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Abstract 28 

Protein biosynthesis is energetically costly, is tightly regulated and is coupled to stress conditions including 29 

glucose deprivation. RNA polymerase III (RNAP III) driven transcription of tDNA genes for production of tRNAs is 30 

a key element in efficient protein biosynthesis. Here we present an analysis of the effects of altered RNAP III 31 

activity on the Saccharomyces cerevisiae proteome and metabolism under glucose rich conditions. We show for 32 

the first time that RNAP III is tightly coupled to the glycolytic system at the molecular systems level. Decreased 33 

RNAP III activity or the absence of the RNAP III negative regulator, Maf1 elicit broad changes in the abundance 34 

profiles of enzymes engaged in fundamental metabolism in S. cerevisiae. In a mutant compromised in RNAP III 35 

activity there is a repartitioning towards amino acids synthesis de novo at the expense of glycolytic throughput. 36 

Conversely, cells lacking Maf1 protein have greater potential for glycolytic flux. 37 

 38 
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Introduction 40 

Regulation of glycolytic flux is a long standing, but still highly relevant, issue in biology and pathobiology. 41 

Glycolytic performance is connected to enzymes abundance, cell fermentative activity and proliferation, all 42 

hallmarks of the “Warburg effect”. Both Saccharomyces cerevisiae and mammalian cells can sense glycolytic 43 

state/flux intracellularly, a dominant signal over that of external nutritional status [1–4]. In Saccharomyces 44 

cerevisiae under favorable growth conditions, high glycolytic activity elicits rapid cell growth, due to robust 45 

synthesis of proteins and biomass expansion [5–7]. Nutrient limited growth, on the other hand, is associated 46 

with a down regulation of transcription and protein synthesis to reduce demands on the ribosomal machinery 47 

and an appropriate supply of amino acids and tRNAs.  48 

 49 

As key players in protein synthesis, transfer RNAs are synthesized by RNA Polymerase III (RNAP III), which is 50 

also responsible for the transcription of other specific products such as ribosomal 5S rRNA and spliceosomal U6 51 

snRNA. RNAP III activity is regulated by extracellular glucose levels [8,9]. The only known direct regulatory 52 

factor of RNAP III in S. cerevisiae is the protein Maf1, a mediator of a range of stress signals [10–13] conserved 53 

from yeast to human [14]. Yeast Maf1 inhibits RNAP III activity reversibly under carbon source starvation and 54 

oxidative stress, reducing tRNA transcript levels [15]. Although the MAF1 gene is not essential for yeast 55 

viability, maf1Δ cells are unable to repress RNAP III [15–18].  56 

 57 

Under favorable growth conditions, Maf1 is an interaction partner of several cytoplasmic proteins playing 58 

different biological functions (Fig 1 A and B), but its function in the cytoplasm is unknown. Maf1 is a target of 59 

several kinases and phosphorylation patterns may dictate cellular localization [15,19–25] (Fig 1 B). Although 60 

MAF1 deletion is not lethal under optimal growth conditions, deletion mutants display high tRNA transcription 61 

with diminished growth on non-fermenting carbon sources at 30
o
C; it becomes lethal, however, at elevated 62 

temperatures. The low growth rate results from a decrease in steady state mRNA levels of FBP1 and PCK1 63 

genes encoding the key gluconeogenesis enzymes fructose 1,6 bisphosphatase (Fbp1) and 64 

phosphoenolpyruvate carboxykinase (Pck1) [10,26]. Intriguingly, this maf1Δ growth defect on non-fermentable 65 

carbon sources is suppressed by point mutation (rpc128-1007) in the second largest RNAP III subunit 66 

RET1/C128 [13]. tRNA transcription levels in this rpc128-1007 mutant are very low, which suggests that the 67 
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temperature-sensitive lethality of maf1Δ can be rescued by attendant reduction of RNAP III activity, or a critical 68 

process affected by this transcription. The maf1Δ and rpc128-1007 strains have different phenotypes, not only 69 

in growth on non-fermentable carbon sources, but also in preference towards glucose utilization, in excess 70 

glucose [13,27]. Transcription of the high affinity glucose transporter genes HXT6, HXT7 is decreased in maf1Δ, 71 

but increased over WT in the maf1Δ second-site suppressor rpc128-1007 [27], suggesting differences in glucose 72 

utilization. 73 

 74 

We wished to explore the potential for a feedback loop between control of glycolytic flux and RNAP III in yeast 75 

cells by label free proteomics, which revealed changes in abundance of a large group of proteins in maf1Δ and 76 

rpc128-1007 strains, supported with targeted analysis of specific metabolites. We provide novel molecular data 77 

which is able to explain the severe reduction in growth rate caused by RNAP III mutation rpc128-1007 through 78 

cellular processes that facilitate efficient glucose metabolism in the MAF1 deletion strain on glucose. Changes 79 

in protein profiles impact several metabolic pathways, suggesting differences in cellular metabolic 80 

homoeostasis in the mutant strains and providing an alternative explanation for maf1Δ lethality on non-81 

fermentable carbon sources. Finally, using yeast as a model organism, which is often used for studies of the 82 

“Warburg effect”, we established direct metabolic relationship between the capacity of the glycolytic pathway 83 

and transcription of non-coding genes, which can explain why several cancerous cell lines exhibit higher RNAP 84 

III activity, creating a new perspective on glucose flux modification via manipulation of the RNAP III holoenzyme 85 

as an novel therapeutic strategy. 86 

 87 

88 
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Materials and Methods 89 

Yeast strains and media. 90 

The following strains were used: wild-type MB159-4D [28] with unchanged RNAP III activity, the MA159-4D 91 

maf1::URA3 [27] MAF1-deficient mutant with elevated RNAP III activity and MJ15-9C mutant [13] with a single 92 

point mutation in the RET1/C128 RNAP III subunit with reduced polymerase activity. Yeast strains were 93 

cultured in rich medium (YP; 1% yeast extract, 1% peptone) supplemented with either 2% glucose (YPD) or 2% 94 

glycerol (YPGly) as a carbon source. Overnight cell cultures were grown in YPD medium. Cells were harvested 95 

by centrifugation (2000 rpm, RT) and washed twice with fresh, sterile YPD or YPGly medium. Yeast cells were 96 

diluted to A600 ≈ 0.1 and grown in YPD or YPGly until exponential phase (A600 ≈ 1.0). All yeast cultures were 97 

incubated in 30°C with agitation 250 rpm. GCN4-3HA DNA construct for chromosomal C-terminus fusion was 98 

prepared as described previously [27,29]. Hexokinase isoforms (HXK1, HXK2, GLK1) single and double gene 99 

deletions were created by transforming haploid yeast strains with appropriate PCR fragments. For HXK1 100 

deletion amplification of His3MX6 cassette on pFA6-VC155-His3MX6 plasmid DNA was done. DNA constructs 101 

for obtaining HXK2 and GLK1 deficient strains were amplified on gDNA of BY4741 glk1∆ and BY4741 hxk2∆ 102 

(Euroscarf). High-efficiency yeast transformation using LiAc/SS carrier DNA/PEG method was used according to 103 

Gietz [30]. All yeast strains are listed in Table 1. 104 

 105 

Table 1. Yeast strains used in the study. 106 

Strain Genotype Reference/ Source 

MB159-4D MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp [10] 

MA159-4D maf1∆ 
MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 
[27] 

MB159-4D maf1∆ 
MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::kanMX6 
[28] 

MJ15-9C  
MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp  
[13] 
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RS159-4D Gcn4-

3HA 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp Gcn4-

3HA-kanMX6 
This study 

RS15-9C Gcn4-3HA 
MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp Gcn4-3HA-kanMX6 
This study 

RS159-4D maf1∆ 

Gcn4-3HA 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 Gcn4-3HA-kanMX6 
This study 

KR159-4D hxk1Δ 
MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

hxk1::HIS3MX6 
This study 

KR159-4D maf1∆ 

hxk1Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 hxk1::HIS3MX6 
This study 

KR15-9C hxk1Δ 
MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp hxk1::HIS3MX6 
This study 

KR159-4D hxk1Δ 

hxk2Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

hxk1::HIS3MX6 hxk2::kanMX4 
This study 

KR159-4D maf1∆ 

hxk1Δ hxk2Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 hxk1::HIS3MX6 hxk2::kanMX4 
This study 

KR15-9C hxk1Δ 

hxk2Δ 

MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp hxk1::HIS3MX6 hxk2::kanMX4 
This study 

KR159-4D hxk2Δ 
MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

hxk2::kanMX4 
This study 

KR159-4D maf1∆ 

hxk2Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 hxk2::kanMX4 
This study 

KR15-9C hxk2Δ 
MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp hxk2::kanMX4 
This study 

KR159-4D hxk1Δ MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp This study 
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glk1Δ hxk1::HIS3MX6 glk1::kanMX4 

KR159-4D maf1∆ 

hxk1Δ glk1Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 hxk1::HIS3MX6 glk1::kanMX4 
This study 

KR15-9C hxk1Δ 

glk1Δ 

MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp hxk1::HIS3MX6 glk1::kanMX4 
This study 

RS159-4D glk1Δ 
MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

glk1::kanMX4 
This study 

RS159-4D maf1∆ 

glk1Δ 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::URA3 glk1::kanMX4 
This study 

RS15-9C glk1Δ 
MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp glk1::kanMX4 
This study 

BY4741 hxk2∆ MATa his3∆1 leu2∆0 met15∆0 ura3∆0 hxk2::kanMX4 Euroscarf 

BY4741 glk1∆ MATa his3∆1 leu2∆0 met15∆0 ura3∆0 glk1::kanMX4 Euroscarf 

BY4741 reg1∆ MATa his3∆1 leu2∆0 met15∆0 ura3∆0 reg1::kanMX4 Euroscarf 

MB159-4D 

[pBM2636] 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

[HXT1::lacZ] 
This study 

MB159-4D maf1∆ 

[pBM2636] 

MATa SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 trp 

maf1::KanMX6, [HXT1::lacZ] 
This study 

MB15-9C 

[pBM2636] 

MATa rpc128-1007 SUP11 ura3 leu2-3, 112 ade2-1 lys2-1 

trp, [HXT1::lacZ] 
This study 

 107 

Proteomic analysis. 108 

Samples (approx. 15 ml culture medium) - corresponding to 25 x 10
6
 cells as determined in a cell count on 109 

hemocytometer were analysed by global label-free proteomics. Cells were spun down (10 min, 4
o
C) and the 110 

pellets flash frozen in liquid N2 for storage. Cells were resuspended in 50 mM NH4HCO3, protease inhibitor 111 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2018. ; https://doi.org/10.1101/372946doi: bioRxiv preprint 

https://doi.org/10.1101/372946
http://creativecommons.org/licenses/by/4.0/


8 
 

ROCHE mini complete protease inhibitor. The samples were homogenized with MiniBeadbeater 24 (Biospec 112 

products) using the 200 μl of glass beads (425-600 μm; Sigma Aldrich) 15 times (3000 hits per min) with a 113 

duration of 30 s each with a 1 min cool down period in between each cycles. The cells were further centrifuged 114 

(10 min, 13000 rpm, 4
o
C). 250 μl fresh breaking-buffer was added to pellets and cells were washed by vigorous 115 

vortexing. The wash and cell debris were collected as flow through. Each flow through and supernatants from 116 

previous steps were combined. Protein concentration was determined with a Bradford assay [31]. 117 

 118 

A volume equivalent to 25 x 10
6
 cells of each homogenate was removed, diluted with 25 mM AMBIC containing 119 

0.05% Rapigest (Waters, Manchester) and shaken (550 rpm, 10 min, 80°C). The samples were then reduced 120 

(addition of 10 μl of 60 mM DTT and incubation at 60°C for 10 min) and alkylated (addition of 10 µl of 180 mM 121 

iodoacetamide and incubation at room temperature for 30 min in the dark). Trypsin (Sigma, Poole, UK, 122 

proteomics grade) was reconstituted in 50 mM acetic acid to a concentration of 0.2 µg/µl and 10 µl was added 123 

to the sample followed by overnight incubation at 37°C. The digestion was terminated and RapiGest™ removed 124 

by acidification (1 µl of TFA and incubation at 37°C for 45 min) and centrifugation (15,000 x g, 15 min). To check 125 

for complete digestion each sample was analyzed pre- and post-acidification by SDS-PAGE. 126 

 127 

For LC-MS/MS analysis, a 2 µl injection of each digest, corresponding to approximately 25 x 10
4
 cells, was 128 

analyzed using an Ultimate 3000 RSLC™ nano system (Thermo Scientific, Hemel Hempstead) coupled to a 129 

QExactive™ mass spectrometer (Thermo Scientific). The sample was loaded onto the trapping column (Thermo 130 

Scientific, PepMap100, C18, 300 μm X 5 mm), using partial loop injection, for 7 min at a flow rate of 4 μl/min 131 

with 0.1% (v/v) FA. The sample was resolved on the analytical column (Easy-Spray C18 75 µm x 500 mm 2 µm 132 

column) using a gradient of 97% A (99.9% water: 0.1% formic acid) 3% B (99.9% ACN: 0.1% formic acid) to 60% 133 

A: 40% B over 90 min at a flow rate of 300 nL min
-1

. The data-dependent program used for data acquisition 134 

consisted of a 70,000 resolution full-scan MS scan (AGC set to 1e
6
 ions with a maximum fill time of 250 ms) the 135 

10 most abundant peaks were selected for MS/MS using a 17,000 resolution scan (AGC set to 5e
4
 ions with a 136 

maximum fill time of 250 ms) with an ion selection window of 3 m/z and a normalised collision energy of 30. To 137 

avoid repeated selection of peptides for MS/MS the program used a 30 s dynamic exclusion window. 138 

 139 

Label-free quantification. 140 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2018. ; https://doi.org/10.1101/372946doi: bioRxiv preprint 

https://doi.org/10.1101/372946
http://creativecommons.org/licenses/by/4.0/


9 
 

The raw data from the mass spectrometer was then processed using MaxQuant (MQ) software version 1.5.3.30 141 

[32]. Protein identification was performed with the built-in Andromeda search engine, searching MS/MS 142 

spectra vs. the S. cerevisiae strain ATCC 204508/S288c downloaded from UniProt. 143 

(https://www.uniprot.org/proteomes/UP000002311). The following parameters were used; digest reagent: 144 

trypsin, maximum missed cleavages: 2, modifications: protein N-terminal acetylation and methionine oxidation, 145 

with a maximum of five modifications per peptide. The false discovery rate (FDR) for accepted peptide 146 

spectrum matches and protein matches was set to 1%. For protein quantification, the ‘match between runs’ 147 

options was selected. Label free quantification was performed with the MaxLFQ algorithm within MaxQuant 148 

(MQ), based on razor and unique peptides. All other MQ parameters were left at default values. 149 

 150 

Protein significance testing. 151 

To determine statistically significantly changing proteins with respect to the wild-type strain we used the 152 

MSstats package [33] in the R environment. Protein identities, conditions, biological replicates and intensities 153 

were directly uploaded from the MaxQuant output. Protein ID information was obtained from the 154 

‘proteinGroups.txt’ file, conditions and biological replicates from the ‘annotation.csv’ file, and intensities from 155 

the ‘evidence.txt’ file. Data normalization was performed using the ‘equalizeMedians’ option and 156 

summarization using the Tukey’s median polish option. Following this, a condition comparison was performed 157 

using the ‘groupComparison’ option from where the log2 fold changes and adjusted p-values were obtained. 158 

 159 

Functional analysis. 160 

Gene ontology enrichment analysis was performed with the online application Panther (34), directly on the 161 

Gene Ontology Consortium webpage (http://pantherdb.org/). The background set consisted of all proteins 162 

identified in a given MS experiment. Protein changes were mapped to central carbon and amino acid metabolic 163 

pathways following KEGG database [35] guidelines. Maf1 protein-protein interactions (PPI’s) were obtained 164 

from the STRING [36] database and clustered with the Cytoscape [37] tool. 165 

 166 

Transcription Factor target enrichment analysis 167 
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For transcription factor (TF) target enrichment analysis, all proteins with an adjusted p value below 0.05 from 168 

both comparisons (WT - rpc128-1007 and WT - maf1Δ) were uploaded to the GeneCodis tool [38]. Proteins 169 

were classified according to their positive or negative fold change and the background set consisted of all 170 

proteins identified in the given MS experiment. All statistical parameters were left as default. Adjusted p-values 171 

were obtained indicating those statistically significantly TFs being active according to their known target 172 

proteins. 173 

 174 

Western blotting. 175 

The total cellular proteins from Gcn4-3HA expressing yeast cells were extracted as described previously [27]. 176 

Protein extracts were separated by 12% SDS-PAGE and transferred to nitrocellulose membrane by 177 

electrotransfer (1 h, 400 mM, 4°C). For detection of HA-tagged proteins, monoclonal mouse anti-HA (1:3330, 178 

Sigma, H3663) and polyclonal goat anti-mouse antibodies (1:2000, Dako P0447) conjugated with horseradish 179 

peroxidase (HRP) were used. For Vma2 protein detection, monoclonal mouse anti-Vma2 antibodies (1:4000, 180 

Life Technologies, A6427) were used. 181 

 182 

RNA isolation and RealTime PCR quantification. 183 

RNA isolation and real-time PCR amplification was performed as described previously [27]. Isolated RNAs were 184 

examined by SYBR GREEN-based Real-time PCR. Oligonucleotide sequences of the primers used in Real-time 185 

PCR experiment for GCN4 were taken from Cankorur-Cetinkaya et al. [39]. Samples were normalized to two 186 

reference genes - U2 spliceosomal RNA (U2) and small cytosolic RNA (SCR1). Expression levels in WT strain 187 

(MB159-4D) was taken as 1.0. The relative expression (mean±SD) were calculated for at least three 188 

independent biological replicates. Statistical significance of p-values were determined by t-student test. 189 

 190 

Enzymatic assays. 191 

All yeast strains including transformants carrying pBM2636 plasmid [40] for measurement of β-galactosidase 192 

activity were cultivated in rich medium supplemented with 2% glucose (YPD) or 2% glycerol (YPGly) at 30°C 193 

with agitation of 250 rpm until reached A600 ≈ 1.0. Yeast cultures were harvested at 5000 rpm at 4°C and 194 

washed twice with 10 mM potassium phosphate buffer, pH = 7.5. Cells for Hxk, Pgk1, Cdc19 and Zwf1 activity 195 
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assays were suspended in 100 mM KPi pH = 7.5, for β-galactosidase in 50 mM potassium phosphate buffer pH = 196 

7.0, rapidly frozen in liquid nitrogen and stored at -20°C. Samples were washed twice with sonication buffer 197 

(100 mM potassium phosphate buffer, pH = 7.5, 2 mM MgCl2) or 50 mM potassium phosphate buffer pH = 7.0 198 

in the second case and disintegrated with Mini-Beadbeater 24 (Biospec products) using glass beads (425–199 

600 μm; Sigma Aldrich). Hexokinase (EC 2.7.1.1) activity was measured according to Adamczyk [41], 200 

phosphoglycerate kinase (Pgk1, EC 2.7.2.3) according to De Winde et al [42], pyruvate kinase (Cdc19; EC 201 

2.7.1.40) according to Gruning et al [43], glucose-6-phosphate dehydrogenase (Zwf1, EC 1.1.1.49) according to 202 

Postma et al. [44], β-galactosidase according to Smale 2010 (45), and catalase (EC 1.11.1.6) according to Beers 203 

and Sizer [46]. All assays were performed for at least three independent biological replicates.  204 

 205 

Glycogen, trehalose and fructose 1,6 bisphosphate measurement. 206 

The glycogen and trehalose content was measured in yeast cells, grown in YPD until A600 ≈ 1.0. Cell preparation 207 

and extraction was as described in Rossouw et al. 2013 [47]. Glycogen determination was as described by 208 

Parrou and Francois [48]. Glucose concentration from glycogen enzymatic breakdown was determined by the 209 

glucose (HK) Assay Kit according to the manufacturer’s protocol (Sigma Aldrich, GAHK-20). Trehalose content 210 

was measured using Trehalose Assay Kit (Megazyme International Ireland, Wicklow, Ireland) according to 211 

manufacturer’s protocol. Fructose 1,6 bisphosphate was measured according to Peeters et al. (2017) [4] with 212 

minor modifications. 213 

 214 

Determination of yeast fermentative capacity. 215 

Fermentative capacity assays were performed as described by van Hoek et al. [49] with minor changes. The 216 

fermentative capacity can be defined as the specific maximal production rate of ethanol per gram of biomass 217 

(mmol/g/h) under anaerobic conditions at excess of glucose. Samples corresponding to 60-70 mg dry weight 218 

were harvested by centrifugation at 5000 rpm at 4
o
C. Cells were washed twice with synthetic medium CBS-219 

without carbon source and resuspended in CBS (-C) to make 2% wet weight suspensions. Analysis was 220 

performed in a thermostatted (30
o
C) vessel. Cells were flushed with N2 gas at a flow rate of approximately 221 

0.6 L/h and glucose was added to a final concentration of 10 g/liter. Samples for measurement of ethanol were 222 

collected every 5 min incubated with 35% (w/v) perchloric acid on ice for 10 min and neutralized with KOH 223 
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before centrifugation at 13000 rpm and stored in -20
o
C freezer. The ethanol production of each strain was 224 

normalized to the dry weight of the culture. Ethanol and glycerol in supernatants were determined with 225 

enzymatic assays according to manufacturer (Megazyme). 226 

 227 

Biomass determination. 228 

Sample suspensions of 1 ml volume in duplicates were filtered over pre-weighted nitrocellulose filters (pore 229 

size, 0.45 μm; HAWP04700). After removal of medium, the filters were washed with demineralized water, dried 230 

in an oven overnight and weighted [49]. 231 

232 
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Results 233 

Overall proteome profiling and changes 234 

We hypothesized that perturbations in RNAP III activity would impact on global expression of the proteome. 235 

The lack of the negative regulator of RNAP III, Maf1, as well as the loss of function due to a point mutation in 236 

the RNAP III RET1/C128 subunit, would be expected to elicit broad changes in the Saccharomyces cerevisiae 237 

proteome. We aimed to identify proteins, the changed abundance of which, could explain the diminished 238 

growth of rpc128-1007 on glucose and de-repression of HXT2 and HXT6/7 genes that encode high affinity 239 

glucose transporters, when compared to maf1Δ under glucose rich conditions [27]. To examine the 240 

phenomenon we performed a systematic comparative analysis of maf1Δ and rpc128-1007 mutants using label-241 

free proteomics. 242 

 243 

Reproducible, deep proteome coverage was obtained (Fig 2 A) for maf1Δ and rpc128-1007 mutants grown 244 

under glucose rich conditions. The proteomics data were of high quality, with replicates clustered together and 245 

no systematic difference reflecting sample preparation bias (Fig 2). In total, over 2,300 protein groups were 246 

identified and quantified. As anticipated, there was considerable overlap between the maf1Δ and rpc128-1007 247 

proteomes (Fig 3). Differential proteome analysis was carried out pairwise in two sets as follows: WT vs rpc128-248 

1007 mutant and WT vs maf1Δ mutant, resulting in 2,294 quantified proteins common to all strains. A subset 249 

of statistically significant changes revealed 249 proteins that were common to both comparisons (with an 250 

adjusted p-value < 0.05). This subset of 249 proteins were clustered into coherent groups (see Material and 251 

Methods) which display common Gene Ontology (GO) annotation, consistent with coordinated regulation of 252 

relevant biological processes (Fig 3 B). Some of the groups exhibited parallel changes in the two strains (Groups 253 

1-4) whereas others highlighted divergent, essentially reciprocal, functions in the two strain (i.e. Groups 5–6). 254 

These unbiased clusters show enrichments for concerted biological functions, embodied by the limited subset 255 

of GO term enrichments listed in Fig 3B, including elements of amino acid and monosaccharide/carbohydrate 256 

metabolism. In both strains, enzymes of gluconeogenesis and the glyoxylate cycle were decreased when 257 

compared to the reference strain grown under the same glucose repression conditions (Group 2). Groups 7 and 258 

9 also show decreased protein abundance with respect to wild type, and are similarly enriched in enzymes 259 

from the TCA cycle, purine ribonucleotide biosynthetic pathways, de novo inosine monophosphate 260 
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biosynthesis, and also mitochondrial transmembrane transport. In contrast, many of the enzymes involved in 261 

de novo amino acid synthesis were increased in abundance in both maf1Δ and rpc128-1007 (Groups 1, 3, 4). 262 

The negatively correlated, reciprocally altered groups (Groups 5, 6 and 8) were consistent with shifts in 263 

trehalose biosynthesis, pentose phosphate pathway (PPP) activity, oxidative stress, oxidation-reduction 264 

processes, glycine catabolic processes, replicative cell aging and alcohol production. 265 

 266 

Key enzymes of the glyoxylate cycle are reduced in abundance in both maf1Δ and rpc128-267 

1007 mutants. 268 

In both strains phosphoenolpyruvate carboxykinase (Pck1) and malate synthase 1 (Mls1) were reduced (Fig 4). 269 

These enzymes direct acetyl-CoA to malate and oxaloacetate that in turn can be metabolized to 270 

phosphoenolpyruvate for gluconeogenesis. The enzymes are components of the glyoxylate cycle that allows 271 

yeast cells to metabolize non-fermentable carbon sources, including fatty acids. The mechanism governing 272 

glucose repressed genes is particularly important in the RNAP III compromised mutant as well as in Maf1 273 

deprived cells due to the previously reported growth perturbations of maf1Δ on non-fermentable carbon 274 

source. 2-fold decrease in maf1Δ PCK1 mRNA was reported [26], though under inducing conditions on glycerol. 275 

Notably, the relative decrease in Pck1 abundance in Maf1 deficient cells is the largest in our proteomic dataset. 276 

The very much decreased Pck1 abundance proves that the enzyme is subject to degradation in a glucose-277 

dependent manner [50] and the mechanism is not perturbed in both the mutants. Other enzymes of the 278 

glyoxylate cycle, are concomitantly reduced in maf1Δ cells, including malate dehydrogenases Mdh2, Mdh3, 279 

isocitrate lyase (Icl1) and glyoxylate aminotransferase (Agx1), the last implicated in glycine synthesis from 280 

glyoxylate. In rpc128-1007, most of the glyoxylate enzymes as well as those of the TCA cycle were also 281 

decreased. Enzymes of the TCA and glyoxylate cycles undergo coordinated transcriptional down regulation 282 

[50,51] induced by glucose through the master kinase Snf1/AMPK [52,53] therefore strongly suggesting 283 

unperturbed functioning of Snf1 signaling on glucose. In contrast, the other key enzyme of gluconeogenesis, 284 

Fbp1 (fructose 1,6 bisphosphatase) that bypasses the physiologically irreversible step in the glycolytic pathway, 285 

was increased under glucose deprivation in maf1Δ, but was unchanged in rpc128-1007 mutant. 286 

 287 
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Reduction in glycolytic enzymes in a RNAP III compromised strain correlates with lower 288 

activity of the glucose transporter Hxt1. 289 

Proteome analysis captured changes in relative cellular abundances of all glycolytic enzymes and implied a 290 

reduced capacity for glycolysis in rpc128-1007 cells, but an unchanged glycolytic capacity in maf1Δ cells (Fig 4). 291 

In rpc128-1007, enzymes that were significantly decreased (between 2- and 2.6-fold) included glyceraldehyde-3-292 

phosphate dehydrogenase isozyme 1 (Tdh1), enolase (Eno1), glyceraldehyde-3-phophate dehydrogenase 293 

isozyme 2 (Tdh2), 3-phosphoglycerate kinase (Pgk1) and glucokinase (Glk1). The lower abundance of the entire 294 

complement of glycolytic enzymes is consistent with reduced glycolytic performance in rpc128-1007.  295 

 296 

Glycolytic flux in S. cerevisiae can regulate glucose uptake, at least in part through the activity of glucose uptake 297 

mechanisms [54] and in particular, induction and increases of membrane internalization of low-affinity glucose 298 

transporters [40,55–58]. The principal example is Hxt1, only activated when yeast grow in glucose rich media 299 

[40]. We explored the potential for changes in glucose transport by measurement of transcriptional de-300 

repression of the key gene encoding the major low affinity, high capacity glucose transporter HXT1, in maf1Δ 301 

and rpc128-1007 using a HXT1-lacZ reporter plasmid (Fig 5 B). The HXT1 gene was strongly activated in maf1Δ 302 

under glucose rich conditions, whereas a 3-fold lower activity of the HXT1 promoter was observed in 303 

rpc128-1007 cells in the same conditions. When assessed in cells grown on glycerol, expression of HXT1–lacZ 304 

reporter was decreased in all strains (Fig 5 B) as expected [40]. Consistent with the reports on mutants in genes 305 

of the glycolytic pathway, which are blocked in glycolysis [59], the HXT1 expression was reduced in RNAP III 306 

compromised yeast suggesting that in this mutant, supply of glucose for a functional glycolytic pathway cannot 307 

be maintained. 308 

 309 

Positive relationship between Hxk2, Tdh and Cdc19 enzyme activities and the potency of 310 

RNAP III dependent transcription. 311 

Since HXT1 gene expression was elevated in maf1Δ, but decreased in rpc128-1007, we measured the activity of 312 

selected glycolytic enzymes in vitro [41] in both mutant strains and evaluated the relationship between activity 313 

changes and changes in protein abundance assessed by proteomics. S. cerevisiae encodes three isoenzymes 314 

with hexokinase activity (Fig 5 A). Proteomic analysis suggested that Glk1 was the isoenzyme phosphorylating 315 
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glucose in maf1Δ (Fig 4), with increased abundance whereas Hxk1 and Hxk2 were observed decreased in this 316 

strain. For rpc128-1007, the protein abundance of all enzymes conferring hexokinase activity was decreased 317 

(Fig 4). We therefore grew the three strains in rich media supplemented with 2% (w/v) glucose and measured 318 

the hexokinase reaction (Vmax) in cell free extracts. Total hexokinase activity was increased in maf1Δ and 319 

reduced in rpc128-1007 (Fig 5 C, solid bars).  320 

 321 

To quantify the activities of the individual hexokinase enzymes we designed and constructed deletion mutants 322 

of hexokinases in the three strains (Fig 5 C, D). Quantification of glucose phosphorylation activity in single and 323 

double null mutants of genes encoding hexokinases clarifies that hexokinase 2 (Hxk2) is the predominant 324 

isoenzyme engaged in glucose phosphorylation in maf1Δ. The triple deletion maf1Δ hxk1Δ glk1Δ, in which the 325 

only isoform left intact is Hxk2, results in comparable hexokinase activity to the observed in maf1Δ deletion 326 

strain with all the isoforms present (Fig 5 C). In contrast, the mutants in whom we observe the reverse trend in 327 

the enzymatic activity, are the maf1Δ hxk2Δ double mutant and maf1Δ hxk1Δ hxk2Δ triple mutant. An increase 328 

in glycolytic flux is possible to achieve in cells lacking Maf1 despite a decrease in Hxk2 abundance and only a 329 

slight increase in Glk1 cellular concentration. Under growth on glycerol, there was an increased contribution of 330 

Hxk1 to total hexokinase activity in wild-type, maf1Δ and rpc128-1007 (Fig 5 D), suggesting that the 331 

compensation regulatory mechanisms are not perturbed in the two mutant strains. HXK1 induction by non-332 

fermentable carbon source has previously been reported [60]. Interestingly, on glycerol growth, the total 333 

hexokinase activity in rpc128-1007 was higher than in maf1Δ.  334 

 335 

Since glyceraldehyde-3-phoshate dehydrogenase (Tdh) and pyruvate kinase (Cdc19) are important providers of 336 

NADH and ATP respectively, these enzymes were also assayed. Measuring the activity of controlling and rate-337 

limiting glycolytic enzymes is one of the techniques to estimate carbon flux thought the entire pathway. In 338 

yeast, glyceraldehyde-3-phoshate dehydrogenase, placed between upper and lower segments of glycolysis, is 339 

considered a rate controlling step of glycolysis [61,62] whereas Cdc19 kinase levels affect the rate of carbon 340 

flux and its direction towards pyruvate (PYR) or phosphoenolpyruvate (PEP) under fermentative conditions. The 341 

activity of Cdc19 is sufficient to cause a shift from fermentative to oxidative metabolism in S. cerevisiae [43,63] 342 

and controls glycolytic rate during growth on glucose [64]. 343 

 344 
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In maf1Δ, in which there was a small increase of Tdh1, 2 abundance (Tdh1; 0.21 log2FC and 0.3 adj. p value, 345 

Tdh2: 0.16 log2FC and 0.37 adj. p value), in vitro activity was 2-fold higher (Fig 5 E). From proteomics, Tdh 346 

activity was slightly lower in rpc128-1007 cells under the same growth conditions, but Tdh activity measured in 347 

rpc128-1007 grown on glycerol was significantly lower when compared to the reference strain, which suggests 348 

that the catalytic activity of the enzyme decreases in vivo while the enzyme converts 1,3-bisphosphoglycerate 349 

(1,3-BPG) into glyceraldehydes-3-phosphate (G3P) in the reverse direction to glycolysis, when the enzymes is 350 

involved in gluconeogenesis in the presence of non-fermentable carbon sources in the medium. This shuttle 351 

between the cytosol and the nucleus linking metabolic redox status to gene transcription [65] and contributes 352 

to tRNA transport [66]. 353 

 354 

We further measured activity of the final enzyme in the glycolytic pathway, pyruvate kinase (Cdc19) activity. 355 

Cdc19 concentration is comparable in maf1Δ and its parental strain. We found (Fig 5 F), that Cdc19 shows 356 

significantly lower enzymatic activity in rpc128-1007 compared to the reference strain grown on glucose, but a 357 

slightly elevated activity in Maf1 deficient cells both on glucose and glycerol. Overall, in maf1Δ the glycolytic 358 

enzymes show higher activity than originally thought judging by proteomics data, whereas Hxk2, Tdh and 359 

Cdc19 protein decreased abundance in rpc128-1007 is fully in agreement with their reduced enzymatic activity. 360 

This lead us to the conclusion that glycolytic flux is diminished in rpc128-1007, whereas in maf1Δ it is not only 361 

higher than in rpc128-1007 but also in WT. Due to the fact that F16BP mediated allosteric control [67–69], but 362 

not Cdc19 abundance or phosphorylation, was reported as having a predominant role in regulating the 363 

metabolic flux through the pyruvate kinase Cdc19 [70]. Therefore, we measured F16BP intracellular 364 

concentration. 365 

 366 

Fructose 1,6 bisphosphate intracellular concentration does not reflect differences in RNAP 367 

III activity and glycolytic flux in the mutant strains. 368 

The glycolytic metabolite F16BP is a molecule triggering of the metabolic switch from respiration to 369 

fermentation in unicellular and higher organisms [3,4,64]. We reasoned that lower glycolytic flux in rpc128-370 

1007, would result in lower fructose 1,6 bisphosphate (F16BP) concentration in this mutant. We measured 371 

F16BP in rpc128-1007 grown under anaerobic conditions. After addition of 100 mM glucose, F16BP 372 
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concentration sharply increased during the first two minutes to the physiological level observed in the wild-373 

type cells but then declines to a new steady state. In maf1Δ cells, the concentration of F16BP is similar to 374 

rpc128-1007 but there is no initial overshoot (Fig 6). The intracellular level of F16BP is therefore unlikely to be 375 

the trigger for the perturbed metabolic switching in cells with different RNAP III activity. Another product of 376 

glycolysis (or its side branches) may control the transcriptional reprogramming in yeast, particularly when there 377 

are multiple-metabolite-responsive elements present at promoters to sense diverse metabolic signals. 378 

Additionally, F16BP concentration may affect Cdc19 activity in vivo, thus the flux direction.  379 

 380 

Higher glucose flux in Maf1 deficient cells results in activation of glycogen and trehalose 381 

shunts. 382 

We explored the direction of carbon flux in maf1Δ in the absence of any increase in F16BP concentration. Yeast 383 

cells are equipped to counteract excessive influx of glucose by diversion of glucose into glycogen and trehalose 384 

[71]. During exponential growth, glycogen and trehalose biosynthesis play additional roles as part of an 385 

adaptive response facilitating survival when the cell is challenged with increased glycolytic flux as a 386 

consequence of glucose overflux into a cell. The glycogen shunt prevents accumulation of glycolytic 387 

intermediates, particularly F16BP and ATP that otherwise would ultimately lead to perturbation in cell 388 

metabolic homeostasis [72–75].  389 

 390 

The proteomics data confirmed a strong, negative correlation between RNAP III activity and enzyme abundance 391 

in the trehalose and glycogen synthesis pathways, which share common enzymes. UDP-glucose 392 

pyrophosphorylase (Ugp1), trehalose-6-P synthases (Tps1 and Tps2) and glycogen synthase (Gsy2) increase in 393 

maf1Δ, whilst the same proteins were markedly reduced in rpc128-1007 cells (Fig 3, group 6, Fig 4). The 394 

product of Tps1 activity, trehalose-6-phosphate, controls glycolysis by restricting the flow of glucose into the 395 

pathway and is an allosteric inhibitor of hexokinase 2 activity [72,76]. We assessed the metabolic allocation of 396 

glucose through quantification of trehalose and glycogen content during exponential growth. Both metabolites 397 

were 2.5-fold higher in maf1Δ in the presence of high glucose. By contrast, rpc128-1007 cells could accumulate 398 

neither glycogen nor trehalose (Fig 7 A and B). 399 

 400 
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In summary, the results are consistent with increased glycolytic flux in maf1Δ and conversely, a diminished flux 401 

in rpc128-1007. Metabolic overflow in maf1Δ leads to flux redistribution into the trehalose pathway, to protect 402 

the cells from either an increase in intracellular glucose concentration or accumulation of glycolytic 403 

intermediates downstream from glucose-6-phosphate as observed in wild-type budding yeast [77]. 404 

 405 

Ethanol overproduction is not observed in cells lacking Maf1 during logarithmic growth. 406 

In yeast, glucose is fermented to ethanol for energy production, as it is often used as a measure of increased 407 

glycolytic flux. We examined, whether maf1Δ produces ethanol more efficiently than the wild type, as might be 408 

predicted from the Group 8 GO terms (Fig 2). Pyruvate decarboxylases isoenzymes Pdc5 and Pdc6 (the key 409 

enzymes in alcohol fermentation) are increased in abundance in maf1Δ (1.7 and 2.3 Log2FC respectively), 410 

suggested that Maf1 deficiency should lead to increased ethanol synthesis. We performed a fermentative 411 

capacity assay under anaerobic conditions; without cells pretreatment or with the pretreatment, when cells 412 

were glucose starved for 10 min. Under both condition there was no evidence of enhanced ethanol production 413 

in maf1Δ (Fig 7 C, S1 Table). Instead, accumulation of the fermentation by-product, glycerol was observed (Fig 414 

7 D). This is consistent with increased glycolytic flux being rerouted upstream of pyruvate or downstream from 415 

acetaldehyde by the enzymes of the pyruvate dehydrogenase bypass [49]. 416 

 417 

Glycerol rather than ethanol production was also evident under aerobic conditions suggesting that access to 418 

oxygen does not affect the glycolytic flux redirection towards glycerol biosynthetic pathway in maf1Δ. The 419 

maf1Δ mutant is possibly under oxidative stress, since glycerol production has a role in response to the stress. 420 

Evidence for oxidative stress in maf1Δ also derives from increased protein abundance for the pentose 421 

phosphate pathway (PPP) enzymes in this mutant, which balances the systemic manifestation of reactive 422 

oxygen species and the ability to detoxify reactive intermediates [78]. 423 

 424 

Activation of pentose phosphate pathway in cells deprived of Maf1 regulator. 425 

The comparative proteomic analysis suggests reciprocal modulation of the pentose phosphate pathway (PPP), 426 

in rpc128-1007 and maf1Δ (Figs 4, 8). PPP is a source of NADPH during oxidative stress conditions. The data are 427 

consistent with an increase in flux through the PPP in maf1Δ, which can be achieved by increased glucose-6-428 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2018. ; https://doi.org/10.1101/372946doi: bioRxiv preprint 

https://doi.org/10.1101/372946
http://creativecommons.org/licenses/by/4.0/


20 
 

phosphate dehydrogenase Zwf1 abundance, the enzyme catalyzing the rate limiting, irreversible step of the 429 

pathway. Downstream enzymes including 6-phosphogluconolactonase (Sol3, Sol4) and 6-phosphogluconate 430 

dehydrogenase Gnd2 that balance the redox potential via the cytosolic NADPH/NADP
+
 ratio in native yeast cells 431 

and both isoforms of transketolase (Tkl1, Tkl2) are increased in maf1Δ. Conversely, depletion of Zwf1, Sol4 Tkl1 432 

and Tkl2 in rpc128-1007 is consistent with a reduced potential of this mutant to redirect  carbon flux from 433 

glucose-6-phosphate (G6P) towards 6-phosphogluconolactone (6PG) and downstream metabolic intermediates 434 

(Figs 4, 8). 435 

 436 

We grew yeast in rich medium supplemented with 2% glucose as previously and measured the Zwf1 glucose-6-437 

phosphate dehydrogenase reaction rates (Vmax) in cell free extracts to check the potential to produce NADPH. 438 

This enzyme is highly regulated and is critical in determining the overall flow of glucose into the pentose 439 

phosphate pathway [79,80]. Zwf1 activity in maf1Δ, was elevated not only on glucose, as carbon source but 440 

also using glycerol whereas the activity in rpc128-1007 remains essentially unchanged (S1 A Fig). To further 441 

corroborate the relationship between MAF1 deletion and the oxidative stress response other proteins, such as 442 

Ctt1 stress inducible cytosolic catalase T were elevated (S2 Table). Further, total catalase activity was higher in 443 

maf1Δ, when compared to WT or rpc128-1007 (S1 B Fig). The magnitude of the abundance changes in enzymes 444 

of the oxidative stress response, is observed during carbon source downshift. Here however, it occurs in the 445 

presence of glucose during the exponential phase, indicates that MAF1 gene deletion elicits broader metabolic 446 

reprogramming than originally thought.  447 

 448 

RNAP III subunit RET1/C128 point mutation is associated with metabolic reprogramming 449 

dependent on transcriptional and translational induction by Gcn4. 450 

Glycolytic intermediates are precursors of the carbon skeletons of several amino acids. Thus, lowered glucose 451 

flux could result in the amino acid starvation response in yeast. We identified a large group of proteins that 452 

were substantially increased in abundance, that are involved in amino acid biosynthesis. The relative 453 

abundance of those was increased in rpc128-1007 relative to WT. However, the same set of enzymes in maf1Δ 454 

were increased in some cases and unchanged in others. The magnitude of the increases were generally much 455 

higher in the rpc128-1007 compared to the maf1Δ mutant. In rpc128-1007, over 30 proteins in the pathways 456 
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for arginine, lysine, leucine, isoleucine, and valine biosynthesis de novo, along with aromatic amino acids such 457 

as histidine, tryptophan, tyrosine and threonine or their precursors were elevated (Fig 8). 458 

 459 

In rpc128-1007, the decreased cellular concentration was observed in methionine biosynthesis subpathway, 460 

that is for ATP sulfurylase the product of MET3 gene essential to catalyse the first step for assimilatory 461 

reduction of sulfate to sulfide, involved in methionine metabolism. The other proteins diminished in rpc128-462 

1007 were Ser3, Ser33, Cys3 and Shm2 contributing to serine and cysteine biosynthesis. 463 

 464 

In maf1Δ, the proteins Arg4, Arg3, Cpa2, Bat1, Bat2, Leu1, Leu4, Leu9 and Ilv3 were elevated; all are 465 

components of the metabolic branch that is part of L-arginine and L-leucine biosynthesis (Fig 8). By contrast 466 

rpc128-1007, maf1Δ cells exhibited enrichment in the branch of serine/cysteine, methionine biosynthesis 467 

pathway and sulfate metabolism (Met3, Met5, Met10, Met14), and these abundance changes were amongst 468 

the largest in the proteomic dataset. The expression of most genes involved in amino acid biosynthesis is under 469 

the control of the Gcn4 transcriptional activator, part of the general amino acids control (GAAC) regulon 470 

[81,82]. GCN4 transcription is stimulated by starvation for amino acids, purine, glucose limitation and 471 

specifically by initiator tRNA
Met

 depletion [83,84]. Therefore, we evaluated the mRNA levels of GCN4 by RT-PCR 472 

(Fig 9 A).  473 

 474 

The GCN4 mRNA steady state levels were 11-fold higher in the rpc128-1007 and, 2-fold elevated in maf1Δ. The 475 

difference between these two mutants is reflected in the extent of the response in the proteomics analysis 476 

rpc128-1007 had much stronger phenotypic change than maf1Δ. We constructed mutant strains with 477 

chromosomally encoded GCN4-3HA protein fusions to assess Gcn4 protein abundance by immunoblotting. 478 

Gcn4 abundance, normalized to Vma2 level in the total protein extracts, was elevated 3-fold in rpc128-1007 479 

and 2-fold in maf1Δ, when compared to the reference strain (Fig 9 B, C). The marked decoupling between 480 

transcript and protein changes in the strains, rpc128-1007 (11-fold mRNA, 3-fold protein) and maf1Δ, (2-fold 481 

mRNA, 2-fold protein), also suggests that other regulatory factors are in operation. 482 

 483 

For the entire proteome data set, we were able to perform transcription factor enrichment analysis, using the 484 

web-based GeneCodis tool to identify over-representation of the targets of given transcription factors in the 485 
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differentially abundant proteomes (Fig 10). For rpc128-1007, Gcn4 was the predominant transcription factor. 486 

highlighted by the analysis for gene activation. The second most predominant transcriptional factor was Leu3 487 

(S2 Fig) followed by Yap1 and Bas1. We also identified a group of genes with motifs enriched for GATA 488 

transcriptional factors such as Dal81, Dal80 and Gzf3 regulating genes by nitrogen catabolite repression (NCR). 489 

 490 

The outcome of experimental and in silico analyses is that the dramatic increase in specific protein changes 491 

observed in rpc128-1007 can be largely attributed to the GCN4 stress response and GCN4 de-repression on 492 

glucose. By contrast to the highly focused changes in rpc128-1007, the gene regulatory network in maf1Δ, 493 

(which liberates RNAP III from regulatory circuits and nutrient signaling) (Fig 1), exhibits a broad spectrum of 494 

modest changes (including more balanced GCN4 up-regulation) across several cellular processes, to provide the 495 

mutant with better adaptation/selective advantage to growth in glucose-rich environment. 496 

 497 

Discussion 498 

Regulation of the central carbon metabolism of S. cerevisiae has always been a topic of considerable interest. 499 

Here, we present for the first time, the evidence that glycolytic flux in yeast can be modulated accordingly to 500 

the RNAP III activity and that central carbon metabolism adjusts to the activity of RNAP III in yeast. Our results 501 

clearly indicate the new connections between RNAP III and cellular metabolism. On the basis of the previous 502 

and the present findings, we propose that there is an internal signaling in the yeast cells, that competes against 503 

the extracellular nutrients-sensing, when a cell faces non-optimal RNAP III activity. 504 

 505 

An RNAP III point mutation in the RET1/C128 subunit is correlated with lower efficiency of 506 

glycolysis and up-regulation of GCN4 dependent genes of amino acid metabolism. 507 

In a previous report we have shown that the rpc128-1007 strain is insensitive to external glucose concentration 508 

cues, which manifests via constitutive overexpression of the HXT2 gene, whether in glucose or glycerol growth 509 

conditions [27]. Our new data suggest that the rpc128-1007 mutant operates under substrate limitation, such 510 

as glucose, even though the sugar is present in excess in the growth medium. RNAP III activity inhibition results 511 

in diminished abundance of enzymes in central carbon metabolism and elicits preferential synthesis of proteins 512 

involved in amino acids biosynthesis (Fig 8) attributable to the GCN4 response. Gcn4 is translationally up-513 
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regulated in response to numerous tRNA perturbations [84,85] and yeast cells with the RET1/C128 point 514 

mutation produce as much as 1.6-fold less tRNA molecules compared to WT. This suppresses the defect of 515 

Maf1 inactivation, caused by increased or unbalanced levels of various tRNAs including increased tRNA
Met

 levels 516 

[13]. Initiator tRNA
Met

 depletion triggers a GCN4-dependent reprogramming of global genome expression in 517 

response to decreased RNAP III transcription in rpc160-112 mutant (in the largest C160 subunit) [84]. However, 518 

HXT2 transcription is not dependent on Gcn4 transcriptional activity [84] in the rpc160-122 mutant. HXT2 519 

overexpression in rpc128-1007 is most likely related to lower glycolytic efficiency in the mutant strain [59], but 520 

the direct regulator of the phenomenon still remains to be discovered. 521 

 522 

In the wild-type yeast cells, most glycolytic enzymes exist with significant overcapacity, regardless the carbon 523 

source. The enzymes are present in the cells at generally fixed concentration, even if reverse glycolytic 524 

processes take place [86]. However, in the rpc128-1007 mutant, the abundance of all the glycolytic isoenzymes 525 

is reduced and concomitantly with a decrease in abundance of several proteins engaged in the side branches of 526 

the glycolytic pathway (trehalose/glycogen shunt and PP pathway). The two enzymes, fructose 1,6 527 

bisphosphatase Fbp1 and pyruvate kinase 2 Pyk2, that catalyze the reactions in gluconeogenesis are the least 528 

affected in rpc128-1007 in agreement with the preference of this mutant to grow on respiratory carbon 529 

sources such as glycerol [13]. 530 

 531 

In a Drosophila melanogaster gut model [87], reduction of RNAP III activity through controlled degradation of 532 

the C160 subunit (C160 encoded by RPC160) leads to diminished protein synthesis. Inhibition of RNAP III affects 533 

RNAP I, but not RNAP II-generated transcripts, suggesting that translation is the major factor regulating protein 534 

abundance in RNAP III compromised cells [87]. This further suggests that the rpc128-1007 mutant might be 535 

limited at translation and indeed, the rpc128-1007 mutant has reduced tRNA levels [13]. In rpc128-1007, 536 

translation seems to be selective towards enzymes in de novo amino acids synthesis at the expense of the full 537 

complement of glycolytic enzymes. As a consequence of decreased abundance of the glycolytic enzymes, the 538 

glycolytic flux is very likely to decrease. Proteins could also be selectively stabilized in the rpc128-1007 539 

background. This accords with our finding that in rpc128-1007 there is a decrease in RPN4 regulated elements 540 

of the protein degradation machinery, including the 26S proteasome genes [88,89] (Fig 10, S3 Table). As a 541 

result, an increase resistance to proteostatic challenge in this mutant could ensue (Fig 10). High turnover 542 
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proteins may be stabilized even in an environment of diminished protein synthesis in rpc128-1007 [90]. Overall 543 

reduction of protein catabolism might be critical for survival, consistent with a high enrichment of down-544 

regulated proteins in this genetic background. The reduction of abundance of selected glycolytic enzymes, such 545 

as Hxk2, Tdh and Cdc19 in rpc129-1007 is followed by the decrease in their enzymatic activity at high 546 

concentrations of glucose (Figs 5 and 6). Lowering the intracellular Cdc19 concentration is sufficient to shift 547 

from fermentative to oxidative metabolism in yeast, which reduced flux towards pyruvate [43]. The lower 548 

abundance and activity of the first (Hxk2) and the last (Cdc19) enzymes in the glycolytic pathway can be 549 

expected to reduce glycolytic flux in the mutant.  550 

 551 

The RNAP III RET1/C128 mutation elicits a diminution of the low affinity glucose transporter 1 (activated on 552 

high glucose), the major glucose transporter facilitating glucose uptake under glucose rich conditions [56] and 553 

which is under control of Rgt2 (low affinity) glucose sensor (Fig 5B). External glucose signaling, may not be a 554 

dominant factor in reprogram HXT genes expression in rpc128-1007, glucose metabolism may dominate in this 555 

case [27]. Our data are consistent with the postulate that “glucose” sensing could occur intracellularly [1–4], 556 

but not yet (so far) linked to metabolic reprogramming upon change in RNAP III activity. There is some debate 557 

as to whether the signaling molecule for metabolism switching is fructose 1,6 bisphosphate [4,56]. F16BP 558 

triggers a switch in metabolism from respiration to fermentation in unicellular and higher organisms. It is the 559 

key metabolic factor determining AMPK/Snf1 kinase activity and is a potent activator of Ras pathway [3,4,64]. If 560 

F16BP plays such key roles, we reasoned that the intracellular concentration should be lower rpc128-1007 and 561 

higher in maf1Δ.  562 

 563 

Although significantly lower than in the wild-type cells, the levels of F16BP in the both mutant strains are 564 

comparable (Fig 6). This suggested that in maf1Δ, the mechanisms protecting cells from damaging increased 565 

concentrations of glycolytic intermediates are unperturbed thus increasing cells survival; cells capable of 566 

increased glucose consumption.  567 

 568 

Despite the initial rise in F16BP after a glucose pulse, the metabolite attains a steady-state concentration at 569 

levels that are not likely to be toxic to the rpc128-1007 mutant. In rpc128-1007 cells, we presume that there is 570 

no direct relationship between intracellular F16BP and the growth defect on glucose medium exhibited by 571 
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these cells, however alternative scenario is possible, if taking into account the overall abundance of the 572 

glycolytic enzymes and an excess of F16BP which may affect Ras proteins. These cells also exhibit large 573 

decrease in ribosomal proteins (RP) (S4 Table). RNAP III transcription is coordinately regulated with 574 

transcription of rDNA and ribosomal protein coding genes [91,92]. Normally ribosomal proteins and their 575 

mRNAs are stabilized when yeast is subject to increased glucose [93]. Arguably, the lower abundance of RP 576 

proteins in rpc128-1007 could reduce the energy expense of cells that are unable to metabolize available 577 

extracellular glucose. For the rpc128-1007, all of the changes at the proteome level are reminiscent of the 578 

global changes in yeast cells in response to environmentally stressful, glucose deprived conditions. An 579 

exception is the cohort of proteins of the TCA cycle. RNAP III compromised cells have reduced glycolysis but 580 

this reduction does not lead to enhanced oxidative metabolism. 581 

 582 

maf1Δ cells preferentially metabolizes glucose, which results in carbon overflux fueling the 583 

side pathways dependent on glycolytic intermediates as precursors. 584 

Lack of Maf1 causes cells to reprogram their metabolism towards higher glycolytic activity when grown under 585 

high glucose conditions. This response is not reflected in an increase in abundance of the glycolytic enzymes 586 

but rather in enzymatic activity. Of course, the profile of activity modulating posttranslational modifications of 587 

these enzymes could well be different in maf1Δ but this was beyond the scope of this study. For example, 588 

hexokinase 2 exhibited higher activity in maf1Δ even though the protein abundance was reduced and the 589 

activity of this enzyme is regulated by phosphorylation [94,95]. Higher hexokinase activity should lead to 590 

increased flux into glycolysis. However, due to robustness of flux regulation, carbon is redistributed in maf1Δ 591 

into the side branches of the glycolytic pathway at glucose-6P (Fig 11). The maf1Δ shows increased capability 592 

to direct carbon into all the side branch pathways as suggested by the proteomic data and confirmed by direct 593 

metabolite assay (Fig 7 A). Glucokinase (Glk1), increased in abundance in maf1Δ, may redirect glucose toward 594 

glycogen storage as previously postulated [96]. The enzymes of glycogen trehalose and central carbon 595 

metabolism may be altered in maf1Δ as these are dependent on control by the major nutrient sensing protein 596 

kinases TOR, PKA, Snf1, Pho85 and the energy sensor Pas kinase [94,97,98]. 597 

 598 
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In rat hepatoma cells, glucose import, and the activity of hexokinase, hexose phosphate isomerase and the 599 

glucose-6P branches that generate F16BP exert most of the flux control [99]. We believe that in S. cerevisiae, 600 

hexokinase 2 and increased activity of the low affinity glucose transporter Hxt1 have the greatest potential to 601 

contribute to flux rerouting in maf1Δ. At this stage, we do not know the intracellular signal. The activity of Hxk2 602 

is elevated even though the trehalose shunt, which acts as safety valve against excessive supply of glucose, may 603 

correct glucose influx through allosteric inhibition of Hxk2 by trehalose-6P [72,76]. Further the glycolytic flux 604 

towards pyruvate could be enhanced by Tdh over-activation. However, carbon flux in maf1Δ fuel the glycerol 605 

synthesis pathway rather than causing ethanol accumulation. Glycerol accumulation in maf1Δ must serve as a 606 

drain for excess reducing power, to ameliorate redox imbalance in the cells. MAF1 deletion in yeast cells is 607 

associated with redox imbalance as has previously reported by Bonhoure et al. [100] in MAF1 knock-out mice. 608 

In S. cerevisiae, this is efficiently counteracted by NADH-consuming glycerol formation [101].  609 

 610 

Activation of the branch pathways of the central carbon metabolism seen in maf1Δ is a hallmark of cancer cells 611 

that reprogram glycolytic activity towards synthesis of metabolites required in excess when cells rapidly divide. 612 

For instance, the PP pathway provides precursors for nucleotide and amino acid biosynthesis. This pathway, 613 

also referred to as a metabolic redox sensor, is important to maintain carbon homeostasis, is highly correlated 614 

to oncogenic, nutrient response signaling pathways [78,102–104] and is required for NADPH regeneration. It 615 

supports metabolic reconfiguration in rapidly proliferating cells, since NADPH is a ubiquitous cofactor for most 616 

anabolic reductive reactions and got scavenging of reactive oxygen species (ROS) that cause oxidative damage 617 

to DNA and proteins and which reduce protein synthesis [105,106]. ROS scavenging enzymes also increased in 618 

abundance in maf1Δ, suggesting a role of Maf1 in regulation of intracellular redox potential. 619 

 620 

How is the glucose flux distributed in Maf1 deficient yeast cells? We propose scenario, build on our observation 621 

of the decreased levels of the allosteric activator of pyruvate kinase Cdc19. The reduced F16BP concentration 622 

in maf1Δ cells could adversely affect Cdc19 activity. The F16BP availability for binding [67–69], but not Cdc19 623 

abundance per se or phosphorylation, plays a predominant role in regulating the metabolic flux through the 624 

pyruvate kinase Cdc19 [70]. This may further lead to decrease in Cdc19 activity in vivo and pushing the 625 

glycolytic intermediated of lower glycolysis back to upper side branches of the pathway since lower 626 

PEP/pyruvate conversion, catalyzed by pyruvate kinase, favors accumulation of glycolytic intermediates, 627 
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refueling diverging anabolic pathways, such as the pentose phosphate pathway (PPP) and serine biosynthesis 628 

[64,107]. 629 

 630 

In our model, the glycolytic flux bypasses the steps in upper glycolysis between G6P and G3P, achieved via 631 

improved flux through PPP. This pathway operates in three modes, depending on a cell demand for metabolic 632 

intermediates and cofactors. To avoid extensive F16BP synthesis, which would improve cells survival, the flux 633 

should be directed towards glyceraldehydes (G3P) [4]. This scenario is supported by our observation of glycerol 634 

accumulation and no change in ethanol production in maf1Δ cells. This glucose flux redistribution towards the 635 

PPP shunt, amino acids and nucleotide biosynthesis, due to Cdc19 action has been reported for cancer cells 636 

[108]. Further, human fibroblasts exposed to hydrogen peroxide elicit enhanced carbon flow through upper 637 

glycolysis and the oxidative branch of PPP, causing reduction in lower glycolysis activity [109]. 638 

 639 

The characteristics of maf1Δ in central carbon metabolism is reminiscent of cancer proliferating mammalian 640 

cells which are stimulated in the early part of glycolysis via PI3K/AKT activation, and making glycolytic 641 

intermediates available for macromolecular synthesis due to the low-activity isoform of PK-M2 pyruvate kinase 642 

and producing NADPH due to mutated p53 tumor suppressor [107,108]. 643 

 644 

There are further similarities between maf1Δ and mammalian cells after oncogenic transformation. We noted 645 

increased potential for amino acid biosynthesis, including the arginine and leucine metabolic pathways. Arg 646 

and Leu are crucial for TORC1 signaling and activation of protein translation in yeast and higher eukaryotes. 647 

Leucine is the most frequently encoded amino acid in eukaryotic genomes and its levels are sensed by leucyl-648 

tRNA synthetase to activate TORC1 kinase [110,111]. How yeast TORC1 integrates arginine signals is presently 649 

unknown. In mammals, arginine levels are communicated by two mechanisms, involving Rag GTPases 650 

mediating amino acids signals to control mTORC1 and by a cytoplasmic mechanism that involves arginine 651 

signaling by a sensor called CASTOR [112,113]. 652 

 653 

maf1Δ cells have also a strong enrichment in the branch of serine/cysteine, methionine biosynthesis pathway 654 

and in sulfate metabolism by contrast with rpc128-1007 cells. Methionine biosynthesis is connected to tRNA 655 

quality control [114]. A crucial contribution of serine/glycine to cellular metabolism is through the glycine 656 
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cleavage system, which resupplies once carbon units for one-carbon metabolism The importance of 657 

serine/glycine metabolism is emphasized by genetic and functional evidence indicating that hyperactivation of 658 

the serine/glycine biosynthetic pathway drives oncogenesis. During growth on a fermentable carbon source, 659 

most serine is derived from the phosphoglycerate-3P by the gene products Ser3 and Ser33. Ser3 is a cytosolic 660 

enzyme with the dual function of phosphoglycerate dehydrogenase and alpha-ketoglutarate reductase [115]. 661 

Known for oxidizing 3-phosphoglycerate in the main serine biosynthesis pathway Ser3 also reduces alpha–662 

ketoglutarate to D-2-hydroxyglutarate (D-2HG) using NADH, the major intracellular source of D-2HG in yeast. 663 

High levels of intracellular D-2HG are found in several types of cancer including gliomas and acute myelogenous 664 

leukemia [116]. 665 

 666 

RNAP III genes are not equally regulated by Maf1. Comparison of expression of selected tDNA genes in maf1Δ 667 

on glucose has revealed elevated tRNA
Met

 levels [13]. Methionine is a proteinogenic amino acid. Over-668 

expression of initiator methionine tRNA (tRNA
Met

) leads to reprogramming of tRNA expression and increased 669 

cell metabolic activity in Drosophila and proliferation in human epithelial cells [117,118]. Moreover, 670 

methionine metabolism influences genomic architecture via H3K4me3 histone methylation to alter chromatin 671 

dynamics and cancer associated gene expression [119]. Furthermore, high methionine metabolism and sulfur 672 

utilisation is intertwined with high Tkl1 transketolase activity, and is dependent on the non-oxidative phase of 673 

the PPP, Tkl1 abundance increased under our study in maf1Δ [120]. Methionine biosynthesis, via the 674 

assimilation of inorganic sulfate, requires three molecules of NADPH per molecule of methionine [80]. The data 675 

presented here suggest that efficient supply of NADPH derived from the PPP in maf1, may also support 676 

methionine biosynthesis in the mutant.  677 

 678 

Finally, the proteomics data obtained here with glucose grown maf1Δ, suggest an alternative explanation to 679 

the reduced fitness of this strain on non-fermentable carbon sources. Down-regulation of FBP1 transcription 680 

(26) is unlikely to be the major cause of maf1Δ lethality when grown on glycerol. The FBP1 gene is expressed 681 

only in the absence of glucose, and even if it is not expressed under glucose rich condition that is, under this 682 

study the Fbp1 protein is still present in maf1Δ at wild-type levels. It is possible that the growth defect in 683 

maf1Δ on glycerol is due to decrease in abundance of the enzymes involved in the glyoxylate cycle. 684 

 685 
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In conclusion, global label-free profiling of enzymatic proteins in yeast has provided new insight in metabolic 686 

physiology. Protein abundance patterns characterized in the mutant strains that show different phenotypes on 687 

fermentable and non-fermentable carbon source highlighted metabolic pathways that could now be the target 688 

for further genetic or metabolic analysis. This work emphasises S. cerevisiae as a very good model organism for 689 

systems level studies on the dynamics of cellular networks. There is growing evidence for contradictory 690 

observations in cultured human cancer cells and in multicellular organisms including mouse models [100,119]. 691 

We anticipate that yeast cells will continue to be appreciated as a source of basic biological information in 692 

building an integrated picture of metabolism and gene regulation.  693 

 694 

Conclusions 695 

� The capacity of the glycolytic pathway can be altered by manipulation of RNAP III activity. 696 

� Lack of Maf1, the negative regulator of RNAP III driven non-coding RNA transcription, enhances glycolytic 697 

flux and results in accumulation of end products upstream of pyruvate. 698 

� Severe reduction in growth rate caused by RNAP III mutation rpc128-1007 on glucose is correlated with a 699 

decrease in abundance of glycolytic enzymes. 700 

� The translation machinery in the rpc128-1007 mutant seems to be selective towards mRNA coding for 701 

enzymes for amino acids synthesis de novo at the expense of full complement of glycolytic enzymes.  702 

� The critical decrease in abundance of glyoxylate cycle enzymes reduced the ability to convert non-703 

fermentable substrates in MAF1 knockdown yeast. 704 

 705 

Acknowledgments 706 

We want to thank Mark Johnston (Dept. of Biochemistry and Molecular Genetics, University of Colorado 707 

Denver, US) for providing pBM2636 plasmid and Emil Furmanek for preparation of samples for proteomics 708 

analysis. We are grateful to Dr Philip Brownridge for excellent instrument support. This work was supported by 709 

National Science Centre, Poland grant 2012/05/E/NZ2/00583 to M.A. and by funding from Faculty of Chemistry, 710 

Warsaw University of Technology, Poland. I dedicate this work to my baby son Piotr.  711 

712 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2018. ; https://doi.org/10.1101/372946doi: bioRxiv preprint 

https://doi.org/10.1101/372946
http://creativecommons.org/licenses/by/4.0/


30 
 

Figures captions  713 

Fig 1. RNAP III regulation by Maf1 and Maf1 interaction network. 714 

A) RNAP III transcription repression is regulated by Maf1. Phosphorylation and dephosphorylation events are 715 

involved in the mobility and transportation of Maf1 through the nuclear membrane in which a group of protein 716 

kinases are involved in the control of Maf1 nuclear localisation responding to stress events. Maf1 produces 717 

transcriptional repression on RNAP III by inducing conformational changes. B) Maf1 protein-protein interaction 718 

network. Experimental interactions from STRING database are shown. Nodes have been coloured by protein 719 

activity in which different protein complexes related to tRNA modification and transportation can be observed. 720 

green: transcription regulation; MAF1: negative regulator of RNAP III, SUB1: Sub1 transcriptional regulator 721 

facilitating elongation through factors that modify RNAP II, role in hyper-osmotic stress response through 722 

RANP II and RNAP III, negatively regulates sporulation [121–123], NOP1: Nop1, histone glutamine 723 

methyltransferase, modifies H2A at Q105 in nucleolus that regulates transcription from the RNAP I promoter 724 

involved in C/D snoRNA 3’end processing. Essential gene leads to reduced levels of pre-rRNA species and 725 

defects in small ribosomal subunits biogenesis [124–126], SUA7: transcriptional factor TFIIB, a general 726 

transcription factor required for transcription initiation and start site selection by RNAP II [127,128] - Sub1 727 

interaction with TFIIB, [129]. Marine blue: RNAP III holoenzyme subunits, red: protein kinases, KOG1: Kog1 the 728 

component of the TPR complex, Kog1 depletion display the starvation-like phenotypes- cell growth arrest, 729 

reduction in protein synthesis, glycogen accumulation, upregulation in the transcription of nitrogen catabolite 730 

repressed and retrograde responses genes conserved in from yeast to man is the homolog of the mammalian 731 

TORC1 regulatory protein RAPTOR/mKOG1 [82,130], TOR1 mediates cell growth in response to nutrient 732 

availability and cellular stress by regulating protein synthesis, ribosome biogenesis, autophagy, transcription 733 

activation cell cycle [131,132] yellow: PKA kinase inhibitor protein BCY1, pink: tRNA modification TAN1: tRNA 734 

modifying proteins Tan1 (responsible for tRNA
SER

 turnover [133]), TRM1: Trm1 tRNA methyltranspherase 735 

produces modified base N2, n2 dimethylguanosine in tRNA in nucleus and mitochondrion [134], PUS1: .PUS1 736 

associated with human disease [135], introduces pseudouridines in tRNA , also as on U2 snRNA and 737 

pseudouridylation of some mRNA [136,137]. ),blue: RPC40 (AC40) is a common subunit to RNAP I and III 738 

conserve in all eukaryotes [138,139] light blue: RPO21: largest subunit of RNAP II, which produces all nuclear 739 
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mRNAs, most snoRNAs and snRNA and the telomerase RNA encoded by TLC1 [140,141], (according to 740 

Saccharomyces Genome Database). 741 

 742 

Fig 2. Proteome signature of maf1Δ and rpc128-1007 mutants compared to wild-type strain. 743 

A) Histogram of proteins present on both mutants organized according to their corresponding Log2 fold change 744 

expression. B) Comparative scatter plots and histograms of the different strains. The Log2 transformed protein 745 

abundances of proteins present in the WT, rpc128-1007 and maf1 Δ strains are plotted against one another 746 

along with their distribution. The number shown is the Pearson correlation coefficient between the two 747 

relevant strains. C) Principal component analysis (PCA) based on proteins present on all biological replicates. 748 

 749 

Fig 3. Increased and decreased protein abundance is presented relative to the wild-type strain for both 750 

maf1Δ and rpc128-1007 mutants. 751 

All those statically significant proteins with an adjusted p-value < 0.05 overlapped between both comparison 752 

were then subjected to a hierarchical clustering. This clustering analysis created different groups showing the 753 

similarities and differences between both mutants with clusters enriching to biological processes related to 754 

amino acid and carbohydrate metabolism, response to stress, and respiratory processes. 755 

 756 

Fig 4. Comparative proteomic profiling of maf1Δ and rpc128-1007 mutants when compared to wild-type 757 

strain. 758 

The differences in protein abundances are presented on a schematic representation of the central carbon 759 

metabolism. Those proteins with and increased abundance are presented in red and those with an decreased 760 

abundance in green.  761 

 762 

Fig 5. Opposite effects have been observed in HXT1 promoter activity in strains with altered RNAP III 763 

(A) Schematic representation of glucose uptake and phosphorylation in yeast cells. Hxt – hexose transporter, P 764 

– phosphorylation, Hxk1 – hexokinase 1, Hxk2 – hexokinase 2, Glk1 – glucokinase 1. WT, maf1Δ, rpc128-1007 765 

yeast cells and single or double HXK1, HXK2, GLK1 knockouts strains in WT, maf1Δ and rpc128-1007 genetic 766 

background were cultured in YPD (C) or YPGly (D) rich medium under either inducing (2% glucose) or repressing 767 
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(2% glycerol) conditions. Maf1 deficiency increases HXT1 expression (B) on glucose and Hxk2 activity regardless 768 

carbon source (C, D). Metabolic effects observed in rpc128-1007 correlate with decreased HXT1 expression (B) 769 

and decreased hexokinase activity in glucose rich medium (C), but increased hexokinase activity in glycerol rich 770 

medium (D). Compromised RNAP III and maf1Δ have effect on enzymes in lower glycolysis: Tdh and Cdc19 771 

activities (E and F). The WT strain (MB159-4D), maf1Δ and rpc128-1007 mutant strains were grown under 2% 772 

glucose and 2% glycerol conditions. The experiment was performed in cell-free extracts isolated from the 773 

aforementioned strains. Data are expressed as the mean obtained from at least three independent 774 

experiments measured in triplicate. The + standard deviations are shown. Enzymatic assays were performed in 775 

cell-free extracts. The reaction rates were monitored by measuring NADH concentration change over time at 776 

340 nm. Vmax mean value is expressed as µmol·min
-1

·mg
-1

 protein (C, D, E, F). (B) HXT1 expression was 777 

measured in WT [pBM2636], maf1Δ [pBM2636] and rpc128-1007 [pBM2636] strains by using the lacZ reporter 778 

gene system [40]. β-galactosidase activity was assayed in cell-free extracts. The error bars indicate the standard 779 

deviation from three independent transformants assayed in triplicate. Asterix (*) indicate p-value < 0.05 and 780 

double asterix (**) illustrate p-values < 0.1 according to t-student test. 781 

 782 

Fig 6. Changes in intracellular concentration of Fructose 1,6 bisphosphate (F16BP). 783 

Intracellular fructose 1,6 bisphosphate concentration is lowered in cells with changed RNAP III activity under 784 

glucose pulse experiment. Cells were grown in YPD until reaching A600 ≈ 1.0, collected washed in minimal 785 

medium lacking carbon source (CBS-C) and resuspended in CBS (-C). Analysis was performed in a thermostatted 786 

vessel at 30
o
C. Cells were flushed with Ar2 gas and glucose was added to a final concentration of 2%. Cell 787 

samples suspension were collected in time. Fructose 1,6 bisphosphate content was measured by enzymatic 788 

breakdown of NADH monitored by changed absorbance at 340 nm in time according to [4]. Fructose 1,6BP 789 

concentration was calculated from a standard curve and standardized to cells dry weight expressed in g. 790 

Results are shown as mean value for four biological replicates. 791 

 792 

Fig 7. Maf1 deficient yeast strain accumulates glycogen (A) and trehalose (B) during exponential phase. 793 

Yeast were cultivated in rich medium supplemented with 2% glucose and harvested by centrifugation at A600 ≈ 794 

1.0. Glucose concentration from enzymatic breakdown of glycogen (A) by amyloglucosidase from A. niger, was 795 

determined by Glucose (HK) Assay Kit (GAHK-20, Sigma). Trehalose (B) content determination assay was 796 
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performed using Trehalose Assay Kit (Megazyme) according to manufacturer’s protocol. Trehalose and 797 

glycogen content is presentment as mean value of at least three independent biological replicates with 798 

standard deviations. There were no significant changes in ethanol production rate between wild-type (MB159-799 

4D) and maf1Δ strain (C). maf1Δ accumulated glycerol (D). Ethanol and glycerol concentration was determined 800 

under Fermentative capacity assay (FCA) conditions in maf1Δ strain (C and D). Fermentative capacity assay was 801 

performed as described by van Hoek et al. (1998) [49] with modifications (for details see Method section). All 802 

assays were performed in triplicates. Results are shown as mean concentration [g/L] value with standard 803 

deviation in time [min]. ‘C-limited’ stands for ‘carbon-limited conditions’. Asterix (*) indicate p-value < 0.05 and 804 

double asterix (**) illustrate p-values < 0.1 according to t-student test. 805 

 806 

Fig 8. Amino acid biosynthesis and associated proteome signature. 807 

Abundance protein patterns for amino acid metabolism are presented showing those proteins with and 808 

increased abundance in red and those with an decreased abundance in green. 809 

 810 

Fig 9. GCN4 transcripts and Gcn4 protein relative levels are significantly increased rpc128-1007 yeast cells 811 

and moderately in maf1Δ cells. 812 

Yeast cells were grown in rich medium supplemented with 2% glucose until reached exponential growth phase 813 

(A600 ≈ 1.0). SYBER-Green based Real-Time PCR (A) showed that GCN4 transcript increased 2-fold in maf1Δ and 814 

by 11-fold in rpc128-1007. Wild-type strain expression level was taken as 1.0. Samples were normalized to two 815 

reference genes - U2 spliceosomal RNA (U2) and small cytosolic RNA (SCR1). Asterisk (*) indicates p-values 816 

lowered than 0.05 according to t-student test. Western blotting assay (B) showed increased stability of Gcn4-817 

3HA protein in maf1Δ and rpc128-1007 mutant strains expressing chromosomally encoded Gcn4-3HA. Total cell 818 

protein extracts were subjected to SDS-PAGE and examined by Western blotting with anti-HA antibodies (B). 819 

Quantitative relative level of Gcn4–3HA protein in comparison to yeast Vma2 protein level was calculated for at 820 

least three independent biological replicates (C). 821 

 822 

Fig 10. Transcription factor enrichment analysis. 823 

Enrichment in the proteome sets for individual transcription factors was calculated using the GeneCodis 824 

website taking the sets of proteins with an adjusted p-value of < 0.05 from both strains maf1Δ and rpc128-1007 825 
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compared against the wild-type. Proteins were classified according to their positive or negative fold change and 826 

the background set consisted of all proteins identified in the given MS experiment. 827 

 828 

Fig 11. Proposed model of carbon flow in rpc128-1007 and maf1Δ yeast cells. 829 

Altered RNAP III activity affects carbon flux. Low activity of RNAP III in rpc128-1007 strain is correlated with 830 

decreased carbon flow through glycolysis in comparison to reference strain. By contrast, maf1Δ cells 831 

demonstrate increased carbon flow through hexokinase step and lower glycolysis compared to the control 832 

strain. In maf1Δ, excess glucose-6-P (G6P) is redirected into PPP and trehalose and glycogen biosynthesis. As a 833 

result fructose 1,6 bisphosphate (F16BP) concentration decreases in maf1Δ. From the increased glycerol 834 

concentration, carbon flux is partially redirected towards upper glycolysis at PEP. Green: decrease in carbon 835 

flux; Red: increase in carbon flux. Legend: glucose-6-phosphate (G6P); fructose-6-phosphate (F6P); fructose 1,6 836 

bisphosphate (F16BP); dihydroxyacetone phosphate (DHAP); glyceraldehyde-3-phosphate (G3P); 6-837 

phosphogluconate (6PG); ribose 5-phosphate (R5P); 3-phosphoglyceric acid (3PG); phosphoenolpyruvate (PEP). 838 

 839 

 840 

841 
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Supporting information 1171 

S1 Fig. Zwf1 (A) and the Ctt1 catalase activity (B) is increased in Maf1 deficient mutant. 1172 

Yeast cells logarithmically growing in YPD 2% glucose medium were harvested at A600 ≈ 1.0. For Zwf1 activity 1173 

assay, NADH breakdown was measured at 340 nm in time at 30°C. For catalase activity, hydrogen peroxide 1174 

decomposition in reaction mixtures containing yeast cell free extracts was monitored as change in absorbance 1175 

at 240 nm in time at 30°C. Results are presented as total mean enzymatic activity from five independent 1176 

biological replicates with standard deviation expressed as µmol·min
-1

·mg
-1

 protein. Asterix (*) indicate p-value < 1177 

0.05 according to t-student test. 1178 

 1179 

S2 Fig. Real-time quantitative PCR analyses of LEU3 gene transcript. 1180 

Slight increase in LEU3 transcript levels was observed in rpc128-1007 in glucose medium. Opposite effect was 1181 

observed on glycerol-based rich medium. Maf1 deficiency cause 2-fold decrease in LEU3 mRNA levels, when 1182 

grown non-fermentative carbon source and reduced in glucose-based rich medium. Yeast cells were grown in 1183 

2% glucose (YPD) or 2% glycerol (YPGly) rich medium at 30°C until an A600 ≈ 1.0. SYBER-Green based Real-Time 1184 

PCR was performed. The expression level of each target PCR product was normalized to reference genes 1185 

transcript levels: U2 spliceosomal RNA (U2) and small cytosolic RNA (SCR1). The means + standard deviations of 1186 

the relative expression levels from three independent biological replicates are shown. The value of basal gene 1187 

expression level of WT strain was assumed as 1.0. Asterisks (*) indicate p-values ≤ 0.05 determined by t-1188 

student test. 1189 

 1190 

S1 Table. Mean value for triplicate experiments of fermentative capacity assay of WT and maf1Δ cells. 1191 

Results are expressed in mM / g dry weight. ‘C-limited’ stands for ‘carbon-limited conditions’. 1192 

 1193 

S2 Table. The list of 8 proteins involved in oxidative stress with higher abundance in maf1Δ and lowered 1194 

quantity in rpc128-1007 mutant in comparison to wild-type reference strain under high glucose conditions 1195 

according to global proteomics. 1196 

 1197 

 1198 
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S3 Table. The list of 18 proteins regulated by RPN4 that are part of 26S proteasome and its core complex, 20S 1199 

proteasome, with lowered abundance in rpc128-1007 mutant in comparison to wild-type reference strain 1200 

under high glucose conditions according to global proteomics. 1201 

 1202 

S4 Table. The list of 73 proteins involved in ribosome biogenesis with lowered abundance in rpc128-1007 1203 

mutant in comparison to wild-type reference strain under high glucose conditions according to global 1204 

proteomics. 1205 

 1206 
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