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Abstract

Ure2 regulates nitrogen catabolite repression in Saccharomyces cerevisiae. Deletion of URE?2 induces a physiological state mim-
icking the nitrogen starvation and autophagic responses. Previous work has shown that deletion of URE? increases the fermentation
rate of some wine-producing strains of S. cerevisiae. In this work, we investigated the effect of URE2 deletion (AURE?2) on the
metabolism of S. cerevisiae. During growth on glucose, the AURE2 mutant grew at a 40% slower rate than the wild type; however, it
produced ethanol at a 31% higher rate. To better under the behavior of this mutant, we performed transcriptomics and metabolomics.
Analysis of the RNA sequencing results and metabolite levels indicates that the mutant strain exhibited characteristics of both
nitrogen starvation and autophagy, including the upregulation of allantoin, urea, and amino acid uptake and utilization pathways
and selective autophagic machinery. In addition, pyruvate decarboxylase and alcohol dehydrogenase isoforms were expressed at
higher rates than the wild type. The mutant also accumulated less trehalose and glycogen, and produced more lipids. The induction of
a nitrogen starvation-like state and increase in lipid production in nitrogen-rich conditions suggest that URE2 may be a promising
target for metabolic engineering in S. cerevisiae and other yeasts for the production of lipids and lipid-derived compounds.

Key points
* Deletion of URE? increases ethanol and lipid production in Saccharomyces cerevisiae.
* Deletion of URE? reduces glycogen and trehalose production.

* Metabolic changes mimic nitrogen starvation and autophagic response.
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In addition to activation of NCR-sensitive genes, nitrogen
limitation also induces the autophagic response, which enables
sequestration and degradation of organelles and cytoplasmic
components in the lysosome/vacuole and the recycling of their
constituent biomolecules (Scott et al. 1996; Tsukada and
Ohsumi 1993). Autophagy is induced upon depletion of many
types of nutrients and is required to maintain sufficient intracel-
lular amino acid and protein synthesis rates for cell survival
during periods of nutrient starvation (Onodera and Ohsumi
2005), with the specific targets of autophagic degradation with-
in the cell dependent on availability of carbon sources and
environmental conditions. A similar phenotypic response to
nitrogen starvation is observed upon treatment of S. cerevisiae
cells with rapamycin, which inhibits target of rapamycin
(TOR), a regulatory protein whose activity includes stabilizing
the GIn3-Ure2 complex in the cytoplasm (Beck and Hall 1999).
Both rapamycin treatment and deletion of the URE2 gene lead
to visible accumulation of autophagosomes within the cell
(Chan et al. 2001; Noda and Ohsumi 1998).

In this study, we investigated the effect of deleting URE?2
on the growth and metabolism of S. cerevisiae. Previous work
has shown that deleting URE?2 improves the biomass yield and
fermentation rate in wine-producing S. cerevisiae strains cul-
tured on media containing non-preferred amino acids such as
proline and arginine as their primary nitrogen source (Salmon
and Barre 1998). We found that deleting URE? inhibited the
growth of S. cerevisiae but increased the rate of ethanol pro-
duction relative to the wild type. To better understand the
behavior of this mutant, we performed transcriptomics and
metabolomics. Analysis of the RNA sequencing results and
metabolite levels indicates that the mutant strain exhibited
characteristics of both nitrogen starvation and autophagy. In
addition, this mutant accumulated less storage carbohydrates
and produced more lipids. These results suggest that URE2
may be a promising target for metabolic engineering in
S. cerevisiae and potentially other strains of yeast as well.

Materials and methods

Strains, media, and growth conditions All yeast strains used
in this study were derived from S. cerevisiae BY4742
(Brachmann et al. 1998). The AURE2 mutant (MAT«
his3AI leu2 A0 lys2 A0 ura3 A0 ure2::G418) was obtained
from the yeast deletion collection (Giaever and Nislow 2014).
Cells were grown in yeast synthetic complete (YSC) medium
containing 6.7 g/L. of yeast nitrogen base (YNB), complete
supplement mixture (CSM) (MP Biomedicals, Santa Ana,
CA) with 20 g/L glucose. Single colonies were inoculated in
2 mL YSC media overnight to generate seed cultures, and
growth experiments were performed in 20 mL culture media
in 125 mL baffled flasks with 250 rpm shaking at 30°C from a
starting OD of 0.1.
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Analytical methods To quantify lipid weights, cultures were
harvested then the cell pellets were immediately frozen at —80
°C and freeze-dried in Labconco FreeZone 6 freeze dryer
(Kansas City, MO). 1 mL of chloroform/methanol (2:1 volu-
metric) was added to the dried sample (Folch et al. 1957). The
mixture was then homogenized three times at 5 m/s for 30
seconds each, using a FastPrep-24 homogenizer (MP
Biomedicals, Irvine, CA). The samples were then mixed with
0.2 mL water and vortexed for 15 sec. The organic layer was
collected using a Hamilton syringe with a long needle. The
organic layer was washed with 0.1 mL of 0.1% (w/v) NaCl
water solution, extracted again, and dried in a hood at room
temperature overnight in a pre-weighed tube. The tube was
further dried in an 80 °C oven for 1 h and then weighed to
determine lipid content. Glycogen levels were quantified
using the amyloglucosidase assay (Morin et al. 2017). Cells
were lysed and intracellular glycogen was hydrolysed into
glucose using amyloglucosidase. Glucose, glycerol, and etha-
nol concentrations were measured using high-performance
liquid chromatography as described previously (Liu et al.
2019). Cell growth was measured by optical density at
600 nm (OD600). Dried cell weight (DCW) was obtained
from an experimentally determined conversion factor of
0.476 g DCW/OD600 for BY4742 and 0.558 g DCW/
0OD600 for the AURE2 mutant. Glucose consumption, etha-
nol production and glycerol production at a given time were
calculated relative to the initial value, normalized to dry cell
weight.

Transcriptomics To analyze the gene expression profiles at
exponential and stationary phase, RNA samples were extract-
ed from both BY4742 and AURE2 mutant cultures at 15
hours (exponential growth) and 25 hours (stationary phase).
Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Venlo, Netherlands) and then treated with DNA-free DNase
using the TURBO DNA-free kit (Thermo Fisher Scientific,
Waltham, MA) to remove genomic DNA. The RNAseq librar-
ies were prepared with Illumina’s TruSeq Stranded mRNAseq
Sample Prep kit (San Diego, CA). The libraries were quanti-
tated by gPCR and sequenced on one lane for 51 cycles from
each end of the fragments on a HiSeq 4000 (Illumina). Fastq
files were generated and demultiplexed with the bcl2fastq
v2.20 conversion software (Illumina). Fasta files were
uploaded to NCBI (NCBI Accession number:
SRR12424946 to SRR12424957).

Adapters and low-quality reads were trimmed using
Trimmomatic (Bolger et al. 2014). Trimmed reads were
mapped onto S. cerevisiae S288C reference genome (RefSeq
assembly accession: GCF_000146045.2) using STAR version
2.6.1b (Dobin et al. 2013). Read counts for each gene were
calculated using featureCounts from the Subread package,
version 1.5.2 (Liao et al. 2014). Differential expression anal-
ysis was performed in R using edgeR and limma (Ritchie et al.
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2015; Robinson et al. 2010). Glimma and gplots were used for
graphical representation of expression data (Su et al. 2017).
Functional annotations were obtained from the
Saccharomyces Genome Database (SGD) (Cherry et al.
2012).

Metabolomics Fifty-three intracellular metabolites were pro-
filed using gas chromatography/mass spectrometry (GC/MS)
for the BY4742 strain and AURE2 mutant as described pre-
viously (Yun et al. 2018). Briefly, cells were grown in YSC
medium with 20 g/L glucose, collected during exponential
phase growth, and then vacuum-filtered using a Vac-Man lab-
oratory vacuum manifold (Promega, Madison, WI) assembled
with a nylon membrane filter (pore size, 0.45 um; diameter,
13 mm; Whatman, Piscataway, NJ) and a filter holder
(Millipore, Billerica, MA). The filtered cells were then
washed with 2.5 mL of pre-chilled distilled water. The entire
process of fast filtration was completed within 1 min. The
filter membrane containing the washed cells was quickly
mixed with 1 mL pre-chilled acetonitrile-water mixture (1:1,
v/v) and 100 nL of glass beads. The mixture was vortexed for
3 min to disrupt cell membranes, allowing extraction of intra-
cellular metabolites. The extraction mixture was then centri-
fuged at 16,100xg for 3 min at 4 °C, and 0.8 mL of the
supernatant containing the intracellular metabolites was dried
in a speed vacuum concentrator for 6 h.

Prior to GC/MS analysis, the samples were derivatized by
methoxyamination and trimethylsilylation. For
methoxyamination, 10 pL of 40 mg/mL methoxyamine chlo-
ride in pyridine (Sigma-Aldrich, St. Louis, MO) was added to
the samples and incubated for 90 min at 30 °C and 200 rpm.
The samples were then trimethylsilylated by adding 45 uL of
N-methyl-N-trimethylsilyltrifluoroacetamide (Sigma-Aldrich)
and then incubating for 30 min at 37 °C and 200 rpm.

For GC/MS, the derivatized metabolite samples were ap-
plied to an Agilent 7890A GC/5975C MSD system (Agilent
Technologies, Santa Clara, CA) equipped with an RTX-5Sil
MS capillary column (30 m % 0.25 mm, 0.25 um film thick-
ness; Restek, Bellefonte, PA) and an additional 10-m-long
integrated guard column. One microliter of the derivatized
sample was injected into the GC inlet in splitless mode. The
oven temperature was initially set to 150 °C for 1 min, after
which the temperature was increased to 330 °C at 20 °C/min,
where it was held for 5 min. The mass spectra were recorded
in a scan range of 85-500 m/z at electron impact of 70 eV, and
the temperatures of the ion source and transfer line were 230
and 280 °C, respectively.

The raw data obtained from the GC-MS analysis were
processed using an automated mass spectral deconvolution
and identification system software for peak detection and
deconvolution of mass spectra. The processed data were
uploaded to SpectConnect (http://spectconnect.mit.edu) for
peak alignment and generation of the data matrix with Golm

Metabolome Database mass spectral reference library (Kopka
et al. 2005). The normalized abundance values for each me-
tabolite were obtained by dividing peak intensity with dry cell
weight. For statistical analysis, Statistica (version 7.1;
StatSoft, Palo Alto, CA) and MultiExperiment Viewer soft-
ware (Howe et al. 2010) were used.

Results

Comparison of growth on glucose We first compared the
growth of S. cerevisiae BY4742, our wild-type strain, and a
AURE2 mutant on YSC medium containing 20 g/L glucose.
The AURE2 mutant grew slower than the wild-type control
and also reached a lower final optical density (Fig. la).
Despite the 40% lower growth rate and reduced cell densities,
the AURE2 mutant cultures consumed glucose (Fig. 1b) and
produced ethanol at the same rates as the wild-type strain (Fig.
Ic). This suggests that the rates of glucose consumption and
ethanol production per cell were greater in the AURE2 mutant
than the wild-type strain. This can be directly seen when we
calculated the specific glucose consumption rates, which were
25% higher in the AURE2 mutant (Fig. 1d) and specific eth-
anol productivities, which were 31% higher (Fig. le). In ad-
dition, the AURE2 mutant produced more glycerol (Fig. 1f).

Transcriptional analysis of AURE2 mutant To better under-
stand the growth differences between BY4742 and the
AURE?2 mutant, we performed RNAseq. RNA samples were
collected at 15 h and 25 h and then sequenced on an Illumina
HiSeq 4000. Trimmed reads were mapped onto the
S. cerevisiae S288C reference genome (Fig. S1) and differen-
tial expression analysis was performed for 5275 genes using R
(Table S1). A principal component analysis and overall heat
map revealed clear transcriptional differences between the two
strains, with both time-dependent and genotype-dependent
changes in expression (Fig. 2 and S2). The overall difference
in gene expression between BY4742 and the AURE?2 mutant
was greater than the difference between the two time points.
Subsequent analyses focused on changes in regulatory path-
ways relevant to nitrogen catabolite repression, autophagy,
and the starvation response.

The most upregulated genes in the AURE2 mutant relative
to the BY4742 wild-type control were those involved in the
uptake and utilization of non-preferred nitrogen sources such
as allantoin (DAL, DAL2, DAL3, and DAL?7), proline (PUT],
PUT2, and PUT4), arginine (CANI, CARI, CAR2, and
PRO3), and urea (DURI and DUR?2) (see Fig. 3a, b). Large
increases in the expression of genes encoding transcription
factors associated with nitrogen catabolite repression
(DALS80, DALS81, DALS2, and GATI) and the general amino
acid transporter (GAP1) were also observed. Nucleotide sal-
vage pathways were upregulated in the AURE2 mutant
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Fig. 1 Growth profiles (a), residual glucose (b), ethanol (c¢), glucose
consumption (d), ethanol production (e), and glycerol production (f) of
BY4742 and AURE? strains of S. cerevisiae grown on YSC media

relative to the BY4742 control, while de novo nucleotide bio-
synthesis pathways were downregulated (see Fig. 3c, d). This
pattern is consistent with a shift towards recycling of intracel-
lular nitrogenous compounds. Glutamate dehydrogenase
(GDH2, GDH3), which replenishes intracellular glutamate
under nitrogen starvation conditions through an autophagy-
linked pathway, was also substantially upregulated.
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Fig.2 Principal component analysis plot generated from gene expression
profiles of BY4742 and AURE? strains grown on Y SC media containing
20 g/L glucose at 15 and 25 h time points. RNAseq data was collected in
triplicate for each condition. The color key represents the z-score for each
gene across all samples
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containing 20 g/L glucose. These data represent the average of two inde-
pendent experiments and errors bars indicate standard deviation

Organelle tags for selective autophagy of the mitochondria,
ER, and nucleus (ATG32 and ATG39) were more highly
expressed in the AURE2 mutant (Fig. 4a). Each function to
recruit the Atg8 and Atgl1 proteins to form a complex that
initiates targeted autophagy of individual organelles (Kanki
et al. 2009; Mochida et al. 2015). Other upregulated genes
in the AURE2 mutant critical to the autophagic response in-
clude the vacuolar proteinase Prbl, which facilitates
autophagosome degradation (Parzych et al. 2018), the vacuo-
lar efflux pump Avt4, which releases amino acids generated
by autophagosome degradation (Kametaka et al. 2007), and
phosphatidylserine decarboxylase (Psdl), the overexpression
of which increases autophagic flux in multiple organisms by
allowing them to overcome a bottleneck in phosphatidyletha-
nolamine availability (Rockenfeller et al. 2015). At the same
time, genes associated with non-selective autophagy and the
core autophagic machinery (ATGI-2, ATGS-9, ATG11, and
ATG17) did not show substantial changes in expression. In
addition, ribosomal RNA levels were substantially decreased
relative to BY4742, consistent with the bulk RNA degradation
observed during nitrogen-starvation induced autophagy
(Huang et al. 2015).

Genes for Hsp70 family proteins and others involved in the
heat shock response were substantially downregulated in the
AURE?2 mutant (Fig. 4b). Overexpression of these genes has
been shown to inhibit the autophagic response, because it and
the heat shock response function as competing homeostatic
systems. The former degrades and recycles intracellular pro-
teins in the lysosome, while the latter chaperones and facili-
tating the refolding of damaged proteins (Dokladny et al.
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2013). The inhibition of the heat shock response is thus con-
sistent with initiation of autophagy within the cell.

Several genes associated with sporulation (YSW1, SPO19,
SPO14, and SPO24) and the mating pathway were upregulat-
ed in the AURE?2 mutant, while others showed little change or
were somewhat downregulated (SPO!, SPO13, and SPO22)
(Fig. 4c). Under stressful conditions, yeast cells will initiate
meiosis and the mating pathway in order to increase genetic
diversity and produce resilient spores to endure the harsh en-
vironment (Noda and Ohsumi 1998). Strong downregulation
of the methionine assimilation pathway was also observed in
the AURE?2 mutant.

No significant changes were observed in the expression of
the genes involved in central carbon metabolism. Among the
different genes, the most significant changes were that expres-
sion of pyruvate carboxylase (encoded by PYCI) was in-
creased in the AURE2 mutant and that the minor succinate
dehydrogenase isozyme (encoded by SDHIb/SDHY) was de-
creased in the AURE?2 mutant (Fig. 4d). In addition, the ex-
pression of multiple genes in the pentose phosphate pathway
was decreased in the AURE2 mutant relative to the BY4742
wild-type control. However, expression of the minor isoform
of pyruvate decarboxylase (encoded by PDCS5) was upregu-
lated during exponential growth (15 h) and the expression of
all three pyruvate decarboxylase isoforms (encoded by PDC1,

PDC35, and PDC6) were upregulated during stationary phase
(25 h) growth. In addition, expression of the alcohol dehydro-
genase isozyme V (encoded by ADHY5) was also upregulated
in AURE?2 mutant as compared to the BY4742 wild-type con-
trol. The increased expression of these genes (PDC and ADH)
may potentially explain the increased ethanol productivities
observed in the AURE2 mutant.

Changes in intracellular metabolites in the AURE2 mutant We
next examined changes in 53 intracellular metabolites in the
AURE?2 mutant as compared to the BY4742 wild-type control
using GC/MS (Fig. S3 and S4, Table S2). Large increases in
six intracellular metabolites (2-isopropyl-malic acid, gluta-
mine, citric acid, 2-hexadecenoic acid, fumaric acid, and
AMP) levels were observed in the AURE2 mutant (see Fig.
5). Glutamine is a key metabolite in TOR signaling and serves
as a biosynthetic intermediate and a source of nitrogen and
energy for the cell in stressful conditions (Crespo et al. 2002).
The other metabolites are intermediates in central carbon me-
tabolism pathways and their increased concentrations likely
result from reduced cell growth. In particular, increased
AMP concentrations are consistent with state where the cell
activates catabolic pathways and inhibits anabolic pathways
(Chapman and Atkinson 1977). In addition, a slight decrease
in trehalose levels was observed in the AURE2 mutant.
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Fig. 5 Intensity levels of seven key intracellular metabolites profiled using GC/MS at 15 h time point. These data represent the average of six
independent measurements and bars indicate standard deviation; *p<0.05, *#*p<0.01, ***p<0.001, ****p<0.0001
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Consistent with these decreases, we observed a slight reduc-
tion in expression of the genes (TPS1, TPS2, TPS3, and TLST)
involved in trehalose synthesis in the AURE2 mutant (Fig.
4d). Trehalose levels are known to increase in response to
nutrient-limiting conditions and the trehalose synthase genes
may play a regulatory role in autophagy (Kim et al. 2020;
Lillie and Pringle 1980).

Changes in lipid and glycogen in the AURE2 mutant As ni-
trogen starvation is known to induce lipid production in some
species of yeast (Beopoulos et al. 2009; Ratledge and Wynn
2002), we tested whether total lipid concentrations were in-
creased in the AURE2 mutant relative to the BY4742 wild-
type control. A slight, but statistically significant, increase in
the intracellular lipid content was observed during stationary
phase in the AURE?2 mutant (Fig 6a). Glycogen levels are also
known to increase in response to nutrient limitation (Lillie and
Pringle 1980) and so glycogen concentrations were measured
using the amyloglucosidase assay. The AURE2 mutant had
lower glycogen levels than the BY4742 control during station-
ary phase (Fig. 6b), which is consistent with previous reports
(Wilson et al. 2002). Taken together, with the decrease in
trehalose content observed using GC/MS, there is a moderate
shift of energy storage molecules away from carbohydrates
and towards lipids in the AURE2 mutant. Interestingly, no
significant changes in the expression of the enzymes involved
in glycogen metabolism were observed. This suggests that the
decreased accumulation of glycogen is regulated post-tran-
scriptionally. However, expression of acetyl-CoA carboxylase
(encoded by ACC1I) and the fatty-acid synthase (encoded by
FAS1, FAS2) was increased in the AURE2 mutant (Fig. 4d),
which is consistent with the observed increases, albeit minor,
in the intracellular lipid content.

Fig. 6 Lipid (a) content of A
BY4742 and AURE? cells
measured at the 24 h time point

(averaged over three independent 5 - *

experiments) and glycogen (b)
content of BY4742 and AURE?2
cells measured at the 26 h time
point (averaged over two
independent experiments). Bars
indicate standard deviation;
*p<0.05, two-tailed t-test

Lipid (mg/g cell)

Discussion

We investigated the effects of deleting URE?2, a regulator of
nitrogen catabolite repression, on the growth and metabolism
of S. cerevisiae. Deletion of URE?2 induces a state that mimics
nitrogen starvation and promotes autophagy. A number of
studies have previously shown that nitrogen starvation in-
creases lipid accumulation in oleaginous species of yeast such
as Yarrowia lipolytica or Rhodosporidium toruloides (Wang
et al. 2020; Wen et al. 2020) . While S. cerevisiae is not an
oleaginous yeast, nitrogen starvation is known to increase the
production of trehalose and glycogen production in it
(Jorgensen et al. 2002). Therefore, we tested whether deleting
URE?2 would induce a similar response as nitrogen starvation
given its role in regulating nitrogen catabolite repression.

We found that the AURE?2 accumulated less trehalose and
glycogen relative to the wild-type control. These results are
consistent with previous reports showing that deletion of
URE? decreases glycogen levels in S. cerevisiae (Wilson
et al. 2002). Interestingly, AURE2 mutant produced more
lipids relative to the wild-type strain during stationary phase.
These results suggest that carbon flux is diverted away from
the storage carbohydrates, trehalose and glycogen, and per-
haps towards lipid production. Elimination of glycogen accu-
mulation pathways in other yeast species has been shown to
increase lipid production (Bhutada et al. 2017).

Arguably the most significant observation was that the
AURE?2 mutant consumes glucose and produces ethanol at
greater rates than the wild-type strain on a per cell mass basis.
Overall, the AURE?2 mutant grew slower than the wild type,
which is consistent with a starvation-mimicking state.
However, the cultures consumed glucose and produced etha-
nol at the same rate as the wild-type ones, suggesting that

Glycogen (mg/g cell)

BY4742 AURE2

BY4742 AURE2
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individual cells have increased glycolytic flux. In addition, the
AURE? cultures produced more glycerol than the wild-type
control, suggesting the mutant cells divert carbon flux away
from biomass production and towards fermentation products.

To better understand these changes in metabolism associ-
ated with the AURE2 mutant, we measured changes in tran-
scription and metabolite concentrations using RNAseq and
GC/MS, respectively. Overall, the changes in gene expression
are consistent with a state mimicking nitrogen starvation.
Decreases in rRNA levels in the AURE2 mutant are consistent
with autophagy-induced degradation observed under nitrogen
limitation or rapamycin treatment. In addition, organelle tar-
gets for selective autophagy of the nucleus, ER, and mito-
chondria were more highly expressed in the AURE2 mutant.
Inhibition of the heat shock response is a prerequisite for the
activation of autophagy and was also observed in the RNAseq
data.

The relatively constant expression levels of non-selective
autophagic machinery between the conditions would seem to
indicate more specificity in the response to URE?2 deletion
than that seen under nitrogen limiting conditions, and is sim-
ilar to the incomplete upregulation of the sporulation pathway
in the mutant strain. The extent of the autophagic response in
AURE?2 mutants has been disputed (Kamada et al. 2004), and
while no attempt to visualize autophagosomes was made in
this study, the transcriptomic results corroborate a partial, se-
lective activation of autophagic machinery in the mutant
strain. As our understanding of the mechanisms and control
of targeted autophagy are not as well developed as that of non-
selective macroautophagy, further studies on the effects of
disrupting URE?2 and other transcriptional regulators are need-
ed to develop a complete model of the autophagic response.

Interestingly, we did not observe significance changes in
the expression of genes involved in central carbon metabolism
aside from a reduction in the expression of some genes in-
volved in the pentose phosphate pathway. However, the
AURE?2 mutant exhibited increased expression of the pyru-
vate decarboxylase and alcohol dehydrogenase genes, which
is consistent with increased ethanol production. In addition,
we observed reduced expression of the genes involved in tre-
halose synthesis and increased expression of those involved in
fatty-acid synthesis. Overall, these changes are consistent with
the observed changes in metabolite levels.

In conclusion, we investigated URE?2 as a potential target
for metabolic engineering in S. cerevisiae. Deleting this gene
increases both ethanol and fatty-acid production albeit at the
cost of reduced growth. Future work is focused on investigat-
ing the role of URE? on lipid metabolism in oleaginous yeast.
Typically, lipid production is induced by starving the cells of
nitrogen. However, this may not always be possible when
using sugars derived from plant biomass, which may contain
significant but variable concentrations of nitrogen containing
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compounds. Our results with S. cerevisiae suggest that URE?2
may be a promising target for further investigation.
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