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Abstract

In Saccharomyces cerevisiae, trehalose-6-phosphate synthase (Tpsl) catalyzes the formation of trehalose-6-phophate in
trehalose synthesis. Deletion of the TPSI gene is associated with phenotypes including inability to grow on fermentable
carbon sources, survive at elevated temperatures, or sporulate. To further understand these pleiotropic phenotypes, we
conducted a genetic suppressor screen and identified a novel suppressor, grr1A, able to restore tps1A growth on rapidly
fermentable sugars. However, disruption of GRR1 did not rescue tps1A thermosensitivity. These results support the model that
trehalose metabolism has important roles in regulating glucose sensing and signaling in addition to regulating stress resistance.
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Figure 1. Deletion of GRR1 suppresses tps1A inability to grow on glucose or fructose:
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(A) Suppressor morphology - Cells from indicated strains were collected from colonies on YNB+fructose plates, then
photographed using standard brightfield microscopy with a 100X oil immersion objective; (B) Carbon source utilization -
Indicated strains were grown overnight in YNB+galactose liquid medium before 10-fold serial dilutions were prepared and
spotted onto the indicated media. The initial dilution had an ODgq of 1.0. Listed carbon sources were present at 2% (w/v).
Plates were incubated at 30°C for 3 days and at 37°C for 4 days. Duplicate strains were derived from independent cultures and
represent biological duplicates; (C) Thermotolerance - Indicated strains were grown overnight in YNB+galactose at 30°C
and were then diluted into YNB+galactose to an ODggy = 0.5 before growing for another 24 hours to stationary phase. An
aliquot of culture was then heat shocked in a 47°C thermomixer for 2 hours. Dilutions of both pre- and post-heat shocked cells
were plated on rich media containing galactose (YPGal) and incubated at 30°C for 2 days to measure viability by counting
colony forming units; (D) Sporulation efficiency - Indicated strains were grown to log phase in YPGal, sporulated in 1%
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potassium acetate, and incubated at room temperature on a roller wheel for 6 days before measuring percent sporulation by
counting at least 300 cells. Sporulation efficiency was calculated as the proportion of observed tetrads compared to the total
number of observed cells. For panels (A), (B), and (C) all strains are haploid. For panel (D), all strains are diploid and deletion
strains are homozygous for each listed deletion. Asterisks represent statistical difference (p<0.05) between the mutants and the
wild type. At least three independent biological replicates were performed for each phenotype test.

Description

Trehalose is a non-reducing disaccharide of two glucose units present in many living organisms (Elbein et al., 2003). In the
yeast Saccharomyces cerevisiae, trehalose-6-phosphate synthase (Tpsl) catalyzes the first step of trehalose synthesis,
producing trehalose-6-phosphate (T6P), which is then dephosphorylated by trehalose-6-phosphate phosphatase to produce
trehalose (Chen & Gibney, 2022). Loss-of-function TPS1 mutants in S. cerevisiae have been studied extensively in a variety of
laboratory and wild strains and a panel of phenotypes have been reported (Chen et al., 2022; Gancedo & Flores, 2004). In
addition to a lack of metabolic ability to synthesize T6P or trehalose, tps1 mutants exhibit other unrelated physiological
defects, such as inability to utilize fermentable carbon sources, sporulation deficiency, high sensitivity to elevated temperature
and alterations in glycogen levels (Gibney et al., 2015; Hohmann et al., 1993; Hottiger et al., 1987; van Aelst et al., 1993).

Tpsl plays a key role in carbon and energy homeostasis in yeast, as shown by the well-documented loss of ATP and
hyperaccumulation of sugar phosphates in response to glucose addition in tps1A (Vicente et al., 2018). However, a mechanistic
understanding regarding the inability of tps1 mutant to cope with fermentable sugars is still a matter of debate. In this work,
we conducted a genetic suppressor screen to identify genes important for tps1A to grow on fructose, one of the commonly
consumed fermentable carbon sources in S. cerevisiae. Among the 13 independent suppressors isolated, we found 2 exhibited
normal cellular morphology whereas 11 were abnormal (Figure 1A). Whole genome sequencing revealed that those with
normal morphology had mutations in HXK2, which encodes the major fermentative hexokinase enzyme, including a 1 bp
deletion resulting in a frameshift at proline-6 and a 3 bp deletion that removes the highly conserved valine-188 amino acid.
Loss-of-function HXK2 mutations act as genetic suppressors of tpsiA growth on fermentable carbon sources in multiple
previous studies (Deroover et al., 2016; Hohmann et al., 1993, 1999). Besides hxk2, we found that the 11 isolates conferring to
abnormal cellular morphology all had mutations in GRR1, a novel suppressor of tps1A not previously reported. Observed
mutations in GRR1 appeared to be loss-of-function mutations (5/11 mutations were nonsense mutations, introducing stop
codons at E157, E174, S241, S734, and S772; 5/11 mutations were frameshifts resulting from 1 bp deletions at 1166, F605,
N585, F605, and V942; 1 of the 11 mutations was a deletion spanning amino acids 419-461).

Girl is a member of the SCF-ubiquitin ligase complex, a central component of the glucose sensing/signaling network
responsible for glucose-induced gene expression in S. cerevisiae (Bailey & Woodword, 1984; Erickson & Johnston, 1994; F.
N. Li & Johnston, 1997; Vallier et al., 1994). Loss-of-function mutations in GRR1 were found to relieve repression of many
glucose-repressed genes and prevent glucose induction of several HXT genes encoding glucose transporters (Bailey &
Woodword, 1984; Flick & Johnston, 1991; Ozcan & Johnston, 1995). Genetic analysis suggested that GRRI acts at an early
stage of glucose signal transduction to inhibit the function of Rgtl, a transcriptional repressor of hexose transport genes,
thereby causing de-repression of HXT gene expression (Erickson & Johnston, 1994; Flick & Johnston, 1991; Vallier et al.,
1994). In addition to defective glucose signaling, grrl mutants also exhibit a severe change in cell morphology, characterized
by elongated sausage-shaped cells and buds, due to failed degradation of the G1 cyclins CInl and Cln2, which explains the
morphology observed among grrl suppressors (Figure 1A) (Bailey & Woodword, 1984; Conklin et al., 1993; Flick &
Johnston, 1991; Vallier & Carlson, 1991).

HXK2, on the other hand, has been identified as a bi-functional enzyme, being both a catalyst for phosphorylation of glucose,
fructose, and mannose in the cytosol and an important regular of glucose repression by binding with Mig1 as a heterodimeric
transcriptional repressor in the nucleus (Vega et al., 2016). One possible explanation for tpsl inability to grow on rapidly
fermentable carbon sources is loss of control exerted over hexokinases by T6P (Blazquez et al., 1993; Hohmann et al., 1996).
An excessive flux of glucose through upper glycolysis cannot be accommodated by lower glycolysis, causing an accumulation
of metabolites and a depletion of ATP (Gonzalez et al., 1992; Navon et al., 1979). However, there are several indications that
the absence of T6P inhibition of hexokinase alone is not sufficient to explain the glucose-induced defects in the tps1 mutant
(Blazquez & Gancedo, 1994; Bonini et al., 2000, 2003; Hohmann et al., 1996; Walther et al., 2013). To confirm whether loss-
of-function mutations in GRR1 can suppress the carbon source defects of tpsiA, we independently generated a complete
deletion of the GRR1 gene. For comparison, we included a deletion of HXK?2 as a previously observed suppressor. As shown in
Figure 1B, all tested mutants grew well on media containing respiratory carbon sources galactose (preferred respiration) when
incubated at 30°C. However, tps1A growth on glucose and fructose was severely compromised. The small sub-population of
tps1A able to grow on glucose has been described in previous studies (Gibney et al., 2020; van Heerden et al., 2014). As
expected, deletion of HXK2 restored tps1A growth defect on fructose and glucose (Figure 1B) (Blazquez et al., 1993). We also
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confirmed that grr1A rescued tps1A growth on both glucose and fructose (Figure 1B), though not fully to wild type levels of
growth. grr1A mutants were reported to form smaller colonies than wild type cells, which we observe on glucose and fructose
but not galactose. It is possible that slow growth in these conditions can partially explain the incomplete suppression observed
for grriAtps1A (Flick & Johnston, 1991).

Heat sensitivity of tps1A strains has been reported in a number of previous studies (Eleutherio et al., 1993; Gibney et al., 2015;
Hottiger et al.,, 1989; Singer & Lindquist, 1998). Here, we examined the ability of these mutants to grow at elevated
temperature, 37°C. The viability of tps1A was noticeably reduced at this slightly raised temperature, but deletion of GRR1 or
HXK?2 did not to rescue this phenotype, suggesting the tps1A carbon-source utilization defect suppressed by deletion of either
GRR1 or HXK? is independent of the Tps1 function related to growth at elevated temperatures (Figure 1B). Beyond growth at
elevated temperatures, we also examined thermotolerance, the ability of cells to survive when treated with a lethal heat dosage
for a short period of time. To understand whether disruption of GRR1 affects tps1A thermosensitivity, stationary phase cells
were heat shocked at 47°C for 2 hours. Wild type, grr1A, and hxk2A mutants were able to maintain over 60% survival after
heat shock, while the viability of tps1A, grriAtpsiA, and hxk2Atps1A dropped significantly (Figure 1C). Therefore, although
both grr1A and hxk2A are suppressors of tps1A failure to grow in glucose and fructose, these mutations do not restore tpsiA
thermotolerance to the wild type levels, again suggesting an independent role for Tps1 in temperature stress phenotypes.

Another phenotype of associated with TPS1 deletion mutants is failure to sporulate (de Silva-Udawatta & Cannon, 2001;
Gibney et al., 2015; Liu et al., 2020). As grr1A mutants have abnormal cell morphology, we were unable to easily perform
mating, tetrad dissection, or observe/quantify sporulation for these mutants. We were therefore not able to examine sporulation
of homozygous diploid grriA and grr1Atps1A strains. However, we were still able to examine whether hxk2A can suppress the
tps1A sporulation defect. Similar to the heat stress phenotypes, the hxk2A tps1A strain did not sporulate (Figure 1D). Again,
failure to suppress the tpsIA sporulation phenotype with hxk2A indicates that the role of Tpsl in sporulation is likely
independent from the role of Tps1 in glucose sensing and signaling.

Taken together, we present evidence that disruption of GRRI is a novel suppressor of tpsiA failure to grow on rapidly
fermentable sugars, including glucose and fructose. Two previously identified suppressors of the tpsiA carbon source
utilization phenotype, hxk2A and snf4A, are found in the Snf1 branch of the glucose sensing and signaling network (Blazquez
& Gancedo, 1995; Kim et al., 2013; Moreno et al., 2005). Deletion of GRRI is the first identified suppressor from the
Snf3/Rgt2 branch of glucose sensing and signaling, potentially suggesting a more general role for trehalose metabolism in
regulating carbon source utilization (Kim et al., 2013; Moreno et al., 2005). Proper control of glucose influx to glycolysis is
required for a wide range of glucose-signaling effects in yeast, as was demonstrated with the tps1A mutant showing severe
deregulation of glycolysis after addition of glucose (Thevelein & Hohmann, 1995; van Vaeck et al., 2001). The relationship
between the glucose-related defects of the tps1A mutants and the function of Tps1 remains unclear, though a number of models
have been proposed. There are two main possibilities: either the Tps1 protein has a separate function as a free protein in the
mechanism of glucose sensing or there is a close interaction between the trehalose-synthesizing system and the glucose
sensing/signaling system (van Aelst et al., 1993). Further studies combining both genetic and biochemical approaches could
increase our understanding of the composition and functional interactions within the glucose sensing and signaling network,
including the role of trehalose metabolism.

Methods
Yeast media and growth

Yeast cell growth and standard laboratory manipulation were performed as described (Guthrie & Fink, 1991). All media used
were either minimal (YNB: 0.67% w/v yeast nitrogen base without amino acids plus 2% w/v indicated carbon sources), or rich
(YP: 2% w/v Bacto peptone, 1% w/v yeast extract, 2% w/v indicated carbon sources). Solid media formulations included 2%
w/v agar and were poured into standard 10cm plastic Petri dishes (Petri, 1887). Measurements of cell density were performed
by measuring absorbance at 600nm using a Gensys 6 UV-Vis spectrophotometer (Thermo Fisher). For comparative growth
assays, cells were spotted onto relevant solid growth media. Cell spotting was performed by dilution of a stationary phase
culture to an initial ODgg of 1.0, followed by 10-fold serial dilutions. All dilutions were then spotted onto solid media using a
Replica Plater for 96-well Plate, 8 x 6 array (Sigma-Aldrich). Pates were incubated at indicated temperatures and times as
noted in the figures and legends. At least three independent biological replicates were performed on different days for spotting
assays shown in figures, and a representative image is shown.

Isolation of suppressor of tps1 defective growth on fructose

Independent cultures of tps1A cells were started from 20 separate colonies and grown overnight in liquid rich media containing
2% galactose (YPGal) at 30°C. The entire culture volume was then collected and washed with water once before being plated
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onto solid minimal medium containing 2% fructose (SF). The plates were incubated at 30°C for 3 days before they were
examined for growth. Suppressor colonies were evident on 13 of the fructose-containing plates, and a representative colony
from each plate was isolated. These 13 independent suppressors were selected for whole genome sequencing, along with tps1A
strain for comparison. Genomic DNA libraries were prepared using the TruSeq DNA library prep kit (Illumina) and sequenced
using an Illumina HiSeq 2500 to an average coverage depth of 200X. Illumina adapters were trimmed from the reads by
Trimmomatic, and the reads were aligned to the S. cerevisiae reference genome (R64.2.1; www.yeastgenome.org) using BWA-
MEM with default options selected (Bolger et al., 2014; H. Li, 2013). Potential suppressor mutations, including SNPs,
amplifications, and indels, were identified through manual examination of the variant call format (vcf) files produced after
read alignment along with visualization of the alignments using Integrated Genome Viewer (Robinson et al., 2011). As most
identified mutations were predicted to cause loss-of-function, both identified suppressor genes were confirmed through
independent construction and testing of complete gene deletions mutants.

Assessment of thermotolerance

To assess thermotolerance, minimal medium containing 2% galactose (SGal) was inoculated with a single colony and grown
overnight. Cells were then diluted into the same minimal medium to an ODgyy = 0.05 and grown another 24 hours to
stationary phase. Two aliquots of 0.8 mL cell culture were removed into separate microcentrifuge tubes. For the heat shock,
one of the aliquots was incubated in a 47°C thermomixer for 2 hours. Both pre- and post-heat shocked cell dilutions were
plated on rich media containing galactose (YPGal) and incubated at 30°C for 2-3 days to measure viability by counting colony
forming units. At least three independent biological replicates were performed for each thermotolerance assay.

Measurement of sporulation efficiency

Sporulation was performed by growing cells to log phase in YPGal, collecting cells by centrifugation, washing twice in 1%
potassium acetate, then resuspending in 1% potassium acetate. Cells were then incubated at room temperature on a roller
wheel for at least 6 days before evaluating percent sporulation by counting at least 300 cells. Sporulation efficiency was
calculated as the proportion of observed tetrads compared to the total number of observed cells. At least three independent
biological replicates were performed for each sporulation efficiency assay.

Statistical analysis

All experiments were conducted using at least three independent biological replicates. Mutants were evaluated for statistical
significance compared to the wild type strains using a paired t-test and presented as the mean and standard deviation. The
asterisks (*) indicate the mutant phenotype showed a difference (p < 0.05) compared to the wild type (p-values were not
corrected for multiple hypothesis testing).

Reagents

Yeast strain construction

The strains used in this study are listed in Table 1. Gene deletions were constructed by transforming PCR products amplified
from plasmids containing different deletion cassettes: pFA6a-kanMX for kanMX, pAC372 for natAC, and pUG66 for bleMX
(Bahler et al., 1998; Gibney et al., 2015). Primers were designed with 40 flanking base pairs identical to the upstream and
downstream region of genes to be deleted by homologous recombination. All gene deletions were made by transformation into
a diploid to get a heterozygote, which was confirmed by PCR and then dissected to get MATa and MATa segregants.
Combinatorial gene deletion strains were made by mating, sporulating, and tetrad dissection.

Table 1. Strains used in this study

Strain identifier Names in text Genotype/description Reference
DBY 12000 WT (haploid) MATa HAP1'

See below?
DBY12007 WT (diploid) HAP1"/HAP1"
DBY12134 tps1A MATa tps1A::kanMX this study
DBY12509 hxk2A MATa hxk2A::bleMX
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DBY12511 hxk2A tps1A MATa hxk2A::bleMX tps1A::natAC
DBY12513 grrlA MATa grr1A::bleMX

DBY12516 grrl1A tpsiA MATa grriA::bleMX tps1A::natAC
DBY12583 tps1A/tps1A tps1A: :kanMX/tps1A: :kanMX

DBY 12584 hxk2A/hxk2A hxk2A::bleMX/hxk2A::bleMX
DBY12585 hxk2A/hxk2A hxk2A::bleMX/hxk2A::bleMX

tps1A/tps1A tps1A::natAC/tps1A::natAC

a — All DBY12000-series strains are HAP1-repaired, GAL+, prototrophic derivatives of S288C. The details for constructing
DBY 12000 are found in (Hickman & Winston, 2007). b — natAC refers to a version of the natMX dominant drug resistance

marker cassette that contains a yeast codon-optimized nat” gene.
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