using the R package EnhancedVolcano
v 3.17 (https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html,
accessed on 1 August 2023).

4.4. SDS-PAGE and Immunoblot Analysis

Here, 4 OD600 units of exponentially growing cells or aliquots of culture supernatants
were harvested by brief centrifugation and stored at −80 ◦C. Cell pellets were thawed on ice
and lysed in 300 µL of lysis solution (1.85 M NaOH; 7.5% of ß-mercaptoethanol). Proteins
were precipitated by the addition of 300 µL of 50% ice-cold trichloroacetic acid (TCA) for
an hour on ice, or overnight at 4 ◦C. Afterwards, proteins were pelleted by centrifugation
and the pellets washed twice with ice-cold water. Precipitated proteins were solubilized in
50 µL of NuPAGE™ sample buffer (Thermo Fisher Scientific Inc., Germany), supplemented
with 4% β-mercaptoethanol and 30% 1 M Tris and heated to 75 ◦C for 15 min. Then,
10 µL of sample was resolved on 12% Bis-Tris NuPAGE™ gels. Separated proteins were
transferred electrophoretically onto a nitrocellulose membrane, which was then blocked
for an hour with TBST (30.3 g·L−1 Tris; 87.6 g·L−1 NaCl; 0.003% Tween20) supplemented
with 5% bovine serum albumin (BSA). Washing steps were conducted 3 times for 10 min
with TBST. Proteins on the membranes were probed overnight at 4 ◦C by the addition of
the appropriate primary antibody: mouse ANTI-FLAG® M2-Peroxidase (HRP) antibody
(1:4000; Sigma Aldrich, Vienna, Austria); peroxidase-conjugated anti-HA 3F10 from rat
(1:2500; Roche); rabbit anti-GAPDH (1:5000; Institute of Biochemistry, Graz University of
Technology, Graz, Austria) [25]; and rabbit anti-Pma1 (1:1000; Institute of Biochemistry,
Graz University of Technology, Austria) [25]. After washing three times with ≥10 mL
with TBST, membranes were either used directly for immunodetection or incubated with
an appropriate HRP-conjugated secondary antibody—goat anti-rabbit IgG–peroxidase
antibody A9169 (1:10,000, Sigma Aldrich, Vienna, Austria)—and then washed three times
with TBST as above. Enhanced chemiluminescent signal detection (Clarity Max Western
ECL Substrate, Bio-Rad, Vienna, Austria) was used to visualize immunoreactive bands.
The PageRuler™ pre-stained protein ladder (Thermo Scientific™) was used as a molecular
weight marker.

4.5. Plasma Membrane Isolation

The isolation of the plasma membrane (PM) was performed as described by Grillitsch
et al., 2014 [57], with slight modifications. The growth conditions as described above were
scaled up to gain wet weights ranging from 44 to 77 mg cell pellet. Cells were harvested
during the middle exponential phase. Crude PM was dissolved in 10 mM Tris HCl, pH
7.4, and transferred to Eppendorf 1.5 mL vessels. PM samples were pelleted and stored at
−80 ◦C for HPLC/GC or quality control analyses. Protein concentrations were determined
by the Pierce BCA Protein Assay Kit™ as described in the provider’s manual (Thermo
Fisher Scientific).

4.6. Lipid Analysis
4.6.1. Sterol Analysis via GC-MS

The procedure for intracellular sterol quantification was performed according to the
description of [77], with minor modifications. Cell pellets corresponding to 15 OD600 units
were harvested and dispersed in 1 mL of 0.2% pyrogallol in methanol. After the addition
of 0.4 mL of 60% aqueous KOH, the internal standard, cholesterol-d7 (Avanti Polar Lipids,
Alabaster, AL, USA), was added in total amounts of 10 µg. Then, samples were incubated
for 2 h at 90 ◦C in a sand bath. Extraction was performed twice according to protocol [77].
For the analysis of excreted sterols, cells were pelleted at the late exponential phase, and
3 mL of cell supernatant was transferred to Pyrex® glass tubes. Then, 10 µg of cholesterol-
d7 was added and sterols extracted by the addition of 1.5 mL heptane and vigorous mixing
for 25 min. Pyrex tubes were then centrifuged at 4000 rpm for 20 min. Extractions were
performed twice and heptane phases transferred to fresh tubes. N2-dried extracts of

https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html
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intracellular and excreted sterols were then derivatized with 10 µL of pyridine and 50 µL of
N,O-bis (trimethylsilyl)trifluoroacetamide for 25 min under moderate shaking. The samples
were solved in 200 µL of ethyl acetate and analyzed on a gas chromatography system, the
Hewlett-Packard 6890 GC combined with a Hewlett Packard 5973 mass selective detector.

4.6.2. Thin Layer Chromatography

For thin layer chromatography, 60 OD600 units of exponentially growing yeast cells
(OD600 of 4–6) were pelleted by centrifugation. Cell disruption was performed by the
addition of CHCl3/MeOH (2:1; v:v) and glass beads, under shaking with 1500 rpm on a
VXR basic Vibrax™ for 1 h. After brief centrifugation, the supernatant was transferred to a
fresh Pyrex® glass tube. Next, 2 mL of 0.0034% of MgCl2 was added; the mixtures were
shaken with 1500 rpm for 5 min and subjected to centrifugation at 2500 rpm for 5 min. The
upper phase was discarded. Then, 2 mL of a 2 M KCl/MeOH (1:1; v:v) mixture was added,
shaken with 1500 rpm for 5 min and subjected to centrifugation at 2500 rpm for 5 min. The
upper phase was discarded. Washing was performed with 1.5 mL of CHCl3/MeOH/H2O
(0.03:4.8:4.7; v:v:v), and, after mixing and centrifugation, the top phase and interphase
were discarded. Lipid extracts in the lower phase were dried under a nitrogen stream
and dissolved in 100 µL of CHCl3/MeOH (2:1; v:v). Then, 5 µL of the sample as well as
3 µL of lipid standard (2 mg mL−1) were applied onto TLC-Silica plates with a Hamilton
syringe. As the first running solvent, a mixture of petroleum ether/diethylether (1:1, per
vol.) was used for the separation of lipid species, and the second running solvent consisted
of petroleum ether/diethylether/acetic acid (19:1:0.02, per vol.). After separation, the TLC
plates were briefly dipped into the staining solution (0.3 g MnCl; 60 mL H2O; 60 mL MeOH;
4 mL H2SO4) and lipid bands were charred for 20 min at 120 ◦C. Quantifications of band
intensities were performed using Fiji [36].

4.6.3. HPLC-MS Analysis

All solvents were obtained as HPLC-MS grade. Water, 2-propanol and phosphoric
acid were purchased from Roth (Karlsruhe, Germany), methanol from J. T. Baker (Austin,
TX, USA), formic acid from Sigma (Vienna, Austria) and ammonium acetate was purchased
from Merck (Darmstadt, Germany).

Samples were dissolved in 300 µL of isopropanol/methanol/water (30:15:5, v:v:v).
Chromatographic separation was performed using a 1290-UHPLC system (Agilent, Wald-
bronn, Germany) equipped with an BEH-C18-column, 2.1 × 150 mm, 1.7 µm (Waters,
Manchester, UK). The autosampler compartment was set to 8 ◦C and 4 µL samples were
injected. A binary gradient was applied. Solvent A was water; solvent B was 2-propanol.
Both solvents contained phosphoric acid (8 µM), ammonium acetate (10 mM) and formic
acid (0.1 vol%). The linear gradient started at 40% solvent B at a constant flow rate of
0.2 mL/min and increased to 100% solvent B within 20 min. In the following 4 min, the
solvent B percentage was kept at 100%. The column was re-equilibrated for 5 min, result-
ing in a total HPLC run time of 30 min. The column compartment was kept at 50 ◦C. A
4670 triple quadrupole mass spectrometer (Agilent) equipped with an ESI source was used
for analysis. The following source parameters were used: source temperature: 300 ◦C,
sheath gas (N2) temperature: 400 ◦C. The capillary voltage was 3.5 kV in positive ionization
mode. Samples were analyzed in MRM mode and data analysis was performed using the
MassHunter 10.0 software package (Agilent).

4.6.4. Fluorescence Microscopy

LD Labeling and Microscopy

LD were labeled using BODIPY 493/503 for 15 min at RT. Then, 3D stacks were
acquired using a LEICA SP8 confocal laser scanning microscope with spectral detection
(Leica Microsystems, Inc.), an HCX PL APO 63x NA 1.4 oil immersion objective, a constant
photomultiplier gain and 44 × 44 × 300 nm (x/y/z) sampling. BODIPY 493/503 was
excited at 488 nm and emission was detected between 500 and 550 nm. Fluorescence
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and transmission images were acquired simultaneously. The brightness and contrast of
fluorescence data were adapted for visualization.

Image-Based Quantification of LD

The deconvolution of 3D fluorescence data was performed using Huygens professional
(SVI, Inc., Pathumthani, Thailand), a theoretical point-spread function and the classic
maximum-likelihood estimation algorithm (SNR 7, 5 iterations). In transmission images,
diffracted light manifests as halos of alternating black and white bands, whose thickness
varies with the axial focus position. The midst of the cells was identified as the optical
section within the 3D data set where the thickness of the white halo ring was at its minimum.
Individual cell areas were manually registered using selection tools in the open-source
software Fiji (version 2.9.0) [36]. Volume quantification of fluorescently labeled LD was
performed using the Fiji 3D suite plugin (version 1.7.0) [78]. LD were segmented from 3D
fluorescence data sets by thresholding (same value for all stacks). The total LD volume/total
cell area was computed.

4.7. Acetyl-CoA and Malonyl-CoA Quantification

K. phaffii cell pellets were resuspended in 300 µL of MeOH/ACN/H2O (40:40:20; v:v:v)
and the suspension was mixed with an equal volume of 0.25–0.5 mm glass beads (Roth
A533.1). Cells were lysed employing a Bead Mill Max (VWR) at 6 m/s setting for 30 s.
The mixture was centrifuged for 1 min at 20.000g × and the extract was removed from
the glass beads. The precipitated protein was resolubilized in 1% SDS at 95 ◦C for 5 min
and the total protein content was determined employing the Pierce BCA Protein Assay Kit
for the normalization of samples. The extract was centrifuged at 20.000g × for 5 min to
remove residual particles and then subjected to HILIC-MS employing a ZICpHILIC column
(5 µm, 150 × 2.1 mm), with solvent A being 20 mM ammonium formate at pH = 9.6 and
solvent B being ACN. The following gradient was employed: 0–2 min 10% A, 2–14 min
linear increase to 40% A, 14–20 min linear increase to 95% A, 20–23 min 95% A followed
by re-equilibration at 10% A for 7 min. The MS system used was a timsTOF Pro (Bruker
Daltonics, Bremen, Germany) operated with a VIP HESI source set to 200 ◦C in the default
4D-Lipidomics method. The identity of analytes was confirmed by employing authentic
standards (Sigma Aldrich) by matching retention times, collisional cross-sections and exact
mass and fragmentation patterns.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25020781/s1. Reference [79] is cited in the supplemen-
tary materials.

Author Contributions: A.R., V.S., L.B. and M.B. conducted most of the scientific work. H.W. per-
formed imaging and image informatics. V.S. and G.G.T. performed the differential gene expression
analysis. G.N.R. conducted the analysis of lipid profiles. M.S., R.B.-G. and E.L. performed diverse
quantitative measurements. A.R. and A.E.-A. drafted the manuscript. H.P. provided helpful experi-
mental advice and revised the manuscript. A.E.-A. designed the experiments and supervised the
research. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by FWF projects ‘10.55776/F73’ and ‘10.55776/CoE7’ (R.B.-G.
and M.S.), the FFG PhD close to industry project ‘871070’ (V.S. and G.G.T.) and the BioTechMed-Graz
Young Researcher Group Project ‘StemP’ (to A.R., L.B. and A.E.-A.). The project was also supported by
the COMET center acib (H.P., A.E.-A.), which is funded by BMK, BMDW, SFG, Standortagentur Tirol,
the Government of Lower Austria and the Vienna Business Agency in the framework of COMET—
Competence Centers for Excellent Technologies. The COMET Funding Program is managed by the
Austrian Research Promotion Agency FFG.

Institutional Review Board Statement: The study does not require ethical approval, hence this
section can be excluded.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms25020781/s1
https://www.mdpi.com/article/10.3390/ijms25020781/s1


Int. J. Mol. Sci. 2024, 25, 781 19 of 22

Data Availability Statement: All sequenced reads are accessible on EMBL-EBI under accession
number PRJEB70602 (https://www.ebi.ac.uk/ena/browser/view/PRJEB70602, accessed on 6 De-
cember 2023). Other original data presented in this publication can be obtained from the lead contact
upon request.

Acknowledgments: We wish to thank Christoph Augustin, Karin Athenstaedt and Simon Arhar for
the helpful discussions.

Conflicts of Interest: Author A.E.-A. was part-time employed by acib, an industrially oriented private
limited company.

References
1. Ribeiro, N.; Streiff, S.; Heissler, D.; Elhabiri, M.; Albrecht-Gary, A.M.; Atsumi, M.; Gotoh, M.; Désaubry, L.; Nakatani, Y.; Ourisson,

G. Reinforcing Effect of Bi- and Tri-Cyclopolyprenols on ‘Primitive’ Membranes Made of Polyprenyl Phosphates. Tetrahedron
2007, 63, 3395–3407. [CrossRef]

2. Dufourc, E.J. Sterols and Membrane Dynamics. J. Chem. Biol. 2008, 1, 63–77. [CrossRef] [PubMed]
3. Porter, F.D.; Herman, G.E. Malformation Syndromes Caused by Disorders of Cholesterol Synthesis. J. Lipid Res. 2011, 52, 6–34.

[CrossRef] [PubMed]
4. Herman, G.E.; Kratz, L. Disorders of Sterol Synthesis: Beyond Smith-Lemli-Opitz Syndrome. Am. J. Med. Genet. Part C Semin.

Med. Genet. 2012, 160 C, 301–321. [CrossRef]
5. Helliwell, S.B.; Karkare, S.; Bergdoll, M.; Rahier, A.; Leighton-Davis, J.R.; Fioretto, C.; Aust, T.; Filipuzzi, I.; Frederiksen, M.;

Gounarides, J.; et al. FR171456 Is a Specific Inhibitor of Mammalian NSDHL and Yeast Erg26p. Nat. Commun. 2015, 6, 8613.
[CrossRef] [PubMed]

6. Song, Z.; Nes, W.D. Sterol Biosynthesis Inhibitors: Potential for Transition State Analogs and Mechanism-Based Inactivators
Targeted at Sterol Methyltransferase. Lipids 2007, 42, 15–33. [CrossRef] [PubMed]

7. Marcos, J.; Shackleton, C.H.L.; Buddhikot, M.M.; Porter, F.D.; Watson, G.L. Cholesterol Biosynthesis from Birth to Adulthood in a
Mouse Model for 7-Dehydrosterol Reductase Deficiency (Smith-Lemli-Opitz Syndrome). Steroids 2007, 72, 802–808. [CrossRef]

8. Nes, W.D. Biosynthesis of Cholesterol and Other Sterols. Chem. Rev. 2011, 111, 6423–6451. [CrossRef]
9. Johnston, E.J.; Moses, T.; Rosser, S.J. The Wide-Ranging Phenotypes of Ergosterol Biosynthesis Mutants, and Implications for

Microbial Cell Factories. Yeast 2020, 37, 27–44. [CrossRef]
10. Steiner, R.D.; Linck, L.M.; Flavell, D.P.; Lin, D.S.; Connorb, W.E. Sterol Balance in the Smith-Lemli-Opitz Syndrome: Reduction in

Whole Body Cholesterol Synthesis and Normal Bile Acid Production. J. Lipid Res. 2000, 41, 1437–1447. [CrossRef]
11. Yu, H.; Patel, S.B. Recent Insights into the Smith–Lemli–Opitz Syndrome. Clin. Genet. 2005, 68, 383–391. [CrossRef] [PubMed]
12. Heese-Peck, A.; Pichler, H.; Zanolari, B.; Watanabe, R.; Daum, G.; Riezman, H. Multiple Functions of Sterols in Yeast Endocytosis.

Mol. Biol. Cell 2002, 13, 2664. [CrossRef] [PubMed]
13. Souza, C.M.; Schwabe, T.M.E.; Pichler, H.; Ploier, B.; Leitner, E.; Guan, X.L.; Wenk, M.R.; Riezman, I.; Riezman, H. A Stable Yeast

Strain Efficiently Producing Cholesterol Instead of Ergosterol Is Functional for Tryptophan Uptake, but Not Weak Organic Acid
Resistance. Metab. Eng. 2011, 13, 555–569. [CrossRef]

14. Xu, F.; Rychnovsky, S.D.; Belani, J.D.; Hobbs, H.H.; Cohen, J.C.; Rawson, R.B. Dual Roles for Cholesterol in Mammalian Cells.
Proc. Natl. Acad. Sci. USA 2005, 102, 14551. [CrossRef]

15. Hirz, M.; Richter, G.; Leitner, E.; Wriessnegger, T.; Pichler, H. A Novel Cholesterol-Producing Pichia pastoris Strain Is an Ideal Host
for Functional Expression of Human Na,K-ATPase A3β1 Isoform. Appl. Microbiol. Biotechnol. 2013, 97, 9465–9478. [CrossRef]
[PubMed]

16. Emmerstorfer-Augustin, A.; Wriessnegger, T.; Hirz, M.; Zellnig, G.; Pichler, H. Membrane Protein Production in Yeast: Mod-
ification of Yeast Membranes for Human Membrane Protein Production. Methods Mol. Biol. 2019, 1923, 265–285. [CrossRef]
[PubMed]

17. Bernauer, L.; Berzak, P.; Lehmayer, L.; Messenlehner, J.; Oberdorfer, G.; Zellnig, G.; Wolinski, H.; Augustin, C.; Baeck, M.;
Emmerstorfer-Augustin, A. Sterol Interactions Influence the Function of Wsc Sensors. J. Lipid Res. 2023, 64, 100466. [CrossRef]
[PubMed]

18. Kohlwein, S.D. Obese and Anorexic Yeasts: Experimental Models to Understand the Metabolic Syndrome and Lipotoxicity.
Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2010, 1801, 222–229. [CrossRef]

19. Wang, C.W. Lipid Droplet Dynamics in Budding Yeast. Cell. Mol. Life Sci. 2015, 72, 2677–2695. [CrossRef]
20. Juhl, A.D.; Wüstner, D. Pathways and Mechanisms of Cellular Cholesterol Efflux—Insight From Imaging. Front. Cell Dev. Biol.

2022, 10, 362. [CrossRef]
21. Jacquier, N.; Schneiter, R. Mechanisms of Sterol Uptake and Transport in Yeast. J. Steroid Biochem. Mol. Biol. 2012, 129, 70–78.

[CrossRef] [PubMed]
22. Choudhary, V.; Schneiter, R. Pathogen-Related Yeast (PRY) Proteins and Members of the CAP Superfamily Are Secreted Sterol-

Binding Proteins. Proc. Natl. Acad. Sci. USA 2012, 109, 16882–16887. [CrossRef] [PubMed]

https://www.ebi.ac.uk/ena/browser/view/PRJEB70602
https://doi.org/10.1016/j.tet.2007.01.076
https://doi.org/10.1007/s12154-008-0010-6
https://www.ncbi.nlm.nih.gov/pubmed/19568799
https://doi.org/10.1194/jlr.R009548
https://www.ncbi.nlm.nih.gov/pubmed/20929975
https://doi.org/10.1002/ajmg.c.31340
https://doi.org/10.1038/ncomms9613
https://www.ncbi.nlm.nih.gov/pubmed/26456460
https://doi.org/10.1007/s11745-006-3017-1
https://www.ncbi.nlm.nih.gov/pubmed/17393207
https://doi.org/10.1016/j.steroids.2007.07.002
https://doi.org/10.1021/cr200021m
https://doi.org/10.1002/yea.3452
https://doi.org/10.1016/S0022-2275(20)33456-8
https://doi.org/10.1111/j.1399-0004.2005.00515.x
https://www.ncbi.nlm.nih.gov/pubmed/16207203
https://doi.org/10.1091/mbc.e02-04-0186
https://www.ncbi.nlm.nih.gov/pubmed/12181337
https://doi.org/10.1016/j.ymben.2011.06.006
https://doi.org/10.1073/pnas.0503590102
https://doi.org/10.1007/s00253-013-5156-7
https://www.ncbi.nlm.nih.gov/pubmed/23955473
https://doi.org/10.1007/978-1-4939-9024-5_12
https://www.ncbi.nlm.nih.gov/pubmed/30737745
https://doi.org/10.1016/j.jlr.2023.100466
https://www.ncbi.nlm.nih.gov/pubmed/37918524
https://doi.org/10.1016/j.bbalip.2009.12.016
https://doi.org/10.1007/s00018-015-1903-5
https://doi.org/10.3389/fcell.2022.834408
https://doi.org/10.1016/j.jsbmb.2010.11.014
https://www.ncbi.nlm.nih.gov/pubmed/21145395
https://doi.org/10.1073/pnas.1209086109
https://www.ncbi.nlm.nih.gov/pubmed/23027975


Int. J. Mol. Sci. 2024, 25, 781 20 of 22

23. Wilcox, L.J.; Balderes, D.A.; Wharton, B.; Tinkelenberg, A.H.; Rao, G.; Sturley, S.L. Transcriptional Profiling Identifies Two
Members of the ATP-Binding Cassette Transporter Superfamily Required for Sterol Uptake in Yeast. J. Biol. Chem. 2002, 277,
32466–32472. [CrossRef] [PubMed]

24. Adelantado, N.; Tarazona, P.; Grillitsch, K.; García-Ortega, X.; Monforte, S.; Valero, F.; Feussner, I.; Daum, G.; Ferrer, P. The Effect
of Hypoxia on the Lipidome of Recombinant Pichia pastoris. Microb. Cell Fact. 2017, 16, 1–15. [CrossRef] [PubMed]

25. Grillitsch, K.; Tarazona, P.; Klug, L.; Wriessnegger, T.; Zellnig, G.; Leitner, E.; Feussner, I.; Daum, G. Isolation and Characterization
of the Plasma Membrane from the Yeast Pichia pastoris. Biochim. Biophys. Acta-Biomembr. 2014, 1838, 1889–1897. [CrossRef]
[PubMed]

26. Simbeni, R.; Tangemann, K.; Schmidt, M.; Ceolotto, C.; Paltauf, F.; Daum, G. Import of Phosphatidylserine into Isolated Yeast
Mitochondria. BBA-Biomembranes 1993, 1145, 1–7. [CrossRef]

27. Tamura, Y.; Onguka, O.; Aiken Hobbs, A.E.; Jensen, R.E.; Iijima, M.; Claypool, S.M.; Sesaki, H. Role for Two Conserved
Intermembrane Space Proteins, Ups1p and Up2p, in Intra-Mitochondrial Phospholipid Trafficking. J. Biol. Chem. 2012, 287,
15205–15218. [CrossRef]

28. Gibellini, F.; Smith, T.K. The Kennedy Pathway—De Novo Synthesis of Phosphatidylethanolamine and Phosphatidylcholine.
IUBMB Life 2010, 62, 414–428. [CrossRef]

29. Ferreira, R.; Teixeira, P.G.; Siewers, V.; Nielsen, J. Redirection of Lipid Flux toward Phospholipids in Yeast Increases Fatty Acid
Turnover and Secretion. Proc. Natl. Acad. Sci. USA 2018, 115, 1262–1267. [CrossRef]

30. Stukey, J.E.; McDonough, V.M.; Martin, C.E. Isolation and Characterization of OLE1, a Gene Affecting Fatty Acid Desaturation
from Saccharomyces cerevisiae. J. Biol. Chem. 1989, 264, 16537–16544. [CrossRef]

31. Suutari, M.; Liukkonen, K.; Laakso, S. Temperature Adaptation in Yeasts: The Role of Fatty Acids. J. Gen. Microbiol. 1990, 136,
1469–1474. [CrossRef] [PubMed]

32. Viegas, C.A.; Cabral, M.G.; Teixeira, M.C.; Neumann, G.; Heipieper, H.J.; Sá-Correia, I. Yeast Adaptation to 2,4-Dichlorophenoxyacetic
Acid Involves Increased Membrane Fatty Acid Saturation Degree and Decreased OLE1 Transcription. Biochem. Biophys. Res.
Commun. 2005, 330, 271–278. [CrossRef] [PubMed]

33. Archana, K.M.; Ravi, R.; Anu-Appaiah, K.A. Correlation between Ethanol Stress and Cellular Fatty Acid Composition of Alcohol
Producing Non-Saccharomyces in Comparison with Saccharomyces cerevisiae by Multivariate Techniques. J. Food Sci. Technol. 2015,
52, 6770. [CrossRef] [PubMed]

34. Toke, D.A.; Martin, C.E. Isolation and Characterization of a Gene Affecting Fatty Acid Elongation in Saccharomyces cerevisiae. J.
Biol. Chem. 1996, 271, 18413–18422. [CrossRef]

35. Oh, C.S.; Toke, D.A.; Mandala, S.; Martin, C.E. ELO2 and ELO3, Homologues of the Saccharomyces cerevisiae ELO1 Gene, Function
in Fatty Acid Elongation and Are Required for Sphingolipid Formation. J. Biol. Chem. 1997, 272, 17376–17384. [CrossRef]
[PubMed]

36. Klug, L.; Tarazona, P.; Gruber, C.; Grillitsch, K.; Gasser, B.; Trötzmüller, M.; Köfeler, H.; Leitner, E.; Feussner, I.; Mattanovich, D.;
et al. The Lipidome and Proteome of Microsomes from the Methylotrophic Yeast Pichia pastoris. Biochim. Biophys. Acta Mol. Cell
Biol. Lipids 2014, 1841, 215–226. [CrossRef]

37. Sorger, D.; Daum, G. Triacylglycerol Biosynthesis in Yeast. Appl. Microbiol. Biotechnol. 2003, 61, 289–299. [CrossRef]
38. Schindelin, J.; Arganda-Carrera, I.; Frise, E.; Verena, K.; Mark, L.; Tobias, P.; Stephan, P.; Curtis, R.; Stephan, S.; Benjamin, S.; et al.

Fiji—An Open Platform for Biological Image Analysis. Nat. Methods 2009, 9, 676–682. [CrossRef]
39. Brohée, S.; Janky, R.; Abdel-Sater, F.; Vanderstocken, G.; André, B.; Van Helden, J. Unraveling Networks of Co-Regulated Genes

on the Sole Basis of Genome Sequences. Nucleic Acids Res. 2011, 39, 6340. [CrossRef]
40. Chiu, J.E.; Thekkiniath, J.; Mehta, S.; Müller, C.; Bracher, F.; Mamoun, C. Ben The Yeast Pantothenate Kinase Cab1 Is a Master

Regulator of Sterol Metabolism and of Susceptibility to Ergosterol Biosynthesis Inhibitors. J. Biol. Chem. 2019, 294, 14757–14767.
[CrossRef]

41. Zhu, J.; An, T.; Zha, W.; Gao, K.; Li, T.; Zi, J. Manipulation of IME4 Expression, a Global Regulation Strategy for Metabolic
Engineering in Saccharomyces cerevisiae. Acta Pharm. Sin. B 2023, 13, 2795–2806. [CrossRef] [PubMed]

42. Krivoruchko, A.; Zhang, Y.; Siewers, V.; Chen, Y.; Nielsen, J. Microbial Acetyl-CoA Metabolism and Metabolic Engineering. Metab.
Eng. 2015, 28, 28–42. [CrossRef] [PubMed]

43. Vik, Å.; Rine, J. Upc2p and Ecm22p, Dual Regulators of Sterol Biosynthesis in Saccharomyces cerevisiae. Mol. Cell Biol. 2001, 21,
6395–6405. [CrossRef] [PubMed]

44. Silver, P.M.; Oliver, B.G.; White, T.C. Role of Candida Albicans Transcription Factor Upc2p in Drug Resistance and Sterol Metabolism.
Eukaryot. Cell 2004, 3, 1391. [CrossRef] [PubMed]

45. Vu, B.G.; Stamnes, M.A.; Li, Y.; David Rogers, P.; Scott Moye-Rowley, W. The Candida Glabrata Upc2A Transcription Factor Is a
Global Regulator of Antifungal Drug Resistance Pathways. PLoS Genet. 2021, 17, e1009582. [CrossRef] [PubMed]

46. Heiss, S.; Maurer, M.; Hahn, R.; Mattanovich, D.; Gasser, B. Identification and Deletion of the Major Secreted Protein of Pichia
pastoris. Appl. Microbiol. Biotechnol. 2013, 97, 1241–1249. [CrossRef]

47. Henderson, C.M.; Zeno, W.F.; Lerno, L.A.; Longo, M.L.; Block, D.E. Fermentation Temperature Modulates Phosphatidylethanolamine
and Phosphatidylinositol Levels in the Cell Membrane of Saccharomyces cerevisiae. Appl. Environ. Microbiol. 2013, 79, 5345–5356.
[CrossRef]

48. Neidleman, S. Effects of Temperature on Lipid Unsaturation. Biotechnol. Genet. Eng. 1987, 5, 245–268. [CrossRef]

https://doi.org/10.1074/jbc.M204707200
https://www.ncbi.nlm.nih.gov/pubmed/12077145
https://doi.org/10.1186/s12934-017-0699-4
https://www.ncbi.nlm.nih.gov/pubmed/28526017
https://doi.org/10.1016/j.bbamem.2014.03.012
https://www.ncbi.nlm.nih.gov/pubmed/24680652
https://doi.org/10.1016/0005-2736(93)90374-9
https://doi.org/10.1074/jbc.M111.338665
https://doi.org/10.1002/iub.337
https://doi.org/10.1073/pnas.1715282115
https://doi.org/10.1016/S0021-9258(19)84740-3
https://doi.org/10.1099/00221287-136-8-1469
https://www.ncbi.nlm.nih.gov/pubmed/2262787
https://doi.org/10.1016/j.bbrc.2005.02.158
https://www.ncbi.nlm.nih.gov/pubmed/15781260
https://doi.org/10.1007/s13197-015-1762-y
https://www.ncbi.nlm.nih.gov/pubmed/26396428
https://doi.org/10.1074/jbc.271.31.18413
https://doi.org/10.1074/jbc.272.28.17376
https://www.ncbi.nlm.nih.gov/pubmed/9211877
https://doi.org/10.1016/j.bbalip.2013.11.005
https://doi.org/10.1007/s00253-002-1212-4
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1093/nar/gkr264
https://doi.org/10.1074/jbc.RA119.009791
https://doi.org/10.1016/j.apsb.2023.01.002
https://www.ncbi.nlm.nih.gov/pubmed/37425036
https://doi.org/10.1016/j.ymben.2014.11.009
https://www.ncbi.nlm.nih.gov/pubmed/25485951
https://doi.org/10.1128/MCB.21.19.6395-6405.2001
https://www.ncbi.nlm.nih.gov/pubmed/11533229
https://doi.org/10.1128/EC.3.6.1391-1397.2004
https://www.ncbi.nlm.nih.gov/pubmed/15590814
https://doi.org/10.1371/journal.pgen.1009582
https://www.ncbi.nlm.nih.gov/pubmed/34591857
https://doi.org/10.1007/s00253-012-4260-4
https://doi.org/10.1128/AEM.01144-13
https://doi.org/10.1080/02648725.1987.10647839


Int. J. Mol. Sci. 2024, 25, 781 21 of 22

49. van Meer, G.; Voelker, D.R.; Feigenson, G.W. Membrane Lipids: Where They Are and How They Behave. Nat. Rev. Mol. Cell Biol.
2008, 9, 112–124. [CrossRef]

50. Alavizargar, A.; Keller, F.; Wedlich-Söldner, R.; Heuer, A. Effect of Cholesterol Versus Ergosterol on DPPC Bilayer Properties:
Insights from Atomistic Simulations. J. Phys. Chem. B 2021, 125, 7679–7690. [CrossRef]

51. Bieberich, E. Sphingolipids and Lipid Rafts: Novel Concepts and Methods of Analysis. Chem. Phys. Lipids 2019, 216, 114–131.
[CrossRef] [PubMed]

52. Wattenberg, B.W.; Silbert, D.F. Sterol Partitioning among Intracellular Membranes. Testing a Model for Cellular Sterol Distribution.
J. Biol. Chem. 1983, 258, 2284–2289. [CrossRef] [PubMed]

53. Guan, X.L.; Souza, C.M.; Pichler, H.; Dewhurst, G.; Schaad, O.; Kajiwara, K.; Wakabayashi, H.; Ivanova, T.; Castillon, G.A.;
Piccolis, M.; et al. Functional Interactions between Sphingolipids and Sterols in Biological Membranes Regulating Cell Physiology.
Mol. Biol. Cell 2009, 20, 2083. [CrossRef] [PubMed]

54. Jordá, T.; Puig, S. Regulation of Ergosterol Biosynthesis in Saccharomyces cerevisiae. Genes 2020, 11, 795. [CrossRef]
55. Yang, H.; Tong, J.; Lee, C.W.; Ha, S.; Eom, S.H.; Im, Y.J. Structural Mechanism of Ergosterol Regulation by Fungal Sterol

Transcription Factor Upc2. Nat. Commun. 2015, 6, 6129. [CrossRef]
56. Kolaczkowski, M.; Van der Rest, M.; Cybularz-Kolaczkowska, A.; Soumillion, J.P.; Konings, W.N.; Goffeau, A. Anticancer Drugs,

Ionophoric Peptides, and Steroids as Substrates of the Yeast Multidrug Transporter Pdr5p. J. Biol. Chem. 1996, 271, 31543–31548.
[CrossRef]

57. Sabeva, N.S.; Liu, J.; Graf, G.A. The ABCG5 ABCG8 Sterol Transporter and Phytosterols: Implications for Cardiometabolic
Disease. Curr. Opin. Endocrinol. Diabetes Obes. 2009, 16, 172–177. [CrossRef]

58. Hirz, M. Tuning of Pichia pastoris for the Expression of Membrane Proteins and Small Peptides. Ph.D. Thesis, Graz University
of Technology, Graz, Austria, 2017. Available online: https://diglib.tugraz.at/tuning-of-pichia-pastoris-for-the-expression-of-
membrane-proteins-and-small-peptides-2017 (accessed on 1 February 2021).

59. Bernauer, L.; Radkohl, A.; Lehmayer, L.G.K.; Emmerstorfer-Augustin, A. Komagataella Phaffii as Emerging Model Organism in
Fundamental Research. Front. Microbiol. 2021, 11, 607028. [CrossRef]

60. Gibson, D.G.; Young, L.; Chuang, R.-Y.; Venter, J.C.; Hutchison, C.A.; Smith, H.O. Enzymatic Assembly of DNA Molecules up to
Several Hundred Kilobases. Nat. Methods 2009, 6, 343–345. [CrossRef]

61. Weninger, A.; Fischer, J.E.; Raschmanová, H.; Kniely, C.; Vogl, T.; Glieder, A. Expanding the CRISPR/Cas9 Toolkit for Pichia
pastoris with Efficient Donor Integration and Alternative Resistance Markers. J. Cell. Biochem. 2018, 119, 3183–3198. [CrossRef]

62. Lehmayer, L.; Bernauer, L.; Emmerstorfer-Augustin, A. Applying the Auxin-Based Degron System for the Inducible, Reversible
and Complete Protein Degradation in Komagataella phaffii. iScience 2022, 25, 104888. [CrossRef] [PubMed]

63. Ahmad, M.; Winkler, C.M.; Kolmbauer, M.; Pichler, H.; Schwab, H.; Emmerstorfer-Augustin, A. Pichia Pastoris Protease-Deficient
and Auxotrophic Strains Generated by a Novel, User-Friendly Vector Toolbox for Gene Deletion. Yeast 2019, 36, 557–570.
[CrossRef] [PubMed]

64. Lin-Cereghino, J.; Wong, W.W.; Xiong, S.; Giang, W.; Luong, L.T.; Vu, J.; Johnson, S.D.; Lin-Cereghino, G.P. Condensed Protocol
for Competent Cell Preparation and Transformation of the Methylotrophic Yeast Pichia pastoris. Biotechniques 2005, 38, 44, 46, 48.
[CrossRef] [PubMed]

65. Weninger, A.; Hatzl, A.M.; Schmid, C.; Vogl, T.; Glieder, A. Combinatorial Optimization of CRISPR/Cas9 Expression Enables
Precision Genome Engineering in the Methylotrophic Yeast Pichia Pastoris. J. Biotechnol. 2016, 235, 139–149. [CrossRef] [PubMed]

66. Näätsaari, L.; Mistlberger, B.; Ruth, C.; Hajek, T.; Hartner, F.S.; Glieder, A. Deletion of the Pichia pastoris KU70 Homologue
Facilitates Platform Strain Generation for Gene Expression and Synthetic Biology. PLoS ONE 2012, 7, e397202012. [CrossRef]
[PubMed]

67. Invitrogen. Pichia Expression Kit User Guide. 2014. Available online: https://tools.thermofisher.com/content/sfs/manuals/
pich_man.pdf (accessed on 15 February 2021).

68. Masek, T.; Vopalensky, V.; Suchomelova, P.; Pospisek, M. Denaturing RNA Electrophoresis in TAE Agarose Gels. Anal. Biochem.
2005, 336, 46–50. [CrossRef] [PubMed]

69. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef] [PubMed]

70. Küberl, A.; Schneider, J.; Thallinger, G.G.; Anderl, I.; Wibberg, D.; Hajek, T.; Jaenicke, S.; Brinkrolf, K.; Goesmann, A.;
Szczepanowski, R.; et al. High-Quality Genome Sequence of Pichia pastoris CBS7435. J. Biotechnol. 2011, 154, 312–320. [CrossRef]

71. Valli, M.; Tatto, N.E.; Peymann, A.; Gruber, C.; Landes, N.; Ekker, H.; Thallinger, G.G.; Mattanovich, D.; Gasser, B.; Graf, A.B.
Curation of the Genome Annotation of Pichia pastoris (Komagataella phaffii) CBS7435 from Gene Level to Protein Function. FEMS
Yeast Res. 2016, 16, 51. [CrossRef]

72. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

73. Andrews, S. A Quality Control Tool for High Throughput Sequence Data 2010. Available online: https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed on 15 February 2021).

74. García-Alcalde, F.; Okonechnikov, K.; Carbonell, J.; Cruz, L.M.; Götz, S.; Tarazona, S.; Dopazo, J.; Meyer, T.F.; Conesa, A. Qualimap:
Evaluating next-Generation Sequencing Alignment Data. Bioinformatics 2012, 28, 2678–2679. [CrossRef] [PubMed]

https://doi.org/10.1038/nrm2330
https://doi.org/10.1021/acs.jpcb.1c03528
https://doi.org/10.1016/j.chemphyslip.2018.08.003
https://www.ncbi.nlm.nih.gov/pubmed/30194926
https://doi.org/10.1016/S0021-9258(18)32920-X
https://www.ncbi.nlm.nih.gov/pubmed/6822559
https://doi.org/10.1091/mbc.e08-11-1126
https://www.ncbi.nlm.nih.gov/pubmed/19225153
https://doi.org/10.3390/genes11070795
https://doi.org/10.1038/ncomms7129
https://doi.org/10.1074/jbc.271.49.31543
https://doi.org/10.1097/MED.0b013e3283292312
https://diglib.tugraz.at/tuning-of-pichia-pastoris-for-the-expression-of-membrane-proteins-and-small-peptides-2017
https://diglib.tugraz.at/tuning-of-pichia-pastoris-for-the-expression-of-membrane-proteins-and-small-peptides-2017
https://doi.org/10.3389/fmicb.2020.607028
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1002/jcb.26474
https://doi.org/10.1016/j.isci.2022.104888
https://www.ncbi.nlm.nih.gov/pubmed/36043049
https://doi.org/10.1002/yea.3426
https://www.ncbi.nlm.nih.gov/pubmed/31148217
https://doi.org/10.2144/05381BM04
https://www.ncbi.nlm.nih.gov/pubmed/15679083
https://doi.org/10.1016/j.jbiotec.2016.03.027
https://www.ncbi.nlm.nih.gov/pubmed/27015975
https://doi.org/10.1371/journal.pone.0039720
https://www.ncbi.nlm.nih.gov/pubmed/22768112
https://tools.thermofisher.com/content/sfs/manuals/pich_man.pdf
https://tools.thermofisher.com/content/sfs/manuals/pich_man.pdf
https://doi.org/10.1016/j.ab.2004.09.010
https://www.ncbi.nlm.nih.gov/pubmed/15582557
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1016/j.jbiotec.2011.04.014
https://doi.org/10.1093/femsyr/fow051
https://doi.org/10.1093/bioinformatics/bts635
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/bts503
https://www.ncbi.nlm.nih.gov/pubmed/22914218


Int. J. Mol. Sci. 2024, 25, 781 22 of 22

75. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2018; Available online: https://www.R-project.org (accessed on 30 August 2023).

76. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2009, 26, 139–140. [CrossRef] [PubMed]

77. Zhou, X.; Lindsay, H.; Robinson, M.D. Robustly Detecting Differential Expression in RNA Sequencing Data Using Observation
Weights. Nucleic Acids Res. 2014, 42, e91. [CrossRef] [PubMed]

78. Blighe, K.; Lun, A. PCAtools: PCAtools: Everything Principal Components Analysis. Available online: https://bioconductor.org/
packages/release/bioc/html/PCAtools.html (accessed on 13 November 2023).

79. Guan, X.L.; Riezman, I.; Wenk, M.R.; Riezman, H. Yeast Lipid Analysis and Quantification by Mass Spectrometry. Methods
Enzymol. 2010, 470, 369–391. [CrossRef]

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://www.R-project.org
https://doi.org/10.1093/bioinformatics/btp616
https://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1093/nar/gku310
https://www.ncbi.nlm.nih.gov/pubmed/24753412
https://bioconductor.org/packages/release/bioc/html/PCAtools.html
https://bioconductor.org/packages/release/bioc/html/PCAtools.html
https://doi.org/10.1016/S0076-6879(10)70015-X

	Background 
	Results 
	Exchange of Ergosterol for Cholesterol Impacts the Regulation of Diverse Lipid Biosynthesis Pathway Genes 
	Integrated Transcriptomic–Lipidomic Effect of Cholesterol Production in K. phaffii 
	Fatty Acid Side Chain Saturation Is Changed in the Cholesterol Strain 
	Sphingolipid Levels Are Affected by Production of Human Sterols 
	Sterols and TAGs Are Produced in Excessive Amounts 
	Cholesterol and TAGs Accumulate in the Cells 
	Sterol Biosynthesis Is Transcriptionally Upregulated 
	Cholesterol Precursors Are Efficiently Exported by Pdr Transporters 

	Discussion 
	Materials and Methods 
	Cloning and Strain Construction 
	Cultivation of Cells 
	Transcriptome Analysis 
	SDS-PAGE and Immunoblot Analysis 
	Plasma Membrane Isolation 
	Lipid Analysis 
	Sterol Analysis via GC-MS 
	Thin Layer Chromatography 
	HPLC-MS Analysis 
	Fluorescence Microscopy 

	Acetyl-CoA and Malonyl-CoA Quantification 

	References

